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Abstract

The structure and behaviour electrical gridsare rapidly changing due tahe increasinggrid
integration ofinverterbased resourc€dlBRs) andtheadoption of electric vehiclaa low-voltage
distribution grids. The changes emphasize the need forstibohodification of methods used in
modeling and simulating power systems. The electromagnetic transients (EMT) simulations based
on detailed switching timdomain models, represent the true dynamics of power systems and
converters. However, EMT simulatis require long execution times. With the increasing
integration of IBRs in the power systestaticphasoftype simulationsnay be inaccurateecause

of reduced system inertia and strong interaction of the control schemes of IBRs with line dynamics.
The dynamic phasor (DP) method is an alternative method to develop computationally efficient
and accurate power system models. The DP method gives the user the freedom to select dominant
harmonics and dynamics teodelwhich in turn, enables the use of large step sizes to accelerate
simulations. Irtheliterature, little attention has been paid to-bésed modeling of singighase
low-voltage systems. Considering the upsurge in the deployment of residential microgrids,
developng robust and wellvalidated DP models of singfghasgpowerconvertersand microgrids

is pertinent This thesis augments the library of DP modelsskiendng the DP methodo the
modeling of nonlineafLyapunov)and linear controllebased singlphase griefollowing and
grid-forming inverters,H-bridge active rectifiers, droopcontrolled microgrids, diodéridge
rectifiers, and nomsolated DGDC convertersAdditionally, this thesis proposes tB# model of

a synchronization unit suitable foejconnecting a grifiorming inverter to a microgridlo ensure

that the proposed DP models have similar dynamic and sgtanty responses #se detailed
switching modelsthis thesigproposs a methodologicabpproactof developing smalsignal and

large-signalDP models for control design purposd$e fidelity of the proposed DP models are



validated with &perimental and detailed switching model results. Simulation resaiterm the

high fidelity of the proposed DRmodelsto produce results with comparable accuracy as the
detailed switching modelshile using lessimulationexecutiontime. The proposed DP models
will be useful taesearcherandengineersnterested irconducing fastpaced and accurate study

of power electronicslominated lowvoltage grids.
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Chapter 1

Introduction

1.1 Background

The structure andynamicbehaviour of the power grid are changing due to rapid growth in the
grid integration of convertdvased resources (e.g., wind and solar photovoltaic (PV)}xrend
adoption of power electronidsased loads such as electric vehidlEls The behavioural and
structural changes necessitate the modification of existing methods used in maielinating

and controllingpower systemsSpecifically, there isa need for enhanced visibility into the true

behaviour of convertebased reaarces in the new power system.

The conventional power system éharacterized by the presence caintralizedsynchromus
generabrs, high inertig and unidirectional flow of power frothe transmission to distribution to
consumerstach synchronous generator is weakly connected to other synchronous generators due
to the use of long transmission lines to wheel generated power to load centres. Due to these
characteristics, the conventional power systemaddeled and analyzdxy usingtransient stability
(TS)}type (or traditional quassteadystate phasoryimulationtools (e.g., PSS/E, GridLABD,

Power World, and Phasdfode in Simscape/Specialized Power System simulatiord)Stype
simulationtools, the dynamics of lines are negistibecause they are assumed to be niastr

thanthe dynamics of synchronous generatés.a result power lines are modeled as constant
impedances; current and voltage quantities are represented as phasors; variations of voltages and
currents are repsented as discrete step changles slow mechanical dynamics of synchronous

generators aresually modeled as differential equations [&s the bandwidtlrof oscillations



captured inT S-type study ranges from 0 Hz to 5 Hz [3], simulation step sizafeof milliseconds

are used resuling in a faster simulation ofa bulk power system dominated by synchronous
generatorsHowever, onsidering thancreasing instantaneous penetragion converterbased
resourcesinto power systes) and the concomitant shift from centralized to decentralized
generatior{1], TStype simulationswill likely give inaccurate resultir the following reasons.
First, the switching andcontrol systems ofonverterbased resources interact strongly with line
dynamicsand other neighbouring distributed energy resources (DHR8¥ the neglecof line
dynamics in T8ype modelswill result in the noncapture of these interactiorand/or the
instability resilting from these interactionsSecong power systems withhigh instantaneous
penetration otonverterbased resources naturally have low inesihich canresult insystem

oscillationsabove the bandwidth consideng@a captured)n TS simulations.

To accuratelyinvestigate power systemteractions, engineergrid modelersand researchers are
conducting numerous simulation studies. Efficient and accurate modeling of cotaseter
resourcess essential in conducting seamless analyses, design, control, and monitoring of the
future power systerthatis beingprojected to benvironmerdfriendly, smartsecureand resiliat.

The electromagnetic transient (EMT) tools are vseited for studyinghe interactios between
electrical and magnetic fields. EMT tools (e.g., PSCAD, ENRNR PSIM, PLECS, and Simscape
Electrical) are characterized by the use of detailed switching models of -pt@gaonic
converters and the representation of voltagescan@nts using instantaneous values. Etyiie
programs enable the full dynamics of the system under study to be represented and gs a result
small simulation step sizes (e.g., Q and concomitantly long simulation timaseoften required

to accuratelycapturethe instantaneous evolution of dynamics of the system being simulated

Although EMT-type simulation toolproduce higkidelity resultsand can be used to verify the



performance of a single machine or power convehigwveveythey are computatiotig costly as

well as slow down systetevel simulations involvinghigh numbeof nodes and convertéxased
resourcesvith meshed connections. This challenge limits the size of the power system that can be
practically simulated usingMT-type simulationtools. Apart from simulation efficiency, EMT
models are not suitable for designing linear control systems because the state variables of EMT
models are periodically varying and thus cannot be linearized at a desired operating point [4]. The
necessary contion for using the smabignal method is for the state variables of a system to have

constant values atsteady state [5].

Over the past decades, attempts at reducing the computational burden of simulating power systems
and power electronic converterave been devoted toward either using the relevant but efficient
simulation platforms to study a system or modifying the underlying models. The traditional
method utilized in simultaneously leveraging the computational efficiency -0§@essimulation
toolsand the high accuracy of EM{Jpe simulation tools is to embrace thestmulation concept.

In co-simulation, the power system to be studied (usually a large type) is partitioned into
subsystems namely external and internal subsystems. A subsystem ethéeel ghformation is
required is studied with an EMfpe simulation tool whereas a subsystem where detailed
information is not required is studied with a simulation tool that is more computationally efficient
than an EMType simulation tool. For exanmglin the study of a power system that has a high
voltage direct current (HVDC) converter, the HVDC converter is simulated with an-tiT
simulation tool and a corresponding detailed switching model in order to capture the true dynamics
of the HVDC conveer whereas the adjoining feeders and buses are simulated wilpd S
simulation tool and models. Interpolation techniques are then used to relate the results from the

EMT simulation tool with the results from the TS simulation tool [3]. Interpolatisglte from



different simulation tools is challenging and thereforesiooulation is still a subject of ongoing

research efforts [3].

Previous efforts aimed at reducing the computation burden of simulating power electronic
converters by modifying the undging models include leveraging the average value modeling
technique [6]. For the average value modeling (AVM) method, the discrete switching events in
power converters are made continuous by averaging out the converter behaviour in a switching
cycle [6]. Thus, nstead of looking at the instantaneous values of currents and voltages that contain
switchingripple, the dynamicaveragevalueof the system variabledefined over the length of a
switching intervals calculated [6]This results in the elimination of switching transients from the
model and the subsequent retention of-fosgquency dynamics. The result of the averaging
operation is that the detailed converter model is replaced with a transformer equivalent, thereby
enaling the use of high simulation step sizes. The average value modeling method is widely used
in modeling AC/DC, DC/AC, and DC/DC converters. Models resulting from the application of the
AVM method are useful forthe design of controllers andhsightful analysis of dynamic
interactionsoccurring in poweconverter circus [6]. The statespace averaging (SSA) method is

an average valubased method that was introduced in [7] to overcomdativecomputational
efficiency of detailedswitching models In the SSA method, the converter state variables are
averaged every switching cycle. This results in the elimination offnégjuency components in

the state variables which significantly increases simulation spéedSSA method is wedluited

for modeling conertess that satisfy small ripple approximation condit®r(e.g., DC/DC
converters). However, for convertéhatdo not satisfy the smatlpple approximation conditian

for e.g., AC/DC or DC/AC converters, thenodels need to be modified to suit ®8A method



To apply the average value modeling concept in DC/AC and AC/DC converters, the AC variables
in DC/AC and AC/DC converter dynamic models are transformed to a synchronously rotating
referencerame (also referred to as direqiadraturedq) reference frame) [6]. Under balanced
conditions and with the system frequency near fundamental, the variatiopstate variables are

nearly constant results thereby enabling the use of large simulation step sizes to accelerate the
simulation [8]. Howeverunder unbalanced conditigrthe negative sequence components will
oscillate at twice the fundamental frequency whereas the zero sequence components will oscillate
at the fundamental frequency [5], [8]. The presence of these harmonics slows down ldt&simu
Moreover, under unbalanced conditions, dageference frame models are unsuitable for small
signal analysis and control design because they do not have equilibrium points. Also, in the
modeling of AC/DC or DC/AC converters, rataj theAC-side \ariables modeled idqgframeto

theDC-side variables with harmonic contergt challenging.

The generalized statpace averaging (also called dynamic phasor (DP)) was introgtufdo
overcome the limitations afuasisteadystate,SSA-baseddg-based average valuanddetailed
switchingmodelsin the study of power convertefithe DP method is based on descrikargystem

with nearly periodic quantities, with an appriateset of timevarying Fourier coefficiets, which
relatively vary slowly compared to the tirdemain quantitiebutstill capturethe system behavior

very accurately8]. The DP method is a natural extension of the gst&sidy phasor method. The

DP method models system dynamics while retaittiegoenefits associated with carrier frequency
demodulation [10].The DP method gives theser theflexibility of excluding unimportant
harmonic components while retaining the dominant harmonic components that closely represent
the dynamics of the systeneibg studied[11]. During steadystate conditions, the DP variables

are constant whereaturing unbalanced conditions, the DP variables vary slfl@dy Therefore,



DP models are weBuited for smaikignal analysis largesignal analysis,and fastpaced
simulation of power grids and power converters. The DP method has also found applications in

the casimulation of power converters and powsgstems [3], [10], [12]13].

1.2 Motivation

Although therénhavebeen a lot of research studieattfocused on using the DP method to analyze
and model power converters, microgrids, and electrical machines, however, most of these studies
have focused on thrgghase systems [§13]. Recently, there has been an upsurge in the
development, analysis, astudy of singlecustomer, feeddevel, and networked microgrids due
to the growth in the integration of hybrid battexgiar PV systems in residential areas [14]. Most
of these singleustomer microgrids have singhhase grieconnected PV systems andads
whereas the feeddéevel microgrids incorporate both singdhase and threghase loads and
inverterbased resources (IBRs). Moreover, under balanced conditions, hllase system can
be modeled aasinglephase system. To accelerate the studyoefgr systems that are of single
phase type or can be modeled as shpijl@se equivalent, it is necessary to develop simulation
modek thatarecomputationally efficient, accurate, and suitable for sydearmal analyses. The DP
method is suitable for thisuppose. However, itheliterature, there are few studies devoted te DP
based modeling of the singiase version of loads and generation resources such asdubgke
rectifiers (DBRs), active rectifiers (e.g., voltageurced and boost power factorraation (PFC)
converter types), selective harmonic compensated vedtageeed converters, currecantrolled

and voltagecontrolled inverters, as well as gifidrming inverterdominated microgrids. Theeze

also few studies that have investigated howdwtrol active and reactive power in the DP model

of a currentcontrolled inverter. In addition, existing workstime literature do not show how to



calculatethe control gains of a Diased power converter model to ensure that the dynamic and

steadystateresponses of a DFased power converter model match with that of a detailed model.

This thesis focuses on extending the DP modeling technique to the design, analysis, and control of
singlephase power converters and microgriiareover smaltsignal andargesignal moded
are leveraged to compute control gains and develop control structures that enable the dynamic and

steadystate responses of DP models to match that of corresponding detailed switching models.

1.3Problem Statement andObjectives

1.3.1 Thesis StatementThe major aim of this thesis is tause the DP method tdevelop
computationally efficieninodels of basisinglephasepower electronic converters (e.g., inverter,
DC-DC converter, AGDC converter) and invertetominatedmicrogrid, suitable for accelerated
systemlevel studiessimulations Additionally, this thesisims to providensights orhow tomake
the dynamics of DP models match that of detailed switching (EMYpe) models using small

signal andargesignal modeling approaches.

1.3.2 Problems The open problems tackled in this thesis are embedded in the following research

guestions.

1 How should the power and control system stages of a detailed-pimage power converter
model be simplified/convéed to develop ®dP-based singlgphase power converter model

without a significant loss of accuracy? The content in Chapté&r$aguses on this problem.

1 How should control system gains of a DP model be chosen to ensure that the DP model exhibits
similartransientandor steadystatebehaviouras a corresponding detailed model? The content

in Chapters 3 focuses on this problem.



How can the detailed models of currebntrolled, voltagecontrolled, and dudbop
controlled inverter and DOC converter models be modeled in the DP domain? How can the
DP components mainly responsible for energy conversion and power control be identified and
used for voltage and/or current control in the DP domain? The content in Gt&ptet 8

focuses on thismpblem.

How canthe decoupled control of active (real) and reactive power be realiza®mbased
singlephase grieconnected inverter? The content in Chapters 3 and 4 focuses on the stated

problem.

How can a singkphase dioddridge rectifierwith or without commutation inductance be
modeled with DPs? How can a singlease boostype power factor correction converter
which consists of two power converters driven at disparate switching frequencies (i.e.; a diode
bridge rectifier driven at line (low) fogpiency and a boost BDC converter driven at a high
switching frequency) be modeled with DPs? What dominant harmonics should be included in
the DP models of lineommutated (diodéridge) and active rectifiers to predict results that
are closer to/match salts from corresponding detailed rectifier models? The content in

Chaptes 5 and 6focuses on this problem.

How should proportionalesonant(PR) and harmonic compensators used for selective
harmonic compensation invaltagecontrolledsinglephase inveaer be modeled and tuned in

the DP domain? The content in Chaptéocuses on this problem.

How should a nonlinear controllbased on theyapunov functiorAbased control strateggnd
used for selective harmonic compensation in a sipgése inverter anoh the control of a

singlephase active rectifier be modeled and tuned in the DP domain? The content in Chapters



6 and7 focuses on this problem.

1 How can a thre@hase balanced dro@ontrolled islanded microgrid be modeled as a single
phase equivalent in ¢hDP domain? How can a synchronization unit used for re(connection)
of a gridforming inverter in a droogontrolled islanded microgrid be modeled with DPs?

Chapter9 focuses on tis problem.

1.3.3 Thesis ObjectivesThe following objectives are focused salvingthe problems outlined

in Section 1.3.2.

1 Develop DPbased largesignal and smalkignal models of currergontrolled, voltage
controlled, and dualoop controlled singleohase inverters and DOC converters In
Chapters 3 and, 8his objective is@alizedby outlining the steps to convert the power and
control system stages of a detailed switching power converter model into esiamge
averaged model suitable for developing DP models. The DP mathematical properties are
applied to the largsignalaveraged model to derive a Based largsignal modelThe DR
based largsignal models are then linearized to obtain sisigthal models suitable for control
system design and insightful analyses.

1 Establish an approach to realize a decouptedtrol of active and reactive power in a single
phase inverter modeled in the DP domathapter 3 introduces an approach to identify the
main DP variables and components responsible for the control of active and reactive power in
a gridconnected invertemodeled with DPs. This is realized by comparing the active and
reactive power expressions in the DP domain with active and reactive power expressions in
the synchronoudq reference frame. The identified DP components are then leveraged on to
develop a dcoupled control system for injecting the desired active and reactive power into the

grid in a singlephase grieconnected inverter.

9



1 Propose analytical methods to model a singhase diodédridge rectifier with or without AC
inductance and a singlghaseactive rectifier (Hbridge and Boost types) using DRzhapter
5 introduces the method to develop the DP model of a spigise diode bridge rectifier
without commutation inductance by leveraging bipolar switching functidespframe based
transformerequvalent model of a singlphase dioddridge rectifier, and rectified sinusoidal
wave functions. The DP model of a singlease diode bridge rectifier with commutation
inductance is developed by using a gisggiare wave switching function to relate theRDB
input and output voltages and a trapezoidal switching function to relate the DBR input and
output currents. In Chapter 6, the DP model of a sipgkese boosdtype rectifier is realized
by transforming the statgpace model of a singfghaseboosttyperectifier tothe statespace
model of a singlghaseH-bridge rectifier using the sign functionagansformatiorfunction
The DP model of a singlphaseH-bridge active rectifier is developed by considering the
fundamental harmonic componeoh the AC side and the DC and second harmonic
component®nthe DC side of the rectifier.

1 Establish a method to model and tune Lyapdmased control schemes, proportional
resonant controllers, and harmonic compensatothéDP domainChapter 6 addresses this
objective by proposing a method to convert transfer functions and equations representing the
dynamics of proportionalesonant controllers, harmonic compensators, and Lyapassd
control schemes from theedomainto the DP domain. Also, how to leverage the sraghal
models of the power stage to tune the controllers is outlined.

1 Establish an approach to tune linear and nonlinear controllers ot@Bed converter models
to exhibit similar transient/steaestate responses as detailed modeGhapters B address

this objective by providing an approach to develop ssighal models of DBased power
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converter modelsvhich are equivalent to smadlgnal models ofletailed power converter
models. In addition, the edii@ns for analytically calculating control system gains (based on
desired transient characteristics) of the DP models are compared with equations for calculating
the control system gains of detaileditchingmodels.

1 Develop DPbasedsinglephase equivalent model of a detailed thpdasebalanceddroop-
controlledmicrogrid including its synchronization unit fanincoming gridforming inverter
In Chapter 9, this objective is addressed by formulating the-fiirage balanced droop
controlled microgrid model as a singidase equivalent before applying DP mathematical
properties. The droop control parameters are concomitantly scaled to accommodate the
conversion toa singlephase equivalent. Smaignal method and comparative studiese
used to transform the synchronization unitthee synchronouly rotating reference frame

domain tothe DP domain.

1.4 Thesis Outline and Contributions
The following are the contributions resulting from this thesis:

Contribution 1: Proposed the DP model of a singlease dioddridge rectifier connected to the
grid voltage sourcdirectly (i.e., no physical inductor) thiroughan AC inductor. This is achieved
by either applying the DP mathematical properties to switching functi@msstitably describe
the transfer of energy from the inputtte output side of the DBR or by applying DP properties

to typical analytical waveforms obtained from the input and output ports of a DBR.

Contribution 2: Proposed the DP model of a Qntrolled singlephase inverter suitable fdre
independent control of activeand reactive power. Thiss achieved by identifying the DP
components othe current responsible for controlling the active and reactive power exchanged

between the inverter and thedy and then using the information to develop a control structure.
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Contribution 3: Proposedan approach to facilitate the control of voltage in harmdree and
harmonic compensaté&P-based/oltagecontrolledsingle phasenverters. For the harmonfcee
voltagecontrolled inverter, the peak dynamic phasor of the target state variable is used as a control
variable in a PI controllebased control loop. For a harmonic compensated vettagolled
singlephase inverterthe real and imaginargomponents of the target state variable are used as
control variables in a harmonic resonant contrddi@sed control loop. e DP model of a
harmonic resonant controller is developed by regarding the harmonic compensators as harmonic

scaled versiomof the fundamental PR controller.

Contribution 4: Extended the Lyapunelwased control method #osinglephase active rectifier
and singlephase voltageontrolled inverter modeled with DPs. This is achieved by using the
stored energy expressions of dominantnfanicsof state variablesn a DP modelto create a

Lyapunov energy function.

Contribution 5: Proposed a method to reduce the order of equatioriee DC side of a two
stage singlgohase grieconnected PV system to redubecomputational burden. This achieved
by replacing the boost inductor and PV capacitor dynamic equatiithsa firstorder lag filter.
The method to determine the filter time constant is also provided. The reduction in the order of

eqguations of the twstage singlghase griccomected PV system reduces simulation time.

Contribution 6: Proposed the DP model of a singlease boost power factor correction converter
with dominant harmonics modeled in the DC and AC sides of the converter. This is achieved by
transforming the statepace model of a singfghase boost power factor correctmmverter to a
statespace model of a singfghaseH-bridge active rectifier, with the sign function serving as a
transformation function. This transformation enables the dominant harmonics in a disparate
frequencydriven boost power factor converter to be modelgtl an acceptable precisioin the
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DP donain.

Contribution 7: Proposed the method to tune a-Bdésed power converter model to have the same
dynamic and steadstate responses as a detailed switching model.i3taishieved by applying
the smallsignal method to a DP model and comparing the iaguitansfer functions to the ones
obtained from the smadlignal modeling of a detailed converter mo(tedte that the averaged

model is used in designing the control schemes of de@iNeadhingconverter models)

Contribution 8: Proposed the use of aage (or zerottorder DP) variables to control fikst
harmonieapproximated DP models of delabp- and voltagelinear controllefbased nosisolated
DC-DC converters. This simplifies the control structure of doap controlled and voltage

controlled norisolated DGDC converters.

Contribution 9: Proposed the DP model afsynchronization unit suitable for re(connecting) a
grid-forming inverter in a droogontrolled microgrid. The proposed synchronization unit can be
usedin phasottype simulationgto evaluate how thee(connection) ofgrid-forming inverters
impact the transient stability of islanded microgrids and bulk power systems. This thesis also
established how to model a thyplease droojontrolled islanded microgrid as a singlease
microgid model in the DP domain including how to scale the droop control gains of gtiase

grid-forming inverter to droop gains of a singlbase griforming inverter.

Conference papers (submitted, accepted, or published) resulting from this theses includ

1 U. C. Nwanetoand A. M. Knight, "Dynamic Phas@ased Modeling and Simulation of a
ReducedOrder SinglePhase Inverter in Voltag€ontrolled and Curren€ontrolled Modes,"

2020 IEEE Texas Power and Energy Conference (TPHET20, pp. 16.
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1 U. C. Nwanetoand A. M. Knight, "Modeling and Simulation of Voltagontrolled DGDC
Converters Using Dynamic PhasordCON 2020 The 46th Annual Conference of the IEEE
Industrial Electronics Society020, pp. 137-1376.

1 U. C. Nwanetoand A. M. Knight, "Dynamic Phasd@ased Modeling and Analysis of Dual
Loop Controlled DEDC Converters,IECON 20211 47th Annual Conference of the IEEE
Industrial Electronics Society021, pp. 16.

1 U. C. Nwanetoand A. M. Knight, "Modeling and Simulatioof a Reduce®rder Single
Phase PQ Inverter Using the Dynamic Phasor Methd&CON 20217 47th Annual
Conference of the IEEE Industrial Electronics Sogi2621, pp. 16.

1 U. C. Nwanetoand A. M. Knight, "Dynamic Phasor Modeling and Control of a Skitjlase
SingleStage GridConnected PV System|ECON 20217 47th Annual Conference of the
IEEE Industrial Electronics Societ2021, pp. 6.

T U. C. Nwanetoand A. M. Kni g h tBasedfiNDgeting rand cAnalysis 206 o r
Selective Harmonic Compensated SinBlease GrieForming Inverter Connected to
Nonlinear and 282 d4BEE EnergyeConvearsion Gongress and Exposition
(ECCE) (Accepted), DetrojtMichigan, US, October-23, 2022.

T U.C.Nwanetoand A. M. Knight, AUsi ng DRhaseAstiive Phas
Rectifier Based on L yY2@2p IERON Cofarenge(AcceptedCont r o
Brussels, Belgium, October 220, 2022.

Journal artites (under preparation, submitted, accepted, or publistesdjiting from thighesis

include:

1 U. C. Nwanetoand A. M. Knight,di Dy n a mi cBasedcModeting and Simulation of a

SinglePhase Diod8 r i d g e FRugbmitted tolEEE Mransactions on Power Electronics

14



1 U. C. Nwanetoand A. M. Knight,i F eQrderand SimplifiedDynamic Phasor Models of a
SinglePhaseTwo-Stage GrieConnected PV Systainsubmitted tdEEE Access

1 U.C. Nwanetoand A. M. Knightii Dy nami ¢ Phasor JAlasedBbostypge of a
Power Fact or Co jourrealcatticleqinderfeparation). t er 0,

T U.C.Nwanetoand A. M. Knight, A Dy n a miFenctienBasedo r Mo d
Selective Harmonic Compensated SinBleasdJPSI n v e, subraitted tdEEE Access

1 U.C.Nwanetoand A. M. Knighti Model i ng of a No n-Phaseénserter L o ad
Based on Linear Selective Harmonic Compensators Using the Dynamic Phasdr e 0
journal article nderpreparation).

1 U.C.Nwanetoand A. M. Knighti Model i ng and Anal ysi sThreef Sync!
PhaseGrid-Forming InverteiBased Islanded Microgrids i ng t he Dynamic Pha

journal article gnderpreparation).
The remainder of the thesis is organized as follows:

Chapter 2 gives a review ofesearch works related to Bfased modeling of power converters
and lowvoltage microgridsResearch gaps and open research problems are outlined. The DP
method is briefly described and a simple methodology to use in converting a detailed power

converter model to a DP model is introduced.

Chapter 3 provides the fundamental approaichmodelingreducedorder models of current
controlled and voltageontrolledsinglephase invertersThe reducegrder models result from
neglecting the dynamics tfie DC source of the inverteFor the currentontrolled inverter, the
method of identifying the DP ogponents responsible fire control of active and reactive power

is presentedThis is the first time that a decoupled control of active and reactive power is

demonstrated in a singfghase inverter modeled with DFr the voltagecontrolled inverter e
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method to realize the control of voltage and frequency is outllreestly, this chaptedescribes
the steps to follovin usng theconventional linear control design methods to tune a proportional
integral (PI) controller and how to use tlo®p-shapirg method to tun@ proportionairesonant

controllerin the current control loop af currentcontrolled inverter.

Chapter 4 givesthe DP modd of singlephasesinglestage photovoltaic (PV) system under
maximum power point tracking (MPPT) contiahd single phasetwo-stage PV system with an
intermediate boost DOC converter stage and main inverter stage. A methquoposedo
simplify the boost DEDC converte intermediate stage of the tvebage PV system using a fist
order lag filter to improve the computational efficiency of a lesgale power system consisting
of several twestage P\systemsThe accuracgnd efficiencyof the DRbased inverter models are

validated against results from corresponding detawatchingmodels.

Chapter 5 introducesthe DP model of a singlephase dioddridge rectifierwith or without
commutation inductancén the first section of the chapter, three analytical DP modelsimfde

bridge rectifierwithout commutation inductancare proposed by leveraging analytical bipolar
switching functionsdg-based transformer equivalent of a DBR, and analytical Fourier series of
rectified sinusoidalwaveforms.In the second section, aBR with commutation inductance is

modeled with DPs by using a quasjuare wave switching function to relate the input voltage of

the DBR to its output voltageand a tr apezoi dal switching func

current to its output current.

Chapter 6 introduces DP models of singdase boostype PFC converteand singlephaseH-
bridgeactiverectifier. In thefirst section, the DP model of a singdaase active rectifier controlled
by a Lyapunovfunction-based control scheme is developeditscovering the close relationship
between thalg framebasedpower stage variables of conventional Lyapufawction control

16



strategyused incontrolling adetailed singlgphase active rectifier, and the power stage DP
variables of a Dibased singkphase rectifier modeThisis the first time the B methodhas been
usedin modelinga nonlinear controller based singihase active rectifiein the secondsection,

an equivalent DP model of a singlbase boostype PFC based is developed by transforming the
largesignal averaged model of a detailed siAgftase boostype PFC to an equivalent single
phase active rectifier model using the sign function asaasformation function. This
transformation enables the mathematical difficulty associated with applying the DP properties to
largesignal averaged modedf two convertes driven by disparate switching frequencies, to be
avoided. The results from the BiRsed diodebridge rectifier, boostype PFC converter, artd-

bridge active rectifier models are compared with results from detailed switching models and

experimental testgs

Chapter 7 proposeghe DP models of a reducenrder voltagecontrolled singlephase inverter
feeding a combination of linear and nonlinear loads. The power stage and selective harmonic
compensation (SHC) control strategies based on linear controllers (e.g., PR and PI cQatndllers
nonlinear controllers (Lyapuneunctionbased control) are modeled with DPs, and the
performance of theroposedDP models are compared with and validatveded on IEEE 1547
standard total harmonic distortion THD) limits, against detailed switchingnodels and
experimental test rigs. Thnallsignal and largsignalmodels and methods for obtaining abie

control gains for bothinear and nonlinear control strategies are provided in detail.

Chapter 8 presents themultifrequencyaveragedmodels of voltageontrolled and dudbop
controlled DGDC Converterdased on DRSThe method to develop and tune cletsap control

systems othe DP-based DEDC converter modelis also provided.
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Chapter 9 gives the DP model of a lowoltage threephase balancedslanded microgrid
consisting ofthree droopcontrolled grid-forming invertes andsix linear loads A new grid
synchronization scheme is proposed for the re(connection) of-fogmihg inverter.Thisis the

first time that the DP method has been used in modeling an inverter synchronization scheme.
Comparative and validation/verification studies are conducted by w@sohgtailed switching

microgrid model as a benchmark.

In Chapter 10, conclusions, the significance of findings well as suggestions for futuesearch

is provided.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, the dynamic phasor (DP) concept is described. How to apply the DP concept in the
modeling of power converters and microgrids is discussed in detail. A review of related works and
the context of the work proposed in this thesis within theef the art is provided. The related
works are divided into two categories. The first category involves the review of works related to
DP-based modeling of power converters. Under this category, research works related@ DC
conversion (inversion) ah their control schemes; passive and active-IXC conversion
(rectification); DGDC conversion and their control philosophy; and harmonic compensation are
focused on. In the second category, works related to eyoopolled microgrids and
synchronizationof inverterbased resources are reviewed. A summary of research gaps, open

problems, and proposed ways of tackling theaiso provided.

2.2 Dynamic PhasomModeling Approach

2.2.1 Dynamic Phasor Method
The DP method is based on the theory that a nearipdie waveform,w t oscillating at
fundamental frequenciQandcontainingpotential highkorder harmonics, can be approximated in
the intervalt™® 6 "YO to any desirediccuracyusing the complex exponential Fourier series
[3]-[4], [8]-[12], and [B]:

ot B @ooQ (2.2

wherg is the fundamental frequency®ft in O Ar@ and"Yis the moving window length. Since
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ot maybe @eriodic,the variabledi o, which is a complex Fourier coefficient, has varying
amplitude and is therefomeferred to ashe ®h DP [3]-[4], [8]-[12], and [15] The ®h DP is
obtainedthrougha movng averaging operation:

O o6 pryY. wtQ Qf & o. (2.2)
The @h DP, & o obtained from (2.2)s a lowfrequencyequivalentof & t . Therefore, by
using the DP method model waveforms and mathematical modielge step sizes can be used
to conduct simulationssince in accordance with the Nyquist criterion, comparatively fewer
frequency samples are required to accurately representréguency signals compared to the
original high frequency signald$]. The harmonicsQvalue)modeledor alternatively the set of
DPs used to approximate the original wavefodepends on the level atcuracydesired. ASQ
approaches infinity, therer due tothe approximation of the original wavefortends to zero.
The best choice ofQ that accurately represenithe original waveform while simultaneously
reducing model complexity and simulation time, is largely dependent on the expert knowledge of
the system to be studiedlowever, for most applicationshe representation of few dominant

harmonicss enough to btain acceptable results
The DP variables can be converted to tsloenain variables usind.§]:

w WO ¢Bad Ai'Q o @O OEW o, (2.3)
where@ is the DC componenfd and@ are the real and the imaginary components of
&, respectively@” is the complex conjugate 0.

Other important DP mathematical properties the differential, conjugation, and convolution
properties stateds follows

The Differentiation of @®h DPis given by
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-0 QWO, (2.4)
If the lefthand side 0f2.4)is set to zero, theonventionakteadystate model will result from the

DP model. If&f is a sinusoidal signal, the DP model becomes equivalent to (constant frequency

or statig phasor model.

For a realvalued signal,

O @, (2.5)
Equation (2.5) is useful in the calculation of active and reactive power as well as in-Has&P
modeling of transformer equivalent of a power converter.

The produtof two timedomain variables in the DP domain is calculated from
e B @O &0, (2.6)
The peak value (or peak dynamic phasor) ahtSR/alue of a timelomain variabledpandw

respectively) are calculated from

0 g @O ¢B @O N} (2.7)

6 O ¢B &l N} (2.8)
Equation (2.8) is useful for the simultaneous control of real and imaginary DP components using

one controller.

2.22 Modeling Approach

In the modeling of physical systems, two main approaches are used [17]. The first approach uses
blackbox models created from the observation of process output in response to some known
inputs. In the second approach, wkbtex models which are derived froinformation about the

behaviour of the system to be modeled, are used [17]. The mixture of the two approaches results
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in a greybox model.

In this thesis, detailed switching models derived from the wioteapproach are considered. A
detailed switchingmodel describes the exact operation (or behaviour) of a power converter
accurately through larggignal nonlinear equations. These equations generally do not provide
analytical insights on the converter behaviour, nor can they be used for control glepmges

The averaged model is often used for analytical purposes. Hence, the detailed switching model is
usually converted to an averaged model to reduce execution time as well as derive analytical
insights. An averagemodel representshrough mathematat equations, the average behaviour

of a power converter. The averaged converter behaviour varies within a time period comparable
to the system time constant [17]. The averaged converter behaviour is calculated on a time window

of length”Ythat is sufficently small enough compared to the system dynamics [17].

References [17] and [18] discuss the main approach used in converting a detailed power converter
model to a dynamic phasor model. The first step in the approach involves the derivation ef a large
signal nonlinear averaged model from a detailed power converter model. The averaging operation
often yields a transformer equivalent for the power converter wherein the transformer turns ratio
is a transfer (or switching) function that relates the input bbasaof the transformer to its output
variables. The averaged model will be bilinear if the transfer functsalag a state variable. In

the second step, the averaged model is converted to a DP model. The three key choices to make in
the second step@the number of harmonics to model, the time window of length to use for the
averaging operation in the DP domain, and the nature of transfer function that relates the input
variables tooutput variables in the transformer equivalent modehe number oharmonics
modeled depends on the required (or desired) level of dynamic and-statedgccuracy and the

acceptable level of complexity [17]. The best choice depends on the user knowledge of the system
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dynamics and harmonics. The time window of lengthswtered for the averaging operation in

the DP domain depends on the type of converter being modeled. FeA& REC-DC) converter,

the time window of length is the main period of the output (input) voltage waveform while for a

DC-DC converter, the switchg periodis the time window of lengtfil9]. The characteristics of

transfer function that relates the input variables of the transformer equivalent to its output variables

depends on the converter type. For a sine (square) wav&@D&dnverter, the transfer function is

a sine (square) wave. Fa DGDC converter, the transfer function is a pulse waveform. For an

uncontrolled AGDC converter, the transfer function can be a trapezewdakor a square wave
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Figure 2.1: Workflow for modeling, designing, and validatbigbased power converter models.
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or a quassquarewave, depending on the characteristics of the voltage and current modulation

performed by the A@C converter.

Fig. 2.1summarizeghe steps adopted in modeling, designing, and validating power converters
and microgrid modeled with dynamic phasors in this thesis. This flow chart is derived by

combiningtheinformation in [17}[18].

2.3 Modeling of SinglePhase Power Converters

2.3.1DC-AC Converter (Inverter)

A DC-AC converter, commonly called an inverter, is a power electronic device that cdderts
power toAC power. Inverters in conjunction with BBC converters are widely used in solar and
wind energy systems for power conditingipurposes as well as interfacing of these systems to
the electrical network or grid. Inverters are also used in static synchronous compensators
(STATCOMSs) for voltage regulation and reactive power compensa®well as in electric

vehicles for energgonversion application20]-[21].
1) Grid-Following Inverter

A voltagesourced inverter came made to act ascurrent source or a voltage sounggweaking
its control structureq2]-[23]. When an inverter isctingas a current source, the inverter is
considered to be in grfbllowing mode or currenrtontrolled mode whereas when the inverter is
actingas a voltage source, the inverter is considered to be ifagrmdng or voltagecontrolled

mode.

In this subseatin, the operational principles and applications of a-fplidwing inverter will be
discussed. Works that have modeled -goitbwing inverter using DPs will be discussed and

research gaps identified.

24



A grid-following inverter (GFLI) is a power convertérat acts as a current source by injecting
active and reactive power according to current or power setpoint specified by a grid operator. A
GFLI uses a control structure that allows synchratimn with the grid voltage amplitude,
frequency, and phase aaghrough a phadecked loop (PLL) [3]. This synchronizatiorenables

the GFLI to accurately regulate the instantaneous active and reactive power edahidéimdgiee

grid. A GFLI can work in parallel with other GFLIs because of its high parallel outpedamze.
However, a GFLI cannot operate in isolation because a vetgteolled inverter or a
synchronous generat@rneededo support the grid voltage and frequency. GFLIs are widely used

to integrate stochastic renewables suchphstovoltaic PV) and wind into the grid 22].
Depending on the grid code, a GFLI can work in unity pdaeior mode or PQ mode. In the unity
power factor mode, th@wverter is controlled to inject onlthe active power into the grid.
Therefore, the reactive power setpoint is set to zero under this mode. The unity power factor mode
is widely applied in PV systems due to economic considerations for e.g., the need to maximize
solar energy yieldThe grid cods of many countries now require PV systems to inject or absorb
reactive power to support the grid during faults or voltage instaf8 The PQ control mode

is used to achieve simultaneous control of active and reactive power in GFLIs. In the PQ control
mode, both the active and reactive power setpoints have finite values. Though at most times, due

to economic reasons, tketpointvalue of active power is greater thiwatof thereactive power.

Grid-following inverters are widely deployed in PV sysgeta export power from PV modules to

the grid. The two most common interfaces (or configurations) for integrating PV systems into the
grid using GFLIs are the singltage and twatage topologies. For a singdeage PV system, a

PV array (made up of sex@rPV modules connected in a sefpesallel way) is interfaced with

the grid through a GFLI. The GFLI is responsible for performing the following two control
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objectives: 1) PV power optimisation via the maximum power point tracking (MPPT) control
operatio; and 2) proper injection of commanded active and reactive power via the synchronization
unit (i.e., PLL) and current controllerg4]. The singlestage PV topology has the advantages of
lower installation cost, higher reliability and conversion efficieocompared to the twstage
topology but at the expense of loss of voltage boosting capability and limited control flexibility.
For a twestage PV system, the PV array is interfaced to a GFLI through an intermedi2€ DC
boost converter. The boost coneeris responsible for raising the PV voltage and performing PV
power optimisation via the MPPT control operation. The GFLI controls the active power and
reactive power output through BIldk voltage control and reactive power control, respectively
[24]. The twostage topology increases the control flexibility and enables voltage boosting

operation but at the expense of higher installation cost.

In [4], the DP method is used to create a model of a spiise PV inverter that forms part of an
analytical moel used in studying unbalanced radial distribution system. The inverter is interfaced
to the network via am.CL filter, and the inverter current is controlled through a proportional
resonant controlleReference [4introducesthe method to be used in modeling a PR controller in
the DP domain. However, the dynamics of PLL and MPPT control are neglectbd.literature,

the PLL and the MPPT controllare reported tatrongly influence the stability, efficiency, and
control yystem speed of a PV inverter. Therefore, in thedaBed modeling of PV inverters, the
dynamics of the MPPT and PLL should be considered. Another drawback of the paper is that the
PV inverter is assumed to be working in unity power factode As stated arlier, the gridcode

of many countries now require PV sources to support the grid by injecting or absorbing reactive
power. The DFbased singkphase PV inverter model introduced in [4] is used in [25] to study the

transient response of an invertexsedmicrogrid under unbalanced conditions. HoweverLan
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filter is used as the inverter output filter instead oE&h filter. The work in [26] introduces a DP
model of a singlghase PV inverter suitable for fast simulation of large distribution system with
high penetration of PV inverters. The PV inverter is assumed to be interfaced to the grid through
anL filter. Current control is achieved through a ldag compensator, a grid voltage feedforward
loop, and a PLL. As a first step towards developing a DBahequivalent, the authors converted

a detailed switching model to an averaged model (or a transformer equivalent) using the averaging
method in order to avoid modeling switching transients. Then, the dynamics of the DC voltage
source is neglected to ate a reducedrder transformer equivalent. A DP model equivalent is
developed by applying DP mathematical properties to the reewrded transformer equivalent.
Results presented if26] show that the DP model gives accurate results while being more
computationally efficient than corresponding detailed switching and averaged models. The works
presented in [4], [25], and [26] are focused on shstgge PV inverter model under unity power

factor mode.

One of the keysters to follow in developing a DRnodé of a singlephaseinverterthat can be
used to demonstrate independent (decoupled) control of active and reactiveipoovind the
relationship between the real and imagin@f components of control variables, aactive and
reactive powercomponerg. Another critical step is tdéind a suitable method to interface the
control variablesconventionally expressed in synchronous reference framg ftame) or
stationary reference frame @rame) with(real and imaginary) DBomponentsReferencg27]
establishes the possibility of finding the second key connection (or kt¢py], the stability of a
threephase inverteis analyzed by usindgand DP models. The authastablished that the DP
model is equivalent to thdg based model when theystem is balancedhe authors in [17]

propose DP-based singlephase full-wave controlled and pulsgidth modulation (PWM)
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controlled inverter models capable of allowing independent control of active and reactive power
in both operloop and closedbop goerations. The inverter control systesrimplemented in both

the dgq synchronous and mixedg/stationary frames which enabled the corresponding use of
proportionalintegral (P1) and PR controller§he inverter model is converted to a synchronous
(dq) reference frame model by identifying the analogous relationship existing between DP
components andg componentsHowever jinverter malels simulated in the paper @agsumed to
operate in unity power factor mode which may not always be the case forsiagle inverters
deployedn microgrids.In [28], the DP method is used develop a novel modsuitablefor short

circuit analysis of a PVhverter during unbalanced conditiod$e inverter is designed to operate

in PQ modeHowever,how the PQ contrainode is implemented in the DP dom&mot clear
Moreover,the PV arrayand MPPT dynamicare not modeledhereby rendering the developed

large signabased statgpace inverter model inaccurate for a robust costystemdesign.

Two-stage PV invertersnodeled with phasors have received considerable attention in the
literature. The authors {29 develop anodelof asinglephase twestage convertarsing the DP
method Harmonics based on the system frequency, and boost converter/inverter switching
frequencies areonsidered in the DP modédlhe DP-based twestage inverter model shown to

be computationallymore efficient than a detailed model built on SimulinkiSicagpe However,

the inverterstudied in [29] works in voltageontrolled mode rather than in curramntrolled

mode Therefore, the model is unsuitable for studying -godnected PV system@ne of the
challenges associated with ised modeling of twetage PV inverters is deciding the number

of harmonics to include that do not only sufficiently capture the dominant dynamics of the system
being studiedbut also make the model computationally efficient as well as less complex. In this

regard, a attempt ismade in BQ] to develop a simplified and phasor models suitable for fast
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paced timedomain and phasor simulation of a distribution system with large numbheo-stage
PV generatorsAlthough the proposedmodels in B0 significantly savecomputation tine,
however, the boost converter and coupling inductor dynamics, as well as PV voltage and grid
current loops are neglectdd.[31], simplified and phasebased twestage PV inverter model are
proposed. The proposed inverter models neglect the boost taimeluctor dynamics and inner
current loop asvas donen [30]. The demerits of the models iB(] also applyto models in [31]
Also, theproposedmodels cannot be used to estimate theofder harmonic component of the
DC-link voltage which can degradhe DClink capacitorNote that the models presented in [30]
and [31]are unsuitable for proactively averting blackouts during laage disturbances as
reported in 2. In [32], the authors argue thateaaged models used in e simulation
progams are not suitable for systdavel studies in P\Wich networks.The authorsstated that
findings from mstmortem investigains of recent California wildfires attributed the use of
simplified PV modelswhich neglect dynamics of PLL and D¥0urce, adeingresponsible for
hampering the ability of powesystem operators to prevent largescale outages dwiidfires.
The reportighlightedthat simplified TStype models failed to predict the actual transbehavior

of the P\tbased inverters during transmission faults induced by wildfires.

The works reviewed so far reveal that little attention has been paid to the development of DP
based GFLI model capable of enabling decoupled control of active antiveeaower.
Furthermore, most DP models of singlage and twstage PV systems found in literature neglect
either the DC source and MPPT dynamics or current loop dynamics or assume that the inverter is
operating unity power factor mode. Moreover, mostksan literature do not show how the gains

of controllers in DP models of singfghase griefollowing inverters are obtained to ensure that

these DP models have the same stesddie and transient response as corresponding detailed
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models.Solving this pioblemis essentiabo that DP models will give results suitable for fast

control tuning and validation as well as systiewel studies.

In Chapters 3 and 4, the DP model of a GFLI that can sufficiently replicate the true dynamics of a
detailed switching mael while reducing computation burden is developed. In addition, a
procedure based on smalgnal analysis for tuning controllers of adbBsed GFLI model to have

the same dynamic and steastpte response as a detailed switching model is presented.

2) Grid-Forming Inverter

A grid-forming inverter (GFMI) is a power converter that acts as a voltage source behind a
reactance by controlling its output voltage and frequency in response to variations in active and
reactive power demand. A GFMI can operate ianded mode and thus it usually provides the

reference voltage and frequency used by GFLIs in islanded microgrids. However, a GFMI has a

low output impedance which complicates its operation in parallel with other GFB}Is [2

The bedrock of a GFMI is the gifdrming control scheme. There are several-§pitning control
schemes namely droop, synchronverter, virtual synchronous generator, virtual oscillator, and
matching control [33]. These gridrming control schemes implentesome sort of algorithms for
power sharing and emulation of physical and inherent characteristics of conventional synchronous

generators.

In literature, a substantial number of papers have dealt with thbaB$d modeling of grid
forming inverters. In [3], a threephase GFLI based on synchronverter control scheme is modeled
using DPs. The output current and voltage in the AC side are modeled with fundamental DPs while
the variables in the DC side of the inverter are modeled with DC and second harmonic DP
components. Furthermore, the inverter frequency and electromagnetic torque are modeled with

DC components. However, a singlbase version of the GFMI based on synchronverter is not
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modeled. In [34], the DP method is used to develop a model of a-pinage virtual oscillater
based GFMI in a threlus microgrid. Each GFMI is modeled in its local frame and then linked to
the common frame through a reference frame transformation. THa&# GFMI model is used

to study dynamic stability and power regulatiin a singlephase virtual oscillator based
microgrid. In [35], the DP method is used to model a droop controlledphese GFMI whose
control systems built ondq synchronougrame, with therotating frequency generated by a local
controller.State vaables of the system are modeled with the DC components of DPs since they
are DC variables. In [36], a thrgghase GFMI whose dusdop control system is built on |
reference frame is modeled with fundamentéih&rmonic, ¥ harmonic, 11 harmonic,and 1%’
harmonic DPs. The DBased GFMI model forms part of a system model used to analyze the
stability of an invertebased microgrid under harmonic conditions. However, a splyse

GFMI is not modeled.

In standalone mode, a GFMI do not need to leapewer sharing algorithm in its control scheme.

For a GFMI operated in standalone mode, one of the methods of keeping the inverter frequency
and output voltage within defined thresholds is to limit the load demand as well as ensure the DC
source is stabl Under such scenario, the inverter frequency reference is assumed to be constant
while the magnitude of inverter output voltage is controlled. In [37], the DP model is used to model
a threephase GFMI interfaced to a resistive load througHh_@rfilter. The RMS lineto-line

voltage across theesistive load is first filtered using a lepass filter before being fed toRd
controller The PI controlleregulats the filtered RMSine-to-line voltage across theesistive

loadby adjusting the amplitude die voltage sourd@6]. In the DP domain, the RMS lirte-line

voltage across the resistive load is calculated by using the DP compdimméser, the authors

of [25], [34}[37] do not show how to calculate the gains of controllers of a GFMI modeled with
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DPs. In addition, little attention has been paid teli2Bed modeling of a singfghase GFMI in
standalone mode. @hapter 3, the method of modeling a singlese GFMI in standalone mode
using DPs is presented. Smsiljnal perturbation method is usexldevelop transfer functions

suitable for control design.

2.32 AC-DC Converter (Rectifier)

An AC-DC converter (also called a rectifier) is a power converter that is designed to convert AC
power to DC power. A@C converters are commonly used for power conditioning purposes in
wind and solar energy systems, more electric aircrafts, computer aloite phone adapters,
electric vehicles, lighemitting diode systems, and variable frequency electric drivesD&C
conversion can be performed in two ways. The first method involves the use of uncontrollable or
semicontrolled semiconductor switches suab diodes and thyristors. Uncontrolled AC
converters are widely used in systems that have passive frontends because they are simple to use,
less expensive, and highly reliable. However, uncontrolleeD&converters depends on the line
voltage to commie current from one switch to another, hence they are referred to as line
commutated AEDC converters. Due to uncontrollable nature of switches ircomemutated A€

DC converters, these converteiraw harmonic currents from t#eC sourcewhich can resulin

severe voltage drops, distorted line voltages, electrical resonance, low power quality, and high
resistive losses'he second method of converting AC power to DC power involves the use of fully
controllable switches or the connection of a-DC converér across an uncontrolled rectifier to
increase the controllability of input current drawn by the rectifier. This method is referred to as
active AGDC conversion. In an active ADC converter based entirely on fully controllable
switches, the instant athich the switch is turned on or turned off is controllable. There is no

dependence on the line voltage for commutation of current from one switch to another. By having
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full control of the switches, the current drawn by the activeDXC converter can be ctolled
(shaped) to be sinusoidal through peadth modulation or other modulation schemes. In an
active AGDC converter based on the connection of aDC converter across an uncontrolled
rectifier, the AC current drawn by the uncontrolled rectifidorsed to be nearly sinusoidal or in
shape with the input AC voltage by controlling the output current of the uncontrolled rectifier via
a DGDC converter. This type of ADC conversion performed with the aid of a{DT converter

is referred to as powerdtor correction because the aim of using the[Tconverter is to ensure

that the uncontrolled rectifier draws little or no harmonic currents.
1) Line-Commutated (Uncontrolled) A@C Converter

Diode-bridge rectifier (DBR) is an uncontrolled (ll®mmutated) AEDC converter that is
widely used for powerconversion andower conditioning purposeslo ensure reliable and

efficient operation o& DBR, simulation and experimentdbased analyses aggsential

A widely used method of analyzing DBRs is the tidmmain simulation38]. To simulate the

DBR in the timedomain, the behavior of the diodes during conduction and commutation are
modeled in detail using the currertdltage characteristics aliodes B8]. The detailed model of
diodes in DBRs can be found in commercial software such as PSCAD/EMTDC, -BRMTP
PSIM, and Simulink/Simscape. The main challenge of using detailed DBR models is that such
models require small integration step sizes tooawet for the behavior of the diodes at any
switching instant. Therefore, detailed DBR models demand more significant computational
resources in both reéime and offline simulators, especially for systdevel studies involving

high number of rectifiersind switching converterd$]. Various modeling methods have been
proposed in literature to improve the computational efficiency of DBRs while retaining high

accuracy. The average value modeling (AVM) approachsex] as reported in39]-[40], to
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represenhthe behavior of DBRs when the fundamental components of currents/voltages are of
main interest[11]. The AVM approach neglects high order harmonics thereby enabling a
significant decrease in computation time. However, under unbalanced conditions, eresenc

secondorder harmonics degrades the performance of Abhéded threphase DBR models.

The DP method has been adopted by several authors to model DBRs. The main challenge with
using the DP method to model DBRs is to find suitable switching functiomdat® the voltage
and current modulation in DBRs. Another challenge is to determine the maximum number of

harmonics that represent the true behaviour of DRBs while reducing computer execution time.

In [15], new analytical DP models of tareephase DBR are studied. Complicated switching
functions based on Fourier series are used to relate the DC and AC subsystems in the DBR. In
addition, a novel parametric DP model of the three phase DBR is proposed which enables the
dynamics of the Ddink and the rectifiein the DP domairto be expressed through a set of
numericallyestablished explicit algebraic functiori$]. The proposed parametric DP models of

a threephase DBR are accurate in predicting transient and sttaty performances oftharee

phase DBR under wide range of loading scenarios while saving huge computational time.
However, a singlphase DBR was not modeldd. [38] and B9, the nonswitching dynamic

model of a thregphase DBR is expressed in thgreference frame. 18B], thesedg components

are mapped into DP components. TheultingDP-based DBR model is interfaced to a time
domain basedCRnetwork through a controlled voltage source. In the DP model, the DC and the
6" harmonic components are included during balanmeutlitions whereas the"®2harmonic
component of the DBR output voltage is added to the DC &rthénonic components during
unbalance scenarios. Thauthors reported that the propos@P-based DBR model is

computationally more efficient than detaileddadg-based DBR models during unbaladce
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conditions. However, the method of interfacing the-li2Bed DBR model to a DifasedLCR
network is not shown thereby making the model difficult to adapt to DBRs connected to
subsystems (e.g., power factor correctionmotor drive systems) modeled in the DP domiain

[36], the DP methodis used to model a thrgghase DBR acting as a nonlinear load in a
harmonically polluted microgrid. The Fouriseriesapproximated switching functiongported

in [15] are used to describe the modulation of voltages and currents in the rectifierDID-ige

of the rectifier, the D@omponent, %, 6", and 12" harmonics are included whereas in #@-

side of the rectifier, the fundamentaf}, ", 11", and 1% harmonics are included. However, the
developed Dbased DBRmodelcannot be adapted #osinglephase DBROther works that have

leveraged switching functions to DP models of a DBR include [12];[gul]

Few works have considered the modeling of a sippiese DBR using the AVM methoiihe
parametric AVM (PAVM) method is utilized iMp] to model a singlphase linecommutated
rectifier, with the dominant AGide harmonics taken into consideratiddimulation and
experimental results show that the PAVM based sipgkese DBR model is accurate over a wide
range of operating conditions as vat computationally more efficient over a corresponding
detailed switching model. However, as the PAVM method relies on parametric functions
computed numerically using results from extensive simulation of detailed models, its accuracy
depends on the anii@ated loading conditions. Thus, loading conditions not considered a priori

cannot be replicated by the PAVhased rectifier model.

In theliterature, very little attention has been paid to the modeling of spigiee DBR using the
DP methodDue tothe ongoingproliferation of singlephase residential microgrids, computer and
mobile phone adapters, and electric vehiatds,worthwhile to examine the dynamic interaction

betweensinglephase DBRs and the system, as wellhesnfluence of harmonics from single
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phase DBRs on output tabe of IBRs Doing so will give engineers grid modelers,and
researcheretter insight to design controllers to mitigate disturbaaoésharmords ensure high

power quality, and maintaimereliability of singlephase residentiahicrogrids.
2) Active AGDC Convesion Based on Fully Controllable FBridge Converter

Active AC-DC conversion based on fully controllalbiebridge converter is used applications
where the current drawn by the rectifier is required to be free from harmonics. The control of
switches in and-bridge rectifier is usually achieved through PWM. As a result, fully controllable

H-bridge AGDC converter are commonly referred to as PWM rectifier.

Due to the need to meet performance specifications like high power factor and low THD, various
control strategies have been proposeith@literature for the control dfi-bridge PWMrectifiers.
Conventionally, the control of a PWM rectifier has been based on classical linear control strategy,
wherein linear controllers are designed by linearizing the generally nonlineassiateaveraged

model of a PWM rectifier around a chosen operapoint using the smaslignal perturbation

method f#6]-[47]. However, linear controllers cannot guarantee system stability undessizatge
disturbances since they are based on ssigial models 46]-[47]. The Lyapunovbased

nonlinear control method iproposed in 48] to ensure that power converters have globally
asymptotically stable closddop behavior. In Lyapuneisased control, a scalar eneiigse
function representing energy increment is fir
is studied47]. The Lyapunov direct method is used4|[to design a control scheme for a single

phase singkstage griedconnected inverter. The Lyapunbased control scheme is shown to make

the inverteroés cl osed | oo ppasaynetdar encertagnty oabseadbly y st
solar irradiance changes. g, a Lyapunovbased control scheme is designed for a three phase

PWM AC/DC voltage source converter. The designed control system guarantees: 1) a sufficient
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stability region in the statgpace that is independent of circuit parameters (e.g., DC capacitance);
2) good transient response in rectification and inversion modes; and 3) stability undscédege
disturbances. A Lyapunov control scheme basedgpeoordinate transformation is promokin

[49] for a singlephase boost converter power factor correction system. A load current feedforward
is added to the outer voltage loop to improve the load dynamic respon&d], lin¢ Lyapunov
direct approach is used to design a stabilizing coidselsuitable for operating a singidase
active rectifier in unity power factor mode. The control law is derived by usingldt@sed
rectifier averaged model. Since DP method yields a-tmariant averaged model, the Lyapunov
direct method can be used in DP modé&tsthe best of knowledge of the author of this thesis, no
paper has reported the use of DP method in designing a Lyapased control scheme for a

singlephaseH-bridgeactive rectifier.This research gap is filled in chapter 6.
3) Boost PowetFactor Correction Converter

Recentlythere has been growing concerns over the impas€CeDC converters on power system
stability andthe quality of power delivered to electricity consumefigrmonic currentnjection

into the gridby uncontrolled AGDC converterscausespower losses and malfunctioning of
sensitive consumer equipment. As a result, several standards (e.g., IEG818Ghdard) have
imposed stringent limits on harmonics that can be injected into utility §0le[$1]. Harmonics
produced by poweranversion equipmerare usually reduceda power factor correction (PFC)
methods $2]. The commonly used PFC method for high power applications is the active PFC
method due to its less requirement for bulky and costly input filter. In active PFC controlled
converters, power electronic switcheslsas insulated gate bipolar transistors (IGBTs) and gate
turn-off thyristors (GTOs) are added to the power stage of a diode rectifier to actively modify the

waveform of the diode rectifier input current which consequently reduces the harmonic distortion
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[51]. Among several active PFC topologies for AC power supplies, the boestpe PFC
converter is prevalent due to its low component count, low device stress, and continuous nature of
its input current. Two control methods used in controlling bogst PFC converters are peak

mode current control and averag@&rentmode control $3]. The averageurrentmode(ACM)

control method is widely adopted in commercial PFC control ICs.

In a boosttype PFC converter, two converters are used to interface theoltiael wtility grid. The

first converter is an uncontrolle®fC-DC converter (usually BBR) which converts the inpétC

voltage to pulsating DC. THBBR outputports arethen connected tthe input ports o boost
DC-DC converter. Therefore, the input \aie of the DEDC converter in a boosype PFC
converter is the rectified sinusoidal voltage obtained fromDB&. The rectified sinusoidal
voltage contains even harmonic components of which ddund@erequency component is the
dominant oneSince aoacst converters usually switched at a very high frequency, the bogse

PFC converter experiences two kinds of nonlinear phenontSpairistability at the switching
frequency and instability at the line frequency. Nonlinear phenomena are undesibaloistigpe

PFC converters because they degrade the performance of the comapriEngrefore, to design

boost PFC converters that are reliable as well as have THD levels within the limits imposed by the
system regulator, accurate modeling and simulai@nessentiaDetailed timedomain models
require significant computation timi@. addition,detailedswitchingtype models offer little insight
required for systeAevel studies and analyses. Conventionally, the long simulation time imposed
by detailedmodels are overcome by leveraging the averaging modeling technique wherein the
high-frequency components are neglected. However, the dilemma associated with using the
average modeling technique in bebgte PFC converters is the frequency to be used in

performing the averaging since the bobgbe PFC exhibits nonlinearity at both the switching
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frequency and the line frequency. time literature, various techniques have been proposed to
overcome this dilemma. These techniques are anchored on using teeatamef interest to
perform averaging and thus two averaging methods for PFC converters are found in literature.
These methodare line period{Y) based method and switching period () method. In $4], both
“Yand"Y averaged boost PFC circuits are propasatianalyzed. In developing thé -averaged

boost PFC model, the authors assumed that the inner current loop works ideally to reduce
computation burden. THa&‘averaged boost PFC conved@tanodel is based oaveraging théY -
averaged boost PFC model ov#r Theauthors claim that thér‘-averaged boost PFC converter
model is suitable for stati8C and transient analyses. 189, a model of a hysteretic current
programmed converter suitable for laigjgnal analysis is developed by assuming that the supply
voltage, output voltage, and input inductor current are well represented by their average values
which normallyvary slowly over théY period. In addition, the current control is assumed to be
working perfectly(i.e., the actual current is equal to the reference curreiotyever, the main
drawback of Y -averaged models is that the dynamics of inductor current, which are necessary to
evaluate the performance of PFC converters, are neglétteckforeyesults from &Y -averaged
modelmay not becomparatively closer to theorrespondingletailedswitchingmode results. A

second approachif] involves three steps: (1) Assume that the grid voltagand the grid current,

‘Qare inphase; (2) Compute the average output voltage of the DBR on the grid voltage period; (3)
Render the complete singbdase boost PFC averaged model to the timescale of the bo@EDC
converter switching period while assuming that theRDRitput voltage is catant [1I7]. While

this approach might yield good results, the dominant sehantonic DC voltage output of the

DBR which can degrade the boost PFC output capacitor cannot be studied with this model. In the

third approach, the DBR average output voltagesed to drive the first harmonic approximation
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based boost DOC converter modell9]. This model will yield similar results as the second

approach described earlier on.

In the DRbasedmodeling of power converters, tiperiod (or sliding window of length) used in
obtaining the averageonverterbehaviouris important since th&h DP isa multiple of the
averaging frequency. For instance, inIDC converters, the averaging period is siwatching
period while for DCGAC and AGDC converters, the averaging period is the line (mains) gherio
[19]. In theliterature, little attention has been paid to the use of DPs to model asiage or
threephase boost PFC converter. In chapter 6yamedeling approach that can be used to derive
the DP modelof asinglephase boost PFC is proposed. Tapgproachinvolves using the signum
function to transform singlphase boost PFC converter averaged model equations tosivage

H-bridge converter averaged model equatemshat the DP method can be applied with ease.

2.33 DC-DC Converter (Chopper)

Nonrrisolated DGDC converters suchsabuck, boostandbuckboost converters are widely used

in more electric and hybrid electric vehicles, renewable energy system applications, shipboard
power systems, space stations, aircraft power systems, telecommunications, healthcare and
computer systas for power conditioning and energy conversion purposes. As a result of the wide
applications of notisolated DGDC converters, extensive research has been conducted to develop
simulation models which will enable this class of converters to be desidiadtyrand efficiently.

The main issue in developing converter models which can accurately depict the operations of non
isolated DCDC converters is finding a suitable compromise between computational efficiency
and accuracy. Most DOC converters used mecent times are controlled usiR§VM technique

with frequency in the order of kilohertz employed for switching purposes. Due to the use of PWM

based high frequency switching and possibly, the interconnection @®Converters for high
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power applicationdarge signabased excursions are commonplace.

Conventionally, the dynamic behaviour of (I converters can be studied for design purposes
by employing detailed timdomain based switching models found in common simulation
platforms such as Simulink, METP-RV etc. Although the detailed models are very accurate,
however they require large bandwidth and consequently small simulatieetemevhich leads to

poor computational efficiency. Thus, detailed-DC converter models are unsuitable for transient
study of power system with large number of IDT converters (e.g., PV system based on
microinverters). In addition, due to the discontinuous nature of detailed model variables, they
cannot be used to extract srrsiljnal features for control design and diggbstudies. The state

space averaging (SSA) method, which is a subset of generalizedateaveraging (GSSA or

DP method), was introduced in 1976 to overcome the limitations of detailed models for-system
level studies T]. The SSA method is based awneraging the circuit state variables over one
switching cycle and neglecting the effect of high frequency harmonics [19]. Based on these
assumptions, the SSA method is computationally more efficient compared to the detailed
switching models. As a resul§SA method has been widely used foe design ofDC-DC
convertes. However, for unbalanced conditiondarge signabased interactions, and

discontinuous conduction mode (DCM), the SSA method is inaccurate.

The DP method provides a middle ground between the detailed switching models and the SSA
methodby allowing harmonics of interest to be simulat@dich in turn reduces simulation time

without compromisinghe accuracyof resultssignificantly. The DP metbd enables largsignal

modelsto beeasilydevelopd [56]. In [57], the DP technique is used to analyze the behaviour of

buck, boost, buck o 0 st , and Luk converters. -fammonci mpl i f

approximation assumption is made wheria DC component and the fundamental switching
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frequency component are assumed to be dominant in the circuit. Thus, the exponential Fourier
series depicting the DP method is truncated=it. In [57], the authors argue that when the
switching frequencysi not much greater than the converter natural frequency, the application of
first-order approximation to simplify the DP model will have more effect on the model accuracy.
In addition, by comparing the detailed switching model results and the DP modd, rds
authors established that the DP model results closely match the detailed switching model results
when theconverter duty cycle isqual t00.5 (due to absence of even harmonics). Moreover, the
conclusion reached irby] edablishthat the firstorder approximation is better for the voltage
compared to the current. Howev§sy/] has limitationsbecauseonly openloop operations (the

duty cycle is assumed to be constant) and continuous conduction mode (CCM) condition are
simulatedMoreover, the details of boost, bubko 0 s t , a n d mbdelsare nobpnegeatedt e r
Referencej8] attemptdo fill the research gap irb[] by presenting the DP moldef a buckboost
converter operating in CCM mode using the firatmonic order approximatioithe authorsn

[58] reportedthat the DP model of the budloost converter takes approximately 50 % of the
simulaton time taken by the detailed model of the bibclost converter. However, the authors
failed to consider the operation of the bdmost converter in closddop control mode (which is

the common operational mode of EBEC converters used in battery enesfgrage systems).

Referencej9] presens the MFAM models of multiphase interleaved buck, boost, and-bookt
converters. Zeroth and first harmonic DP components are used to repyessemt dynamics. The
authors claimthat the switching dynamics cle replicated accurately by MFAM models when
inductor parasitic resistance is included. However, cldsep controlschemeof the multiphase
interleaved DEDC converterss not investigated. Closeldop control studies and simulations are

essential in garanteeing the stability and resilierafepractical DGDC converters
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The major challenge in DPased modeling and simulation of freque@pendent averaged
model (FDAM) in closedoop mode idinding how toconnect the modulating signal (duty cycle
command)to the switching function. In€Q], the firstorder harmonic approximatidmased DP

model (which is referred to as the multifrequency average (MFA) model in the paper) is used to
model boost converters @CM mode. Eigenvalue analysis conducted on the MFA boost converter
model in p0] resulted in the authors establishing that thewedscoupling between the ind@x

(DC component) and indek (fundamental frequency component) circuit variables when the
switching frequency is high. Furthmaore under high frequency condition, the DC component
dominates thereby validating the use of SSA method for high frequency PWM switchb€ DC
converters. In addition, closddop operation of the boost converter is endurg approximating

the modulating signal using partial Fourier series. In order to calculate the duty cycle, an
extraneous state variable is introduced, and then the switching time at which the modulating signal
intersects a sawtooth carrier waveform whileing the error function to zero, is determined. The
switching time is divided by the sawtooth waveform switching period to derive aviimgang

duty cycle used to control the boost converter. However, the closeebdseol MFA model
introduced in §0] for boost converterss only accurate for first harmonic approximation doés

not consider carrier phase shift. 1], a system of notinear equations are used to represent the
switching function in the DP domain. By performing one iteration of de@a p hs on 6s met h
on the nonlinear equations with an initial guess of zero ripple, the duty cycle is obtained. However,
in [61] and also in[62], the calculation of the duty cycle for closkap control of DGDC
converters are compleRlso, other type®f nontisolated DEDC converters (e.gbuck and buck

boost converters) are retudied With the increasing use bbost,buck and buck boostonverters

computer and energy storage operations, dewedopimple DRbased closetbop DGDC
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converter modelsuitable for design and stability study of mutinverter systemis pertinent

In chapter 8, the DP models of buck, boost, and {medst converter under voltageode and

dual closedoop control schemes are proposed. To simplify the control schemeseroth order

DP (or DC) component of the state variables (inductor current and capacitor voltage) are used as
target variables sinceigh frequency components of inductor current and capaciiteige are

small compared to DC componenks addition, the amplitude of high frequency components in
DC-DC converters arequal to zero over a switching cyclehis simplification allows the small

signal models based on SSA laigignal model to be used in designing the cldseg control

systems ofnultifrequency averaged models modeled with DPs.

2.4 Inverter-Based Harmonic Compensation

Over the past decade, singlkase invertebased distributed energy resources (DERS) such as
solar andbattery are rapidly being connected to the distribution nekwdue to government
policies geared towards tackling climate change and incregsdhgsiliencg 63]. When the main

grid is unavailable due to a fault or other unfavourable conditions, gihglee DERS are operated
along with batteries as gridrming (GFM) sources. However, with the increasing adoption of
nonlinear loads such as electric vehicles and Hgghitting diodes in residential areas, the
operation of DERs as GFM sources has become challer@hd his challenge is due to the high
influenceof nonlinear loads on the inverter output voltage quality under weak grid/islanded modes.
The IEEE 1547 standard limits the total harmonic distortion (THD) in the output voltage of an

uninterruptible power supply to 5%49].

To meet the IEEE 1547 standaml variety of solutions have been provided in literature to
overcome the challenge posed by nonlinear lobd$§64], a multilevel transformerless hybrid
series active filter is proposed to improve the quality of power supplied to aphage residential
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householdThe hybrid filter uses PR controllers to improve power factor as well as prevent current
harmonic distrtions caused by nonlinear loads from deteriorating the utility voltage. However,
the installation of a separate hybrid filter for each nonlinear load may be expensive for a small
singlephase residential microgrid. Moreover, thehorsdid notconsidethecasewherein a DER

is operating in islanded mode. [I86], selective harmonic compensators (SHCs) based on single
equivalent synchronous frame are added to the control scheme of a DER in an islanded microgrid
to suppress voltage harmonics induced hylinear loads. A method to practically tune the SHCs

is also proposed. Thauthors reportethat the SHCs resulted in low THD of the DER output
voltage. However, the parameters of the system studied are not given and thus, the results shown
by the authorsre difficult to replicateln [67], a PR controller in series with bank of harmonic
resonant controllers are utilized to attenuate grid voltage background distortion in a photovoltaic
inverter to ensure accurate synchronization with the grid voltaggrépesed control resulted in

high quality grid currentdowever, the disadvantage associated with linear conttmdieed SHCs
discussed so far is that they cannot maingébal stability of the closetbop systemunder large
variationsaway from theequlibrium point [68] In [68], the authors propose an extended
Lyapunovfunction-based control scheme for a singlease uninterruptible power supply (UPS).

The Lyapunov function isonstructed by usintipe energy stored in th&C inductor andDC-link
capacitorbecausdhe system statesill converge toa stable operatingoint if the systemtotal

energy is continuouslyonsumed [68]. By adding an output voltage feedback loop in the
Lyapunovfunctionbased control schema, globally asymptoticdly stable systems achieved
without any steadytate error in the output voltage even in the presence of resistive and nonlinear
(DBR) loads. A LyapunovYunctionbased control scheme is proposed in [69] for a thlese

UPS inverter. The proposed Lyapuntunction, which is expressed in tle synchronous
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reference frame, represents the energy stored in the inverter bGfilter. An output voltage
feedback loop is added to the Lyapusfauctionbased control scheme to eliminate stestiye

error anddistortion in the inverter output voltage. The Lyapunov function expresseid in
reference frame suggest the possibility of implementing a nonlinear control scheme based on
Lyapunov control strategy in the DP domain. Neverthelesghakenge with studgecarried out

in [63]-[69] is that the proposed system models are implemented by using detailed switching
converter modeldn the case wherein harmonic compensation study is conducted in an islanded
microgrid consisting oseveral nonlinear loads and DERktailed switching converter models
found in Simulink/Simscape, PSCAD, and EMTP will cause a significant increase in computation
cost and execution time. Therefore, an alternative modeling method is required to replicate the true
dynamicsof a powersysem consistingof several power converteesxd nonlinear loade/hile

reducing execution time.

The DP methods suitable for the development of models which can enablp$astd harmonic
compensation study in an islanded micrognd.16] and [36] the DPmethod is used to model an
inverterbased microgrid under harmonic and unbalanced conditions. SHCs based on PR and
harmonic resonant controllers are used to redifte7", 11" and 1% voltage harmonics.

However,both papers focused on harmonic compensatiorthregphase system.

In theliterature there are limited, or no works focused on harmonic compensation study fer a DP
based singlgphase system model consisting of a GFM inverter, linear contidksed SICs, and
resistive and nonlinear loads addition, much attention has not been paid to the DP modeling of
SHCs based on Lyapundunction-basedcontrol scheme. In chapter 7, the DP method is used to
model singlephase systems consisting of GFM inverieear controllefbased SHCs, Lyapunev

function based SHCs, and resistive and nonlinear loads.
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2.5Modeling of Microgrids

Massive structural and behavioural changes are occurring in power grids due to the increasing
penetration ofBRs. The microgrid concept has been widely utilized in increasing the deployment
of IBRs. A microgrid consists of a cluster of DERs such as PV systems, wind energy systems,
energy storage systems, and loads that can be controlled as a single entity [#@pgkidncan

be operated in islanded or giwdnnected modes depending on system conditions. When a
microgrid is operating in islanded mode, voltagmtrolled inverters (i.e., gritbrming inverters)

are used in a cooperative manner to support frequentyatage by forcing these inverters via

control to share load demand according to their power ratings [36].

One of the methods used to proportionally share the voltage and frequency regulation tasks among
multiple inverters in a microgrid under islandedde, is the droop control method [2], [{IR].

The droop control method is currently the commonly used method for controlling inverters in
islanded microgrids because it does not require any physical communication link to exist between
inverters. Rathe the frequency and voltage measurements are used locally by each inverter to

contribute towards regulating the system frequency and voltage magnitude.

2.5.1 Droop-Controlled Microgrids

Two droop control methods are widely used namely siluglp and muitloop droop controls
[73]. The singleloop droop controis simple to model as well deads to arelatively larger
coupling reactance, whiagtnhanceshe dynamic responsend stabilityof the inverter [73] The
multi-loop droop controfesults in a couplg reactance relatively smaller than the single loop
coupling reactance. Multoop droopcontrolled inverterhiave lesslampng andsmall stability

margins.
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In recent timesthe stability of the microgrid has become an issue due to the proliferation of
inverterbased sources in microgrids, and the intermittent nature of renewable s®oreasure

robust and efficient operation of microgrids, accurate model of the microgrglisa@ to conduct
simulations which can enable accurate resonance and harmonics analysis, control system design,
stability analysisand energy dispatch74]. The EMT models found in MATLAB/Simulink,
PSCAD, EMTRRV are unnecessarily too detailed for systiwel studies and are equally
computationally demanding. To overcome this limitation, the estasic models have been
employed to simulate power systems with high efficiency. However,-gtat& models assume

that the lowfrequency component dominatesd consequently, neglect the line, load, and current
dynamics. Threfore quasistatic models are not suitable for analysis of invdrgeed microgrids
because inverters are fast acting power electronic devices. The DP method has reportedly been
used toanalyze microgrids while considering the current and line dynd®i¢s[36], [70], [74]

The DP approach allows the microgrid to be analyzed with a-fggeal perspective, thus

enabling controllers that are robust enough to withstand large oscaladidre designed.

Reference 15 analysesthe stability of a closetbop DP model of paralletonnectedingleloop
droopcontrolled inverters in gridonnected and islanded mode. The authors claimed that for
sufficiently small value of the frequency dpparameter, the fasurrent dynamics and the slow
angle dynamics are separated. By applying the contraction theory, the domain of attraction of the
exponentially stable equilibrium point is estimated. 76],| DP-based smalsignal model of a
multi-loop droop-controlledinverterbased microgrid is developed. According to the authors, the
DP model is able to predict accurately the movement trend of the dominant eigenvalues as a full
order model does unlike the redueader smaksignal microgrid model. Tévalidity of the DP

model was confirmed byvaluating thevirtual ] O frame power controschemeused in
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eliminating power coupling caused by the line impedance characteristic. Howevemtivadths
of inner voltage and current control loops are asslite be much higher than the power loop.
Thus, the inner loops are omittetiich causethe inverter output voltage bedirectly determined

by droop control referencesgdq.

Reference 5] investigats the transient response of a DP model of an unbalanced inverter
dominated microgrid consisting of a thygleasevirtual synchronous generatdr$G), a single

phase PV inverter, and &1 load. The control loops of the VSG and singlease PV inverter are

modeled whereas the dynamics of the MPPT (maximum power point tracking) algorithm and the

PLL (phaselocked loop) are neglected. Relying on findings from an eigenvalue analysis, the
authors concluded that: 1) the converter control parameters have signifitaence on the
transient response of the micr ogDbDCmidpoil2tp under
ground voltage contains a fundamental frequency component which distorts the inverter output
voltage balance with the risk of damaging @ starage capacitor; 3) the BDiPased microgrid

model is accurate in capturing electromagnetic transients while being computationally more

efficient than the microgrid detailed model implemented in MATLAB/Simulink.

In [35], a threephase unbalanced levoltagemicrogrid operated via the multbop droop control
strategy is modeled with DPsm@ll-signalmethod is used tmvestigate the effect of theltage
unbalance control schersa dynamic behaviar of themicrogrid. The authors in [36] modal 6

bus DRbase@ microgrid model consisting of threeulti-loop droop-controlled inverters of equal

rating, two resistive loads, and two nonlinear loads (dlmitige rectifiers) to investigate the
stability of the microgrid under harmonic conditiofi$ie inner controloops of the inverters are
modeled as well as the virtual impedance control (to ensure equal power sharing among inverters)

and harmonic decomposition contr@maltsignal analyses based on participation factors and
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eigenvalues are used to study the dyicamehaviour of the microgrid as well as the influence of
harmonic compensator tuning on microgrid stabif8gnallsignal stability conducted reveal that:

1) the DP model is able to predict transient response of imdateiated microgrid with high
harmonic pollution; 2) the virtual impedance control introduces dominantflequency modes
which are sensitive to virtual inductance, virtual resistaaoel the cubff frequency of the
harmonic control; 3) the mufR controllers present medium frequency modes which are
sensitive to thir gains.However, the DFbased microgridnodelis too complicated. Since the

microgrid studied in [36] is a balancege, modeling each phaseusinecessary.

The design and analyses of a draamtrolled microgrid are conducted in [70] by leveraging the
DP method to model muitoop droopcontrolled singlgphase inverters considering network and
control dynamics such aecond ordegeneralized integrator freqncylockedloop (SOGHFLL),
system operating sequence, and the-pass filters used in filtering power measurements.
However, the actual microgrid is still implemented with detailed switching mode]34], the

DP method is used to develop a model sirglephase virtual oscillatebased GFMI in a three
bus microgrid. Eacdroop-controlled inverteis modeled in its local frame and then linked to the
common frame through a reference frame transformationpmpmsed DP modé& used to study
dynamic stability and power regulation in a singlbase virtual oscillatelbased microgrid.
However, a droojontrolled microgrid model is not considerdbhte that virtual oscillatebased

power sharing control algorithm is not yet a matured technology.

Nevertleless, there are few works that have used the DP method to model phemgesingle
loop droopcontrolled microgrid including the network and load dynamic<hapter 9, how to
model a balanced singleop droopcontrolled thregohase microgrid, including the network and

load dynamics, as a singbdase equivalent model is described. In addition, how to adapt the droop
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gains of the threphase microgrid model tdroop gains of a singlphase microgrid equivalent

model is outlined.

2.5.2 Synchronization Techniques

One of the issues that is focused on, in the stability analysis of an islanded microgrid, is the
synchronization process. When the synchronization ofinerter to a microgrid or the
synchronization of a microgrid to the main grid is not properly conducted, the microgrid can
become unstable. Therefoseamless synchronization oh anverteris essential to maintaining

the resiliency of future invertdyased power systems especially with the recent upsurge in the
integration of distributed energy resources with the distribution ghid.synchronization process

is particularly challenging in a microgrid if the incoming inverter is a GFMI i.e., the invexéels

to bear the burden of frequency and voltage regulations as well as power sharing [71]. This is
because the power sharing process has to be instantaneously modified to accommodate the

incoming GFMI.

Recent research works have paidch attention tahe (re)connection of a GFMI in a droep
controlled microgrid T1]. In [77], a synchronization algorithm based on a PLL is used to initiate

a seamless transfer between grishnected and islanded modes in a Hplease grieconnected

inverter. The PLL is keeraged to synchronize the phase angle of the load voltage to the grid voltage

in grid-connected mode, and to produce a phase angle at the desired frequency in islanded mode
[77]. The proposed synchronization algorithm is also effective during a gridgeodiag. The
authors in [78] propose a coast operating mode to ensure a seamless transition betwakmstand

and gridconnected mode for utilitinteractive thregohase invertersThe inverter current and

voltage sensors asolely utilized for control purposes thereby eliminating the need ¢ontrol

over the grigside static transfer switci.o ensure a quick response from the inverter and also
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eliminate transient overcurrent when the grid and point of coupling voltages akphdsethe

grid angleis estimated in a nearly instantaneous manner [78]. Other works such-§&l|7&ko
investigate the seamless connection for inverters in a microgrid. The challenge with works in [78]
[81] is that they are focused on synchronization of inverters infgimving mode. The authors

in [71] attempts to fill the research gap by proposing two strategies suitable for re(connection) of
droop controlled GFMIs in an islanded microgrid. In the first strategy referred to as the output
sync strategy, an incoming G is first synchronized to the microgrid before the circuit breaker

is closed for power sharing [71]. In the second strategy, referred to as coslyoliestrategy, the
inverter is made to first operate without any contribution to power sharing fojcavduccessful
syncing to the microgrid frequency. Thereafter, the controller is transferred to the siawieg
mode. The advantage of the contrebgnc strategy is that the circuit breaker can be closed during
the syncing process since the invertestarted from zero power contribution state. In addition,
the controllersync strategyequires a lesser number of sensorstiie outputsync strategy.
However, the controllesync strategy requires more controllers than the owsynt method. The
issuewith the outputsync strategy introduced in [71] is that a lot of switching operations is
required in the control scheme to stabilize the GFMI following re(connechlengrthelesshere

is no research work that has investigated thebB$ed modeling ad synchronization algorithm

for a singlephase grid forming inverter. If the DP method is to be seamlessly used in studying
microgrids, it is important to develop a synchronization algorithm modeled with DPs. This

research gap is filled i@hapter 9.

2.6 Conclusion

In this chapter, the dynamic phasor modeling method and its connection to other modeling

approaches are described. It is found that-sjaéee average models can be derived from dynamic
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phasor models by considering only the zemmttier DP compnents while the conventional static
phasor models can be derived by zeroing the differentials of DP models. The main challenges
associated with the use of dynamic phasor method in modeling power converters and microgrids
include making appropriate choioé switching functions, averaging period, and the number of
harmonics to model. From the literature review conducted, it is found that few works have focused
on developing dynamic phasor models of lineamrd nonlineacontrolled singlgphase power
converers and microgrids. In addition, most works do not enlighten the reader on how to choose
control gains so that a dynamic phasor model will have similar dynamic and-statglgesponses

as a detailed switching model. In succeeding chapters, a systepat@eh of modeling and
designing the power and control stages of sipilase power converters and microgrids using
dynamic phasors is described. Comparative, analytical, and experimental studies are conducted to

evaluate the accuracy and efficiency of-bdsed singlgphase power converter and microgrids.
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Chapter 3

Dynamic Phasor Modelof ReducedOrder Current -

Controlled and Voltage-Controlled Inverters

3.1 Introduction

A voltagesourcedinverter can be madéo behave likea current sourcer a voltage sourcdy
modifying its control structure[22]-[23]. When an inverter is operating as a current source, the
inverter is considered to be grid-following mode or currertontrolled modeHowever,when
the inverter is operating as\altage source, the inverter is considetedein grid-forming or

voltagecontrolled mode.

In this chapter, the basic structure of a GFLI and a GFMI will be shown. In addition, how to model
GFLIs and GFMIs with DPs will be elgred.As this chapter is introductory in natutiee inverter

DC sourcds assumed to be stable. Therefore, the dynamics of the DC source is neglected which
results in a reducedrder inverter modelln the first section of this chaptes,reducedorder
currentcontrolled singlephase inverter is modeled with DRénity powerfactor (PF) and PQ
control modes are analyzed in detail to identinariables controlling active and reactive power

in the DP andlg domains Smaltsignal modelingnethod is applied to the conventional averaged
and DP models to compute control gaimsttenable the DP and detailed models to have the same
dynamic and steaedstage responseln the second section, the DP method is used to model and
analyze areducedorder voltagecontrolled singlephaseinverter feeding a RLC load via a
distributionline. The accuracy of the DP model of a voltagntrolledinverter duringa fault at

the load buss verified through simulatiorsnd comparative analyses
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3.2 Current-Controlled Single-Phase Inverter[82], [83]

Figure 3.1a) shows thedetailed structure of a currertontrolled singlephase inverter. The
inverter is fed by a DC voltage source, andinterfaced to the grid voltage, through a LCL
filter. The LCL filter is composed o&ninverterside inductance , agrid-side inductanceé , and

a filter capacitorp . The variablesY, 'Y , and’Y denote inverteside losses, gridide losses,
and damping resistor, respectivelhe main function of theLCL filter is to remove unwanted
harmonics from tl inverter output voltage) . The two key control components of the current
controlled inverter are the PLL and the current control loop. The function of the PLL is to estimate
thegrid voltagephase angle— and magnitudey. The grid voltage phasagle and magnitude in
then used to compute the reference grid curf@ntThe current control loop uses a proportienal
integral controller to regulatgrid current’Q injected into grid by adjusting indirectly. The
output of the PR controller is the inverter output voltage referenée, The pulsewidth
modulation (PWM) block uses” to create switching signadsfor the inverteswitchesNote that

“Qis the invertesside inductor current (equivalentiyverter output current).

To derive the averaged model of the curemtrolled invertedepicted in Fig. 3.1(bXhe DC
voltage,w s first assumed to bstable. This assumption is predicated on the DC source being
eitheran energy storage systenmegsestateof-chargeis within normal ranges or the output of
utility voltagefed rectifier. Under this assumption, the dynasnié¢ the DC source can be
neglected and this results in a reducedder model.The second assumption is to negldut
switching frequency transient3his implies that the PWNMblock and inverter switches are
neglected. Applying the two assumptions, the inverter is replaced with a controllable voltage

sourceas depicted in Fig. 3.1(b).
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Figure3.1: The structure of a currecbntrolled singlephase grieconnected inverter: (a) a detailed model
implemented in an EMT simulation environment (b) an averaged model used for creating the corresponding

DP model as well as designing control system

3.2.1 Power Stage Modeling

Considering thaveraged modgthe dynamic equations of th€L filter can be presented as
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b— Y Y Q@ Y'Q 0 0F (3.2
b— YTQ Y Y Q0 0, (3.2
5— Q Q (3.3

In the DP domain, assuming the fundamental frequency component is domindr@] thiker

dynamics are presented as

00

— 600 6 -0 -0 (3.4)
09 500 6 -0 —a%0 3.5
°9 s 1 600 0 -0 —a0 (3.6
°9 s 1 60 0 — 0 —@O0 3.7
0 O e gy A A
-0 00 100 (3-8
0 O A A P
—0 —60 1O 3.9

where®) O  mand® O wrc.

3.2.2 PLL and Amplitude Detector Modeling

To obtan accurate valusof the grid phase angle and voltagegnitude two orthogonatignals
must be obtained from the grid voltag&ince a singlgphase inverter lacks sugitoperty, an
imaginary signal is created by delaying the original or real signal bygoaser period " #t).
Assune thatthe grid voltagep (also the reahxis voltagep ) in Fig. 3.1 can be expressed as

0O 0 wOBTo (3.10)
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wherew and| are thegrid voltageamplitude and fundamental frequency, respectively. Delaying
0 by "¥T results in anmaginaryaxis grid voltagep given by

0 wOfTo “Ic wAT100 (3.12)
Projecting the real and imaginary variables of the stationary phasor pulsatirapai axes of a
frame rotating synchronously with, under theassunptionthat the direcaxis of this synchronous
rotatingframe is aligned with the results in

w O0gio AT1060 U
&  Al160 OBIo U (3.12)
wherew andw are the direcandquadraturexiscomponents of the grid voltagespectively.

The grid phase angle;- can be computed by regulatidg to zerousing a proportionahtegral

(P1) controller. For a simple study wharehe dynamics of the PLL is not of interest, theerse

tangent function can be used to compute the grid voltage phase angle as follows:
— 16 OATUL M - OATOU M . (3.13

The grid voltage magnitude c@mputed using the expression

W 0 0 W w . (3.14)
Since the grid voltage phase shift is zero, the grid voltage components in the DP domain are

WO mand® O w7¢. The peak dynamic phasor is given by

w w ¢ o Vle} ¢ O (3.15)
3.23 Unity Power Factor Control

In unity power factor control scheme, the reference grid curt@rig assumed to be-phase with
the grid voltagep . Therefore, the reference grid current is gitagn

@ 'OO0EI0 OOE+ (3.16)
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The amplitude of the referenagid current 'O can be computed from an active power setpoint,

0 “ using

o]

(3.17)

The grid current is controlled with a fundamental harmearased ideaPR controllerwhose
dynamics in the Laplace domasexpressed as
b* QU — T 1 (3.18)
where Q andQ are the proportional and resonant gains, respectioklhe PR controller
Equation 8.18) can befurther be simplified to b§4]:
0 Od 0 Vo (3.19)
wherew andw (thedummystate variables) can be defined as:

» MY QT Y

w ™WTQ QFi O (320
Transforming(3.20) into time-domaindifferential equationsesult in
o MY 0 N
o ™mT Q N (3:20)
In the DP domain, the reference grid current is giwe
000 n (3.22a)
000  OIc (3.22h)
The dynamic equations of the PR controller in the DP domain is given by
w0 0O 60 TQwld Qo (3.23a)
w0 Q60 0 Qb Qo (3.23b)
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WO - 600 0 g WO (3.23¢)

w0 - 000 60 ¢ WO (3.23d)
wO - 600 60 (3.23¢)
wod - 0600 0 (3.23f)

3.24 PQ Control
In PQ controlmode the active and reactive currents are regulated independently. The PQ control
schemes realized by applyinghstantaneous reactive powgu) theory[84]-[85]. According to
pgtheory, thereferencanstantaneous active and reactive flow balaareegiven by

ch°’ W w O

G5 6 @ 0 (3.24

Sincew aligns with0 , the quadrame voltagew 11, thus the gridiq current setpoints are

: . (3.29

The referenceq currents are transformed|tof stationary frames follows:

N Qg 0'ogio O Ai100
o~ Z R M s wZ oA s s (3.29
Q O AI100 O OHFIlo

Thereference imaginary axis current is discarded whereag#haxis curren{’Q”* Q) isfed

to the PR controlledescribed in the section dealing with unity power factor cantrol

In the DP domain, the reference current can be calculated using two methods. The first method
involves finding the relationship between the fundamental DP components of the grid current and
thedq components of the grid current. In the DP domain, the et reactive power setpoints

are given by
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60 p OO ®OIO ¢ ®OMO @O0 (327

W0 ocOIXO @WOO O @0l (3.27b)
Recallthad @ O E1 0. This impliesthatb O  mand® O -®. Therefore,

W0 0° cOoOsgo (3.28a)

‘0 0° cwdsao (3.2%)

Comparing (3.25) with (3.28) results in

o fe]

(3.29a)

o fe]

(3.29h)

The second methddvolves direct calculation dhe DP components & using theequations

for computing instantaneous active and reactive power in the DP ddfmain.(3.28),

s{efe] (3.30a)

s{efe] (3.30b)

0

Both methods yield the same resutquation (3.29) or (3.30) reveals two important relationships.

1.

In thedqreference frame, whether diregtis or quadraturaxis current controls the active
poweror reactive power is dependent on which axis is aligned with the grid voltage vector.
However, inthe DP domain, whether the real or imaginary axis controls theareslor
imaginaryaxis current is dependent on sinusoidal form of the grid voltage (euttbin
voltage isa sine or cosine wawgith zero phase shjft

Real and imaginary DP variables are -ovadf of thedq variables. Thisobservationwill

clearlymanifest in smaidkignal models derived in succeeding chapters.
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3.25 Small-Signal Model of thelnverter Inner Current Control Loop

GLL‘L

Gpp Gt

| +T

(b)

Figure 3.2 Currentcontrol loop (a) DP model representation (Detailed switching model representation.

In the DRbased PR controllebothQ0 anddQO are regulated simultaneouslyssuming that:

1) 0 is constant, an@) 'Y and’Y are very smallConsidering Fig. 3.2(ajhe transfer function

from the inverteinternalvoltage referencd ° to the grid currenQis

0 i — 0 | (3.3)

where| 00,7 O 0. The variables, i andd& i areperturbationsaway from the

equilibriumgrid current and inerter averageluty cycle respectively in the frequency domain.

Considering PR controller transfer functi@ , thecurrentopertloop transfer functiofO i is
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~

O i O iz (3.32

To choose the controller values, the loop shaping mehadilized [17]. Supposethat Q is
initially small such that & influenceon the operoop characteristiceccursonly at] . Then™Q

can beignoredin (3.32 and the simplifiedO is given as

0 . (3.33

Normally,6 will be small compared to and’Y . Thus,neglectingd in (3.33 yields

O Y (V) (3.39
Systend spen loopcutoff frequency]  determines théesired settling timgl7]. The cutoff
frequency is determined by forcing the gain of the dpep transfer function to be unity i.e.
SO 0 s p.Thus,

Q11 . (3.39

The systemds andiCacanche computgiiom |,

i Aoo O | (3.369)
N — z0AT 7 DA Y 6 OAT — «¢*s (3.360)
where,, 1 |6 1 f and, 1 1T0Y .

For the detailedwitchingmodelcurrentcontrol loop, the opefoop transfer function is

O i — ®z0 {iz0 z— (3.37)

whered , is theperturbation irthe average value of the inverter switching signahd™O  is
the PWM gainEquation (3.37) iequivalentto (3.31). Therefore, the proportional and integral

gainscalculatedor the DP model are applicable to the detailed model.
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3.26 Simulations and Validation of Results

In this sectionthe PR control parameters are first computed analytically and then compared with
control parameters obtainddectly fromBode plots. Afterwardghe computational performance

and accuracyf the DRbased singkphaseanverter undeboth unity power factoandPQ control
modesare validated using resultsobtainedfrom the simulation ofa correspondingdetailed
switching singlephaseinverter model. In addition, theinfluence of the filter capacitoron the

results obtained frorthe DP-basedsingle phaseinvertermodelis studied The parameters used

for conductingsimulatiors arelisted in Table 3.1. Note that o x @ AT@
Table 31: Parameters of theurrentcontrolledsingle-phaseinverter
Parameters Values Parameters Values Parameters Values
Y mm Y L ) W T TU6I
0 pA ( Y mn @ opp
6 C & 0 o® i ( Q pTE (U

3.26.1 Determining PR Controller Parameters

The desired PR control parameters are obtained analytically byemiagions in Section 32.

W p oQATBare

desired Consider ai.CL filter whose resonance frequencypiso@r( Uand its parameters are as

Suppose a phase margin, @0t @ Ad@nd a closedbop bandwidthy
listed inTable 31. Usingthe equations in Section 32the PR controller gain®) p phR

p wu X amerobtainedTo verify the control values obtained analytically, the Bode pldahef
currentopenloop transfer functioms obtained via MATLAB simulationFig. 3.3 shows the Bode

plot of the current opetoop transfer functionUsing@ p p 4T & p wu Yhantinfnite
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gain is obtained at the fundamental frequency @.g;,® AT@ Thus, the PR controller can track
the reference current with zero steadgte error. The closddop bandwidth and phase margin
are obtained as P cOdr@and” v 8 Jor 8T @A) Arespectively. These values
closely match the bandwidth and phase margin used to analytimathpute the PR controller
parameters. Thus, the analytical expressions shown in Sé&cfiénare suitable to obtaithe

accurate values & andQ.
3.26.2 Choice of Simulation Step Size

To accurately compare the computational performance of the detailed model with the DP model,
a suitable simulation step size needs to be chosen. In accordance with Nyquist criterion, the
sampling frequency should be at least two times the highest ocduedgougncy,Q . For the DP
model,its"Q is the currentoop PR controller bandwidti\s] P 11 COAIA a simulation

step size ofip I Os used to simulate the DP model. Therefore, the control bandwidth limits the
simulation speed of lofirequencybasedDP models. For the detailed model, the PWM switching
frequency p 1E ()Us the’Q . Thus, the maximum simulation step size that can be used to
adequately sample the signalist O However, due to PWM effect, simulation step size of

pt Ois found to be a suitable step sizebiainaccurate results from the detailed model.
3.2.6.3Simulation Results

1) Unity Power Factor Control

For the unity power factor mode, the reference grid curi@nts made to be iphase wh the

grid voltage,"Q via the PLL and the current control loop. &t 1@ Q the amplitude of the
reference grid current@) is stepped front ! to ¢! . Figure 3.4 (a) shows the grid current
waveform.During a step change 1 fromt! to¢! atd 18 Q the gridcurrent timedomain

waveform obtained from theP modelis observed to closely match with the waveform obtained
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Gm = Inf dB (at Inf rad/s) , Pm = 54.4 deg (at 8.02e+03 rad/s)
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from a detailed switching (SW) moddihe real and imaginary components of the grid current
(600 anddQO , respectively) are observed to be DC signals (they have been freegheftest

from the fundamental harmonic to DC). Thaselatively largestep sizeould be usd to simulate

the DP model The imaginary current compone@i©Q is observed to ba&onzeo i thus this
component controls the active power injection. This can be attributed to the grid voltage imaginary
component being nonzero. Moreover, since the real component of th@®dtld,is zero and unity

power factor control is being implement&®0O  will also be zero expect during transierifae

peak DP(Q ) is an envelope of the tirdomain waveformiQ during steady state or

transient state. However, the peak DP becomes a constant when the system is in stdgdyrstate.
3.4(b) shows the grid current and grid voltagbe grid voltage is scaled down b§62 for better
visualization and analytical indigs. As expectedthetime-domaingrid current obtained from the

SW and DP models ame-phase with the grid voltage.

Figure 3.5 shows the active power and reactive power injected into the grid. There is a good
agreement between the SW and DP model resMit®xpected, the reactive power injection into

the grid is zero except during transients. Overall, the DP model predicts accurate results using a
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step size that is about 100 times larger than the step size used in simulating the SW model.
Therefore, th®P model can be used in the place of an SW model when computational efficiency

is of utmost importance e.g., in the laigmale study of inverteslominated distribution systems.

2) PQ Control
Under PQ Control, both the active and reactive pomwerduced by the inverter can be

independently controlled. In this section, the effectiveness of thiead3&d decoupled control will

<SR ST jEnvelope ___ ; _QW __.j -DP
g1 g1 g g g
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Figure 34: Comparison of waveforms obtained from the detailed switching (SW) mod#ieD& model
under unity power factor contr¢d) grid current(b) grid voltage and current.
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Figure 35: Comparison of waveforms obtained from the SW model and the DP model under unity power
factor control (a) active powémjected into the grigb) reactive poweinjected into the grid

be verified. In additiontwo case studies are conductedagzertain the influence of the filter

capacitor6 on the DP model results.

With g included: Figs. 3.6 and 3.8how the waveforms obtained from simulatthg DPmodel
and the SW modelunder the PQ controlyith the filter capacitard included. Betweerd

m™@ Oando 1@ Q the active power reference is ramped up fromu 11 W whereas theeactive

68



power reference is ramped frgnmtto ¢ 1T AR.

Figs. 3.6 and 3.8how the waveforms obtained from simulatthg DPmodel andhe SW model
under the PQ controlyith the filter capacitqré included. Betweew 1@ Gandd 1&Q the

active power reference is ramped up frono v T W whereas the reactive power reference is

ramped fronp Tt ¢ 1T YAR.
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Figure 3.6 Comparison of waveforms obtained from the SW model and the DP mibdeinglephase
inverterunder PQ contralith 6 included(a) grid current (b) grid voltage and current.
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Figure 3.7 Comparison of waveforms obtained from the SW model and the DP mbdedinglephase
inverterunder PQ contrakith 0 included(a) active poweinjected into the grid (b) reactive power injected
into or absorbed from the grid.

Fig. 3.6 (a) depicts the grid current waveformihe grid current waveform predicted by tbé
model (even when simulated with a larger tistep compared to thaetailed SV model)is in
close agreement with the grid current waveform obtained from the SW.mdstelthe imaginary
and real component of the grid curr¢d0O and 6Q0 , respectively)follow the active and

reactive power commands, respectively. Thieveformshows that the active and reactive power
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are decoupled and are independently controlled by varying the real and imaginary components of
the grid current in the DP domaihlowever, it isimportantto note that unlike thelgq-based
decoupledcontrol methodwherein thed-axis andg-axis currentgespectivelycontrol the active

and reactive powewhenthe d-axis of the rotating frame is aligned with the grid voltage vector
howeverin the DP-based decoupled contrahe componentf the grid currenthat directly
controls the active power depends on the waveform of the grid voltage. If the grid volageeis
waveform, the imaginary current component controls the active power. If the grid voltage is

cosine waveform, the real current component controls the active pAgeain, he peak DP

(Q ) is an envelope of the tiromain waveforniQduring steady or transient state

Fig. 3.6(b) shows the plot of grid currefwbtained from both modelghdgrid voltage. The grid
voltageis scaledby pf@ ¢o easily compare its phasagth the phase of thgrid currentBetween

0 mGandd m@ Qthe grid currentvaveformsresultingfrom the SW and DP modelag the

grid voltage by 90 degredmcause no active power is injected into the grid. During this period,
the inverter is working as a static synchronous compensator. However, bétwewhGando
@ Q the grid current is approximately-phase withthe grid voltage because thewel of active
power being injected into the grid is far greater than the reactive p@wveginjected into the grid

or absobed from the grid

Figs.3.7(a) and3.7(b) depict the active and reactive power wavefonespectivelyresultingfrom
thesimulation ofSW and DP modal Both models exhibit ringing during startughe waveforms
resulting from the DP and SW models alesely matckd. Based on the simulation results, it is

concluded that the DP model sufficignmimics the dynamic response of the SW model.
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With Eexcluded: Figs. 3.8 and 3.@lepict the waveformsbtained from simulating both the
detailed 8V model andthe DP model of a singkphase PQ invertewith the filter capacitor
excluded. Comparingig. 3.6 with Fig. 3.7 on one hand and comparing Fig. 3.8 with Fig. 3.9 on
the other handho difference is observed between waveforms predicted by the DP moded when
is included and whed is excludedThis can be attributed to the fact thatdaveloping the DP

model, only the fundamental frequency is considered. As a result, thedjitacitor sees only the

2 fAti
_40_<ig;.11 _<(§il _(;%3 ((); = 0.5- - lojs 07 08
i
L -A——— i
e’ z | “ { «
S0 01 02 03 -~ n(ég)(s) 05 06 07 08

Figure 3.8 Comparison of waveforms obtained from the SW model and the DP mibdeinglephase
inverterunder PQ control witlh excluded (a) grid current (b) grid voltage andrent.
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Figure 39: Comparison of waveforms obtained from the SW model and the DP mibdedinglephase
inverterunder PQ contrakith 6 included(a) active power injected into the grid (b) reactive power injected
into or absorbed from the grid.

fundamental frequency. However fahdamentafrequencythe impedancef the filtercapacitor
(which is usually small)s relatively very highand thuscan be regarded as an open circuit
Therefore, the filter capacitor cée excludedwvhen simulatinghe DP model of agrid-connected

inverterwith anLCL filter interface without a significant loss of accuracy

3.2.6.4Comparison of Execution Speed fothe Current-Controlled Single-Phase Inverter

Simulations were conducted on an HP Envy Windows 10 laptop with Intel&Ci&r&200U and
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CPU @ 2.50GHZTable 3.2 illustrates the execution speed of the proposed DP modwlro¢iat
controlled singlgphase inverter under the unity power factor BQrtontrol modes in comparison

with their detailed switching model counterpart. The proposed DP model is about 1075 times faster
than the detailed switching model under both theyupdawer factor and®Q control modes.
Considering that minor deviations exist between the DP and detailed switching model simulation
results, the proposed DP model can be used to build and speedily simulate a power system made

up of multiple currentontroled singlephase inverters.

Table 32: Comparison oexecutionspeed otthe currentcontrolledsingle-phaseinverter(Runtime: 0.8 s)

Control Mode Unity Power Factor PQ
Models DP SW DP SW
Execution Time (s) ™ X g W T ™ X o W Tt
Acceleration Factor 8 8

3.3 VoltageControlled Single-Phase Inverterin Standalone Mode[82]

Fig. 3.10(a) depicts thestructure of a detaileshodel of a voltageontrolled singlephase inverter
fed by a stable DC souraw, . The inverte suppliesanRLC load through a LC filter and a short
distributionline of inductance) and resistanc® . The LC filter hasan invertesside inductance
0 , inverterside resistanc®’, and a filter capacitoq . TheLC filter removes unwantesivitching
harmonics from the inverténternalvoltagev andtheinverter outputcurrent 'Q At the control
side, the amplitude of point of common coupling (PCC) voltage is extractedusing an
amplitude detector. The output of the detector can optionally be passed througbraldirgiiter

to remove ripples. The output of thiest-order filter, @ is then compared with a referen&CC

voltage amplitude®”. The resulting error is passed through a PI controtiegenerate the
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amplitude of the reference invertaternalvoltage &’ . The reference inverter internal vaje *

is generated by multiplying the cosine of inverter local phase angléth &°. The PWM block
usesb “ to create switching signafsfor the inverter switches. THRLC load parameters ages
defined in the figureA fault resistanceyY is usedto shortcircuit the load voltaged to ground

ato 0 in order to determine the accuracy of the DP model during transient condit@rshat

in apracticalvoltagecontrolled singlephase inverter, there will be an overload mitigation scheme
and/or an inner current lodp protect the inverter from overcurrent. Howewance thischapter

is introductory in naturethe ovecurrent protection schenamdits dynamicsare neglected.

The averaged model as depicted in Fig. 3.10(b) is derived by replacing the inverter with a

controllable voltage source under the assumption that the DC source voltage is stable.

3.3.1 Power Stage Model

Considering the averaged modelh e appl i cati on of Kirchhoffds
0— YQ O U (3.39)
06— 0 Q (3.39
0 — YQ 0 0 (3.40
6— M Q — (3.41)
0 — YQ 0 (3.42

whereQ 6 ,'Y, andD are the AC load current, AC load capacitance, AC load resistance, and AC
load inductance, respectivelkssuming the fundamental DP component is enough to capture the

system harmonics, in the DP domain, the power stage differential equations are peesented

o
Q‘

-0 160 -0 -0 (3.43)

75



L:

—

1

6D

76

meetlze flault point.

H-bridge Inverter R; i 121
A 2288
I de L
C) Ve A |V C; —~
) "
u Vi
PWM .J
VI-* Voltage First-Order| V, Extract
X Controller |74 Filter [« :
v 5 (PI type) |« = (Optional) Amplitude
cos(6,) 0, = wt
cos(_) — f(] ———— W
(@)
Ri L;‘ ‘pl Rl Ll 'vz
ANVN—YN ANN—Y N
—_—
i R,
C; /—
L
Vl* L1
v Voltage J First-Order v, Extract
X | Controller 174 Filter |« Ampli
1 . mplitude
\ (PI type) < f (Optional) P
cos(0,) 0, = wt
cos(.) |« f(-) —— @
(b)

Figure 3.D: The structure of a voltageontrolled singlephase standalone inverter: (a) a detailed model
implemented in an EMT simulation environment (b) an averaged model used for creating the corresponding
DP model as well as designitige control systemdpd
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3.3.2 Control System Stage

The amplitude of the PCC voltage is extracted by using the expression:

(3.53)

where,0 is the imaginary part aj in the stationary f frame derived by delaying by one

guarter periodThe extracted amplitudeay bepassed through a firstrder filterof time constant
T to yieldfiltered voltagew expressed as

© — (3.4)
Expressing3.54) in the time domain results in
(3.5%)

t— & o

In the time domain, the PI contrallgansfer function becomes a differeni@@djebraic equation,
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— Qo (3.56a)
» © QO o o B (3.56b)

where,3 is a state variabl@.he reference inverténternal voltages given by
0 0 WAT-O OAIT® (3.57)

In the DP domain, the amplitude wf is extracted by computing the pe@R ofv using

® © ¢ OO VN6 (3.58)
Sincew is a DC signal, the zerotbrder DPis sufficient to represent thiest-order filterdynamics
in the DP domain. The zeratrder DP of the firsorder filteris computed as follows:

0

T

w @ O (3.59)
Also, for thePI controller the zerotkorder DP is sufficient to represent its dynamics. Therefore

09 0 o o (3.600)

» ® QO o wo &O (3.600)
Then, the reference inverter output voltage is
w0 o - (3.61a)
w'0 wo n (3.61b)
3.33 Small-Signal Modeling

Detailed Model Averaging (3.38)3.39) over a switching cycle results[B6]:

00

0 YOO O @0 (3.62)

629 s 600 (3.63)

wheret8Xenotes the average value of the corresponding variable over a switchin@gycle [

Combining (3.8) and (3.8) andtreatingdQOas a disturbance variable in the resulting equation
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results in the followingpenloop transfer functiofiO i in thelLaplace domain:

O | (3.64)

Combining (3.8) and the transfer function of a Pl controfi@r  "Q 7i, thevoltageclosedloop

transfer function is
PWM Gain

z z “O i Z—z (b (3.%&)

(3.65b)

By using (3.6) to obtain aRootlocus or Bode plgisuitable values of2 andQ can be found.

DP Model: The closedoop transfer function for the voltage loop given by (3.63) is applicable to

the DP modesince the DP model is of reduceddertype

3.3.4 Simulations and Validation of Results
In this section, the accuracy of f@posedP model of a voltageontrolled singlephase inverter
in standalone mode during transients is validated using results from a detailed switching model.

The parameterthat wereused forconductingsimulatiors are listed in Table 3.

Table 33: Parametersf thevoltagecontrolledsingle-phaseinverter

Parameter Value Parameter Values Parameter Values
Y & m 6 T X & @’ cpp
0 ol ( Y pTm t (1% Case) 1{0)
6 ¢ & 0 pl ( t (2" Case) T8t ©O
Y @ m Y pm 0 p1E (U
0 T @ ( &) T TG 1 o X ® ArA
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Figure 3.11 Comparison of waveforms obtained from SW and DP models of a valtageolled single
phase inverter witthelow passfilter inactive (a) inverter output current (b) PCC voltage (c) load voltage.
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The DP model was simulated wittstep size ofg | Owhereas the detailed switching model is

simulated with a step size pft O
3.3.4.1 Simulation Results

At T@ Qthe load bus capacitor is shoitcuited by a fault resistanc¥ pm(i .e., the
in Fig. 3.10 i s Ttwonasesstudies are comuctéd t@ascermio theninflyence
of the lowpass filter in the control systemhe lowpass filter is needed to remove ripples in the
amplitude of the PCC voltagBote that the lowpass filter is not necessary in the DP model since
the DP variable are approximately DC variabléswever,the lowpass filterhas been modeled

in the DP model to maintain uniformity in the dynamic response of the DP and SW models.

CaseStudy 1 (Vif “l): In the first case study, the lepass filter is inactiveThe PI controller
gains in this case study af® p;Q ¢ m.1Eig. 3.1 shows the waveforns obtained from

the DP and detailed modelsamediately the fault occurred, the load bus voltage reduced due to
increase in voltage drop across the distribution I8iece the inverter is under voltagentrolled
mode, thePCC voltage ikept constantvia the voltage controlleHowever, the inverter output
current increased sharpéfter the faultto supply the fault current. In a practical inverter, the

overcurrent protection scheme will switch off the invedige to excessive current demand

Looking at the DP components @and 0 reveal interesting information. Before the fault,

& O is equal tav“T¢ and@ O is zero. This is expected since have priomssumed that is

a cosine waveform. Howevehd value of DP components ‘Gicontrasts significantly with that

of U . In fact, 0D is zero wherea@(D is nonzero. This can be attributed to the fact that inductors
consume reactive power. Asresulf ‘Qis outof-phase withh hence the difference between the

DP components ai and’Q If “Qis being controlled via a supplemental controller to bghase
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with 0 (i.e., unity power factor control), the value@® will be equal to zero a@ O is. After

the fault, notice thatone of the DP components of and"Qis zero. Instead, the DP components

of 0 and"Qhave different values because in the control scheme being used, the magnitude of
(i.e., 2 times the squareot of sum of squares of the DP components) is being controlled rather
that the DP components of. Moreover the change in the values of DP componentsf of and

‘Qcan be attributed to the reduction in the value of capacitance (and the concomitage in

the value of resistance) in the system due to the fAultose lookat the timedomain results
revealthat there is a good agreement between the SW and DP model results during steady and

transient states.

Case Study2 (Vf 8 "I): In the second case study, the ipass filter isactive The PI
controller gains in this case study ai@: T1@; Q ¢ mFig. 3.2 shows the waveforms
obtained from the DP and detailed mod&lse to the presence of the lgyass filter, there is an
increase in overshoof the current and voltage waveforms during stgrand a noticeable delay
in the current and voltage waveformsattain steadystate after the fault at the load buikis can

be attributed to the introduction ahextra pole by the lowpass filter.
3.3.42 Comparison of Execution Speed for the VoltageControlled Single-Phase Inverter

Simulations of the voltageontrolled singlgphase inverter models were conducted on an HP Envy
Windows 10 laptop with Intel® CoEe i5-7200U and CPU @ 2.50GHZable 3.4 shows the
execution speed of the proposed DP model of a veltagaolled singlepha® inverter with or
without output voltage filter, in comparison with their detailed switching model counterpart. The
proposed DP model is abdo times faster than the detailed switching masleén the lowpass

filter is inactive. When the lowass filteri s acti ve, the DP model 0s
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about 51 times faster than that of the detailed switching mdded means that as the order of
eguation increases, the computational advantage of the DP model ré&hrsdering that minor
deviatiors exist between the DP and detailed switching model simulation results, the proposed DP
modelof a voltagecontrolled singlephase inverter is suitable fouilding and speedily simulatg

a power system made up of multipigtagecontrolled singlephasanverters.

Table 34: Comparison oexecutionspeed othevoltagecontrolledsingle-phaseinverter(Runtime: 0.8 s)

Control Scheme With Voltage Filter Without Voltage Filter
Models DP SW DP SW
Execution Time (s) R m pTRI Y ¢® ¢ pTHT
Acceleration Factor 8 8

3.4Conclusion

Thischapteidescribed thenodelng of power and control stagesairrentcontrolled and voltage
controlled singlephase inverterssing dynamic phasarghe first harmonic DP i®undsufficient

to represent thérue dynamics of the power stage of a singlese inverter connected to a
harmoniefree stiff grid (or load). For the control stagme PR controller carsimultaneously
controlthereal and imaginary DBompaments of a sigriavhereasonePI controller can hatie
either the zeroth order DP or the real DP component, or the imaginary DP compmuonéet
modulusof a signal Through smailkignal modelingapproach it is discoveredthat the same
control gains can be used for the detailed switching and DP gibtlet DP model i reduced
ordertype (DC-link dynamics is neglectedJhis is because of the absence of PWM gain in the
DP-based smalsignal modelln addition for adecoupledgowercontrolimplemented in the DP

domain the componentdf the grid currenthat directly controls the active power depends on the
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waveform of the grid voltage. If the grid voltagedssine waveform, the imaginary current
component controls the active power. If the grid voltage assine waveform, the reatizent
component controls the active powe&his is in contrasto the conventionallg-based decoupled
controlmethodwherein thed-axis andg-axis currentsespectivelycontrol the active and reactive
powerwhen thed-axis of the rotating frame @ligned with the grid voltage vectdBinmulations

and comparative analyseeveal that the DRiodelscan accurately capture the behavioup@iver

stage components and control systems of cuoemntrolled and voltageontrolled singlephase
invertersusing simulation step sizes relatively larger than #imulation step sizes sl in
simulating corresponding detailed switchibgsed modelComparison of execution speed of the

DP and detailed switching models reveal that the computational advantage of a DP model reduces
as the order of equations increases. Therefore, when developing the DP model of a power
converter, efforts should be made poactically reduce the order of equations without

compromising accuracy.

Thereducedordersingle-phase inverter models presented in this chaptesamlle as foundational
models for the analyses and study of grichnected PV systemsdroopcontrolled and one

inverterbased islandedhicrogrids in succeeding chapters.
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Chapter 4

Modeling and Control of SinglePhase GridConnected PV

Systems

4.1 Introduction

Grid-following inverters (GFLIs) discussed in Chapter 3, are widely deployed in PV systems to
export power from PV modules to the grithe two most common interfacés configurations)

for integrating PV systems into the guding GFLIsarethesinglestage and twstage topologies.

In the first subsection of this chapter, the DP method is wseubtlel a singlphase singlstage
grid-connected PV system. In the second subsection, two DP models ostatyecsingleohase
grid-connected PV system are presented. The ssialhl perturbation method is used to develop
control transfer functions arekpressions required to compute control gains. Ssigilal models

of the detailed PV system and the proposedbB&ed PV systems are compared to calculate
control gains that enable the DP model to exhibit the same response as the detailed model. The

accuacy of the proposed DP models are validated with results from the detailed switching models.

4.2 Single-PhaseSingle-StageGrid -Connected PV Systeni87]

In this sulsection, theoperational principles of a detailed model ofiaglestagesinglephase
grid-connectedPV system is firsdescribed Then, an averaged modsl constructed from the
detailed model. Th®P mathematicaproperties are applied to tlaweragednodel equatios to
derive the DP model of asinglestage singlehasegrid-connectedPV system Finally, smal

signal analyses, control design procedures, and discussion of simulation results are conducted.
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Figure 4.1: The structure of a singlbase singkstage grisconnected PV system: (a) a detailed model
implemented in an EMT simulation environment (b) an averaged model used for creating the corresponding
DP model as well as designing control system.
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4.2.1Principles of Operation

Fig. 4.1(a) shows the structure ofdetailedsinglephase singlstagegrid-connectedPV inverter
implemented in an EMT simulatokn H-bridgeinverter is used to inje¢he DC powerfrom the
PV array into the gridDepending on irradianc&) and ambient temperaturey, the PV array
generates DC power at a voltage lewvel, and current levelQ . A DC-link capacitor® helps
to stabilize thédC-link voltageamid changes iweather conditionand active power exported by
the inverter to the gridThe singlephase inverter is interfaced to the grid through.@h filter.
The grid voltage i® , whereas the inverter output voltage and currenbaemd™Q respectively.
The LCL filter has an inverteside inductance ob , with 'Y representing the inverter losses, a
capacitance od , and a grieside inductance di . The variablesY and’Y represent the grid
losses and damping resistor, respectivdly. damgs the resonance peaks of th€L filter. The
grid current"Qis controlled to injecthe desiredctiveand reactive poweby utilizinga PLLand
the classical doubl®op controlstrategy consisting of a slower eutoop and a faster inner
current loopThe outer loop is used to control power or the- D& voltage. The control ddictive
and reactive poweis decoupled by implementinipe outer loogn a reference frameotating
synchronouslydqreference frame) with the grid voltage.€limplementation of the outer loop in
dg framemakes theutercontrol signals t@ppear as DC signatlserebyenabling goroportional
or a proportional integral (PI) controller to bedgted for control purposesThe outer loop
generates the referendeaxis component of the grid curref® °, using a Pl controller whose
error input signal is calculated by comparing the filtered PV actual vottagewith the reference
PV voltage,w * obtained from gerturb and observe (P&®asedVIPPT algorithm[88]. The
actual PV voltagep is usually low pasdiltered to removedoubleline frequencyripples

However thefilter will slow down the voltagedop speedThe referenceg-axis component of the
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grid current;O ° is obtained bysing a P controlleto regulatehe grid reactive powef, to be
equal to the reference value, . To simplify the control scheme, the inner current control is
implemented in thé T frame whch enables &R controllerto be used ircontroling the grid
current. The reference current for the PR controller is obtained by transformirdpgudrents
into grid| T frame currentsThe outputof the PR controllers fed to apulsewidth moduator to

generate switching signals.

4.2.2Averaged Model
To derive the grieconnected PV system model in the DP domtiie inverter switches and PWM
stage ar@ot modeled in detailnsteadthe averaging concef usel to replace thewverterPWM

module and switchesith a transformer equivalent.

4.2.2.1Solar PV Array Model
Fig.4.1(b) shows the transformer equivalémteragedimodel ofasinglephase singlstagegrid-

connectedPV system. The PV array consists (bf paralletconnected PV strings and
seriesconnected modules. Each PV module basells connected in series. Based on the single
diode model of a PV cellsed in[88]-[89], thel-V characteristi@quationof a PV modulas

QN O OAgp——8 p —— 4.1

where’'O and'Odenote the PV and saturation currents of the module, respectivelyepresents
the equivalent series resistance of the modWle, is the equivalent shunt resistance of the
modulew 0 "Q"YIis the total thermal voltage of the module withseriesconnected cellsp

is the ideality factor is the electron charge, afd is the Boltzmann constafg§].

Thel-V characteristic equation for a PV array is given by
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4.2.2.2Calculation of Active and Reactive Power Setpoints
To applythedq referencdrametransformation, two signals orthogonal to each othereareired
[90]. Since a singkphase invertemodelinherentlylackstwo orthogonal signaJsan imaginary
signal is created by delaying the original signal by-quarter period Wt [84]-[85], [90]-[91].
Supposéhe grid voltagep depictedn Fig. 4.1(a)is given by
Do 0 o wAl100 (4.3

whergl is the fundamentdrequency of the grid voltage. Delaying tbieginal or realaxis grid
voltage U 0 by "¥t, produces aimaginary axis grid voltage, expressed as

0 0 wAl1006 “I¢ wOEgTo. (4.4
Projecting the real and imaginary variables of the stationary phasor pulsatirapti axes of a
frame rotating synchronously with, andfurtherassuming that the direakis of this synchronous
frame is aligned with the the grid voltage in the synchronously rotating frame is given by

&) AT1066 OgTo U .5
&) ogio AT100 V '

wherew andw are the direct anquadratur&omponerg of the grid voltageThe phase ¢can

beobtainedfrom
10 — OAT — (4.6)

According topqtheory[84]-[85], the instantaneous active and reactive flow balanegiven by

c0” ) ©w O A
CG z (b (b uOZ . ( '7)

Sincew aligns with0 , the quadrature voltage T, thus the griddq current setpoints are
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0° b To 4.9
4.2.2.3DC-link Dynamic Model
ApplyingKi r ¢ h h o f faW te theeDElink redeyields

06 — Q aQ 4.9

whered i s the average duty cycle of ofttheanveitanvert e
average duty cycle and inverter output curr@et, & 'Q, there will be g ¢ (T Uipple in ¥

Thus, the innecurrent loopPR controller, which is sensitive to phasggy fail to inject high

quality current into grid. This problem can be solved by using a-+magtinant PR controller to
regulateQQ However, this option isiorecomplex Another option is to use a lepass oamoving

average filter with a windowidth, “W¢ to removep ¢ T Wipples inb . The filtering action may

be performed in a detailed EMT model by using an RMS function. FdbBhmodel the filter

neednot to bemodeledsincethe average value of i.e.,@ O'is explicit in the DP model.

4.2.2.4LCL Filter Dynamic Model
ApplyingKi rchhoff6s current and vol tBkGCh®8#terlind&digrs t o t

4.1(b)result in

0— Y Y QY Q 0 av (4.10)
b— YTQ Y Y Q0 0 (4.11)
5— Q Q (4.12)

4.2.2.5Control System Model

The DGlink voltage is stabilized by adjustiri@ *, which represents the grid current component

directly related to active power demand. The-IDR voltage controller state model ggven by
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(4.13)

where 0 andb are the proportional and integral gains, respectively of the outer loop
controller @ is a state variablande © U . The reactive powenjectedinto the grid,0 is

controlled by usin@ PI controllerThe PI controller dynamiequationcan bepresented as

(4.19

@)
Cc
C
C
€

where 0 and U are the proportional and integral gains, respectively of rdaetive
powercontroller, ando is a state variabléThe grid current is controlled with a fundamental

harmoniebaseddeal PR controllemwhose dynamics in the Laplace dom&iexpressed as

~

a N — a9 0 (4.15
where™Q and™Q are the proportional and resonant gains, respectdfelye PR controllefQ
"0 A17100 is the grid currensetpoint, andO is the grid current amplitud&quation 4.15) can
further be simplified to b§4]:

a Od Q0 Qwu o (4.16)
wherew andw (thedummystate variables) can be defined as:

® ™Y QT Q

- 4.1
o ™Y QT O (417

Transforming(4.17) into differential equationeesult in
(4.18

4.2.3Dynamic PhasorModel
In this section, the averaged model derived in section 4.2.2 will be converted to a dynamic phasor
model by leveraging on dynamic phasor mathematical properties. Before usimgicymasor
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mathematical properties, deirig the number of harmonics to model in both the power stage and
control system stage pertinent In other words, the set of Fourier coefficients that are sufficient
enough to approximate the original (EMT) wavefis are decided. In the DC side of an inverter,
the DC and second harmonic DP components are dominant. Therdferset of Fourier
coefficientsQ  rit is used talerive the DRModel of the DC link capacitor dynamics whereas
only the DC component (zetebrder DP) is considered while modeling the solar PV array. For
the inverter AC side, the grid assumed to bree from highetorder harmonics. Therefore, the

set of Fourier coefficienf) p is usedo derive DPbased dynamic equations on the #iGe
4.2.3.1Solar PV Array Model
Considering only the zerotbrderDP componentthe DP model of the PV array is presented as

. 0 O 6 0 — . )
506 00 b Ao P z- - (4.19)

o
Q
O
Q
Ny

4.2.3.2Calculation of Active and Reactive Power Setpoints
In the DP domain, the DC component of the reference instantaneous active and reactive powers
can be expressed as
WO pONO @WONO OO @oego (4.20a)
OO ocOIZO @WOO OO @0 fao (4.20b)
Recallthal @ A 1700. This implies thab O mand@® O  -. Therefore,
0O c O8x0O (4.21a)

‘0 cw0OoQo (4.21b)

4.2.3.3DC-link Dynamic Model

Assuming the DC and secohdrmonic components are dominant in the-lidk, the DGlink
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capacitor dynamic equation in the DP domain can be presented as

O 0 — 800 ¢ wmO e &0 (4.22)
w0 — @O oW qga O (4.23)
w0 — Bodw @wOTWL ga O (4.24)

4.2.3.4LCL Filter Dynamic Model
In the DP domain, theCL filter dynamic equations are expressed as

00

— 500 0 -0 -0 O
—ao0w 0 —wow® O 10D (4.25)
00 __ 500 O -0 -—-wdw O
0w 0 -—-@dw O 18D (4.26)
50O 8 g0 —wd —00O 760 (4.27)
° 0 _ sy 5 —w0 —00 |80 (4.28
6 O — 3 -0 J 0 (4.29
60 6 —800 1@ O (4.30)

4.2.3.5Control System Model

To derive the DP domai n esgeactivegobwemand DEfvoltagh e av
control loops, variables controlling active and reactive powers in the DP domain need to be

identified. Recall that in thdq reference frame, if thé-axis of the synchronous reference frame
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is aligned with the grid voltage vectd® = controls the reactive power wheré@s™ controls the

active power. If the active and reactive power expressions dqied DP domains are compared,

thenthe vaiables:'O“  andO“ i n the averaged mode-lindwltageeact i v
control loops, can beonvenientlyreplaced withdQY O and3Q O , respectivelyTherefore,in

the DP domain, the D@nk voltage andeactive power control loopydamicequationscan be

expressed as

wd v @ O WO
. s g - (4.31)
600 v W O o o}
wd v @O ® O
- R . (4.32)
000 v @O0 0 o
In the DP domain, the PR controller equations capresented as
o Q g0 00 Qwd Qw0 (4.33a)
@O Q 00 0 Qw0 QO (4.33h)
wd - 000 600 q O (4.339
w0 - 000 60 g WO (4.339
wsd -0600 600 (4.339
wd - 600 80 (4.33f)

4.2.4Small-Signal Modeling and Control Design

In this section, the smadiignal perturbation method will be used to derive plant models and
expressiongor computing control gains.

4.2.41 Inverter Outer Voltage Control Loop

|. DP Model
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Consider theDP-based dynamic equation of ti¥C-link capacitor Suppose the CLf i | t er 6 s

capacitor current is negligibleand the second harmonic component of the DC voltage is,small
then the following assumption can be mad@O 0 ; §QO0 0D . Therefore, the DC

link dynamic equation is expressed as
WO — 60 ¢c O «oed (4.34)
For the sake of conciseness, X0 1Q 600 1Q, a0 & ;&0 & :6Q0
"Q N O U .Linearizing ¢.34) around atableoperating pointesult in
0 — C a a a0 a0 (4.35)
wherevariablesvi t h t h ee tepuebeseguilibripmvales and the terms with tilde denote

variations from the equilibriumalues.

Suppose théollowing assumptions hold: Ieactive power reference is smallngoared to the

active power referenc®) “‘Q changes gradually due to stable irradiarmce3)t he i nverter

average duty cycle vias slowly due to slow changes in setpointénder tlese assumptions,

ignoring terms related to reactive povesipressia in (4.35) results in
0 q a P (I (4.36)

In theLaplace domain, the outer voltage loop plant becomes

0 i (4.37)

wherea wfc® O. Alternatively, the output voltage plasan be derived byomputingthe
acive power balance at the DIBk. In the DClIink, the following relationship holds:

5 0 -—2 % @woew - —2 % (4.38)
Suppose the PV powae¥, is zero. Applying small perturbations around an equilibrium point and
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ignoring square of perturbations and steathte valuesesults in
06 — cvb O . (4.29)

In the Laplace domairnthe outer loop voltage plant is

O i : (4.40
¥y, R . R
{ ‘g*)l = <£g)1
Vo' N K;q. /_ Tyl
—1 - Kpdc + S = Gvdc T.
+
(@
Igd* = Igd
Vyp' |4
pv Kiq d pv
-1 "Kpdc+ ;c L QT'
+
(b)

- K _|_ L
pQ T g Q ‘
(©)
* __
ng N ng
d Q
K d g
Pqu +—2 " Go™ ‘
s
(d)

Figure4.2 Structure of outerantrol loopsof a singlephase singlstage gridconnected PV systen(a)
outer voltage loop (DP model) (b) outer voltage loop (SW model) (c) reactive power loop (DP model) (d)
reactive power loop (SW model).
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Fig. 4.2(a) shows the control structure of the oweltage loogfor the DP modelConsidering the

parameters of the outer voltage loop PI controller'@d i , the closedoop transfer function is
O i _ (4.42)
where” ¢cd 0O T6 andw U AV

Supposéehe voltage closetbop transfer function corresponds tstandard seconarder closed
loop transfer functiomvhose denominat is of the form

O i i ¢-1 (4.42)
wherg and- are closedoop bandwidth and damping ratio, respectivélgtethat the natural
frequency isassumed to beughly equal to the closddop bandwidth. This assumption will not
be detrimental if the actual voltage clodedp bandwidth is at most oftenth of the current
closedloop bandwidth 17], [92]. Comparingthedenominator o{4.41) and 4.42) gives

1 -0 Ta

1 0 Tga (443

It is worthy to restatéhatf  should be less than osienth of the current loop bandwidth to ensure

sufficientand robustisturbance rejection.

[I. Detailed Model

Recall that for the detailed model, the DC voltage and reactive power control loops are
conventionally implemented in tle reference frame. Accordingly, assuming a lossless inverter,

the instantaneous power balance in thellD& can be expressed as
U0 — 0 -0 w (4.44)
If the d-axis of thedq reference frame is aligned with the grid voltage vector via the PLL, then

W 1. Applying smalisignal perturbation to (4.44) under the assumptioncdhaand0d are
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constant variables, results in

(4.45a)

In the Laplace domain, the output voltage plant can be presented as

0 i - (4.45D)

Fig. 4.2(b) shows the control structure of the outer voltage limoghe SW modelConsidering
the parameters of the outer voltage loop PI controller'@d i , the closedoop transfer

function isexpressed as

o i — (4.46

where” and thed-axis value of inverteaverage duty cyclej —

Comparing the denominator of (4.46) with the denominator of a standard sec@ndransfer

function results in

, (4.47

whered ca . If the expressions to obtain the DC voltage PI controller gains in the detailed
model and the DP model are compatkddetailedswitchingmod el 6 s DC vol tage co

areobservedtobe wi ce as | arge as the DP .model 6s DC vc

4.2.4.2Inverter Outer Reactive Power Control Loop

|. DP Model

Considetrthe following expression for the reactive powsgected into the grid:
0 ¢y O 600 . (4.48)
Assuming the inner current loop control is effective &)  6Q O . Then thelinearization of
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(4.48)yields[93]:
oi 0¥ * c¢cwO (4.49
Fig. 4.2 (c) shows the reactive power loop structure of the DP model. Suppaseactive power

loop PI controller gainare0  and0 , respectivelythe closedoop transfer function if93]

Lo N fp— (4.50)

wheret 0o 70 ,f T , andthereactive power loop bandwidth prt .

0 O

Note that is chosen to be much lower than the inner current loop bandwidth.

[I. Detailed Model

For the detailed model, the reactive power injected into the grid can be expressed as

0 -» 0. (4.51)

Assuming ideal current tracking, linearizing (4.51) results in the reactive power loopdant [
o i O 7r10° -0 (4.52)

Fig. 4.2 (d) shows the reactive power loop structure of the SW model. Supeasactive power

loop PI controller gainarev ando , respectivelythe closedoop transfer functioinote

that the plant is multiplied byl to account for loop sign reversé)

O i _— (453)
where 1 0 P (VB § —— 1, andthe reactive power loop bandwidth
1 pft .Recallthato & ¢& O . Assumingy 0 , thent  will be
equal tof (or"O i O i)if:
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0 0 S (4.54)

4.2.4.3Inverter Inner Current Control Loop

|. Detailed Model

Assuming that: 1) is constant, 2) is stable(i.e., ® o ),and3)Y and’Y are
very small, the transfer function from the invedeerageluty cycleto the grid current considering

the averaged modeCL filter equationis given by

0 i — 0 {iz0 z — (4.55)

wherel] 00 ,f 0 0. Thevariables, i and& i areperturbationsaway from the
equilibriumgrid current and inerter averageluty cycle respectively in the frequency domain.

Considering PR controller transfer functi@ , thecurrentopenloop transfer functiofO i is

Oi 0O iz (4.56)

To choose the controller values, the loop shaping meihadilized [17]. Supposethat Q is
initially small such that g influenceon the operoop characteristiceccursonly at] . ThenQ

can begnoredin (4.56) andsubsequentliyhe simplified’O is given as

O i . (4.57)

Normally,0 will be small compared to and’Y . Thus,neglectingd in (4.57) yields
O i Q1. (458)
The system open looput-off frequency]  determines théesired settling timgl7]. The cut

off frequency is determined by forcing the gain of the elpep transfer function to be unity i.e.

SO ™ s p. Thus,

Q 11 . (4.59
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The systemds andiCacancbe computgiiom |,

i« Aodo O (4.608)
T 0 OAT 7 DA Y 6 OAT — «¢*s (4.60b)
where, 1 |06 1 T and, 1 T0Y .
[I. DP Model

Recall thatin the DRbased PR controllehoth Q0 and §Q0 are regulated simultaneously
Therefore, the opeloop transfer function derived for the detailed model is still applicable except

that"O p for the DP model. Therefore, for the DP model,

O i — O {zo0 (4.61)

Following the loopshaping tuning process, the PR controller gains for the DP model are given by

~

0 i

(4.62)

The DP model 6@ cae s obtanedtiby diviaingrthe expression for obtaining the
resonant gain for the detailed model@®y O (i.e.,Q Qry O). Comparing the PR gains
obtained from the detailed model and tlke DP m
gainsarew t i mes t he DP mod e lThisis dBeRdheabserica od *WMegain g a i n s

in the DP model.

4.2.5Simulations and Validation of Models
In this subsection, the fidelity of the proposed DP model of a spitdse singlestage grid
connected PV system built on MATLAB/Simulink is validated against a detailed switching (SW)

model built on Simulink/Simscape environment. ThEL filter parametes are’yY Y

mm0 ¢l (,O p81 (,6 ¢ Wi& andY  p un The resonant frequen®f the
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LCL filter is p8t & ( .Urhe LCL filter parameters were calculated based on the following
benchmarksD cuét 0 cE7 0 pcOi;® oxQAD a
maximum ripple current equal @ 1P of the rated grid peak curreniiverter PWMswitching
frequency 1 ¢ QE O A¥andamaxmum (capacitive reactive power T80 . Note

that the actual value &f obtained from using the guidelines B¥] is p&m However,p umis
used to compensate for the higglue ofreatanceof 6 in theDP model(which iscaused by the
neglect of ). The perturkandobserve algorithm is adopted as the MPPT algorithm in the DP

and SW models. The D€lde parameters are listedTiable 4.1.

Table 4.1: DGside parameters of thangle-phasesingle-stagegrid-connected P\inverter

Parameter Value
0 onTt&
© X® d
) C @6
MPPT Sampling Rate p1t U
MPPT Perturbation Size T8t 6

Note that dow-pasdfilter, "Ousually usedo remove th@ ¢ ¢t bomponent iy , is not included

the SW modelThe downside of not including the filter is a small phase shift in the grid current.
4.2.5.1 Calculation of Control Parameters

Assuming a target bandwidth,  v8t & O &ZQfi.e., T8t ) and a phase margin, T 8 in

accordance with the smadignal models, the parameters of the PR controller@re: 18t @ T

and’Q ¢ T fprthe DP modelandQ p & IMQ v ¢ p jomthe SW model.
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To attenuate the voltage ripplegt; 1 ({x v © Ard, the bandwidth of the DC voltage loop
should be betweep ¢ Ux & O Ard andg 1( Up v &0 Ard. Letting,) X YO AT -

™ and & wfcdd O poes&X¥czg pm &, the control gains of the DC voltage

controller in the DP model are obtainedias & X andv ¢ mThe control gains of the
SW model 6s DC voltage controller are twice th
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Figure 43: Response of the singfghase singlstage gridconnected PV system obtained from SW and DP
models(a) PV voltage(b) grid current and grid voltage.
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Figure 44: Response of theinglephase singlstage grisconnected PV system obtained from the SW and
DP modelqa) active power injected into the grfld) reactive power injected into the grid.

to the smaksignal model developed in the last subsection. Tlughé SW model) @ L

andv 110

The control gainof the reactive powecontroller are obtainedas follows. Assuming
p @ @ Ard theno T8t T gndO ¢ for the DP model For the SW model) T8I T @

andv CBw

4.2.5.2Simulation Results

Considering the maximum occurring frequency in both SW and DP mditeld,step sizes of

pt Oandu 1t Oare used in simulating the SW model and the DP model, respectively.

Fromo 1@ Oto6 1 QO is ramped down fropE 771 toT®E 7/ (with"Y ¢ &)
and fomdo T O0o 1O, 0 *isramped up from6 ! BT E 6 !. Big.4.2 and Fig. 4.4

show the waveforms obtained from both SW and DP modetmsidering Fig. 4.3(a) which
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depicts the PWoltage waveform, theesponse of the DP modslobviouslyin good agreement
with theresponse of the SW model. The PV voltage, is nearlyconstant because irradiartas
a much stronger effect @ than ond . Moreover, there is @ ¢ ¢t Uipple present i

waveforms obtained from both models. Thecessitatethe use of dow-passfilter to remove

unwanted ripples froma  before using it foouter loopcontrol purposes. Note that is obtained
from theDP model by using thexpressiond) O ¢ p&@ OQ . Notice that the zeroth

order DP component of the PV voltage (i@., O) is the average af

Fig. 43(b) shows the grid current. The responseS\W and DPmodels to the ramp changes in

irradiance and) “ are ingoodagreement. As expected, bataveforms ofQ obtained from the
SW and DP modelare inphase withh becauséhereactivepower injected into the grid reuch

lesserthan the active powenjection into the grid.

Figs. 44(c) and 44(d) depict the active power and reactive power waveforms obtained from both
the DP model and the SW model. The active and reactive power waveforms obtained from the DP
modelare in good agreement with tivavebrms obtained from the SW mod8luring startup,

the active power injected into the grid slowly approaches the set point value whereas the reactive
power injected into the grid experiences ringindoth moded. Thisis due to the slow reaction

of the vdtage loop to step changsvoltage set point which in turn is caused by the high inertia

of the DC link (i.e., high capacitanceBetween 1O and & Q the inverter is injecting
approximatelyo& E 7into the gridas expectedverall, the proposed DP model has a high fidelity

in predicting the dynamic and steashate responses of a singlease singlstage gridconnected

PV system.
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4.2.5.3 Computational Performance

Simulations were conducted on an HP Envy Windows 10 lagitbpntel® CoréE i5-7200U and
CPU @ 2.50GHz. Table 4.2 summarizes the simulation efficiency of the DP and SW models. The

DP model is about 119 times faster than the SW model

Table 4.2: Comparison aimulationefficiency of SW and Dnodels of asingle-phasesingle-stagegrid-
connected P\system (Runtime: 0.8 s)

Model Step Size | Average CPU Execution Time Acceleration Factor
Detailed SW p'O p wi 10
DP v1to p# O

4.3 Single-PhaseTwo-StageGrid -Connected PV Systenfi95]

Fig.4.5a) shows the structure of a detailed sifghase twestage grisconnected PV system. The
first (conversion) stage features a bdd&tDC converter responsible for MPPT operation, voltage
boosting, and decoupling tie PV source from the DC linR§]. The second stage comprises of
a currentcontrolledH-bridge inverter that is responsible for converting DC power to AC power
in addition to proper injection of PV power into the gril.PLL is usedfor grid following
operatiormsynchronization A doubleloop cascade control scheme (consisting of a slower outer
voltage loop and faster inner current loagplised tanject commandd active and reactive power
into the grid[96]. The inverter is interfaced to the grid through an inductor of inductaneeith

Y representing the grid losses. The PV capaaitor,is used to convert the current source (PV

array) to a voltageasirce whereas the DItk capacitor,0 is used to stabilize the Dlhk

voltage. The PV source consists of 16 KC200GT modules, with 4 semneected modules and
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4 shuntconnected PV string. Details of the PV module can be foun8%%tThe perturb and

observe (P&0O) MPPT algorithm is used to obtain the reference PV valtade,

4.3.1 Averaged Modebf the Two-Stage Converter

Fig.4.5b) shows the averaged model of a siqgtase twestage PV system. The boost converter
and theH-bridge inverter have been replaced by their transformer equivalents. The transformer
equivalents enable easy analytical control design and the developnizidtrobdel of a single

phase twestage PV systenihepower and controistage models are developed as follows:

4.3.1.1Power Stage Model

1) PV Source ModelThe PV source model is presented in Section 4.2.2.1.

2) PV Source CapacitoiThe PV capacitor dynamaquation can be expressed as
6 — 1 1 (4.63)
whereQ is the PV output curre@nd Qis the boost inductor current.
3) Boost ConverterThe dynamic equations of the boost converter are given by
00— U0 QO (4.69
0 — QQ aQ (4.65)
wherev is the PV array output voltag®is the average duty cycle of the bbasnverted s

PWM, Q p Q andQis the grid current

4) L Filter: The inverter output filter is used to reduce high frequency harmonics in the injected

current grid. Itsdlynamic equation is given by

b — &0 O Y (4.66
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wherea i s the average duty.cycle of the
H-bridge Inverter .
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Figure 45: The structure of a singlghase twestage gridconnected PV systenfa) a detailed model
implemented in an EMT simulation environment (b) an averaged model used for creating the corresponding
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DP model as well as designing control systiliote that SWdenotes Switch 1.
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Simplified Transformer Equivalent
Boost Converter of an H-bridge Inverter
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Figure 46: The structure of ainglephase twestage gricconnected PV system with a simplified DC
source.

5) Simplified DC Sourcef-or systerdevel studies, modeling the PV source, the PV capacitor, the
boost converter, the inverter (including their associated controllers), aAGtkile filter in detail

will make the system model unnecessarily too complex. To reduce complexity, the boost converter
(apart from the Ddink capacitor), the PV source, and the PV capacitor can be replaced by a first
order lag filter as shown in Fig.64.The MPP setpoistcan be calculated analytically instead of
using an MPPT algorithm/controller. Hence, the new equation representing the dynamics of the

DC side (excluding D@ink capacitor and D&oltage controller) can be expressed as
tT— Q° 10 (4.67)
where’Q * is the reference DC source currééi,is the DC source current, is the time constant

of the DC sourceThe reference DC source curré@t is given by

~ z

(O (4.69
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whered ° is the reference PV power from the MPPT block. Accordin@Th P ° is calculated

as follows. For &V array, its MPP voltagey and MPP currentD  can be obtained from
the expressions
0 0 & p T O Y (4.69
0O 0 O — (4.70
wherg Y TY | and’'©O are the MPP voltage and current of the simgdifinodule

model, respectively. Thed, ©° & O .The variableso and’'O  are obtainedrom

W W W p 4.71

0 Aob (4.72

wherew is the Lambert function97]. Note that for lowradiation levels (below 100 W:A), |
might be very high due to low . Thus, the analytical MPPT method mightibbaccurate 98].

Also note that for the simplified DC sourcéd,&5 is modified to be
0 — Q anQ 4.73

4.3.1.2Control Stage Model

1) PV Voltage RegulatoiThe PV voltage is kept at a value that ensures MPP operation by using

a PI controller. Assumin@ is a state variable, the PV voltage controller dynamics is

N

06 (4.74

where 0 and0 are the proportional and integral gains, respectively ofPMevoltage

controller.

2) DC-Link Voltage RegulatoiThe dynamic equations are giverSaction 4.2.2.5.
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3) AC Current RegulatorThe inverter current control is realized by using acBRroller whose
dynamic equation is given by

« 0 ———d Q (4.79

where'Q is the reference grid currerif is the reference grid current amplitude, andv are
the proportional and integral gains of the PR controller, respectivel, the PR controller cut
off frequency,” and, are fictitious parameters us¢o make the PR controlléo becomean

ideal or a nofideal type. For an ideal PR controller, pfl ,” ntwhereas for a neideal

PR controller,, p,1 T. Equation 4.75 can further be simplified to

— g 0, d Q "Q W (4.763
— 1 (4.76b
a 0 d Q0 (4.769

where"Q and"Q are the states of the PR controller.

4) Reactive Power Regulatofhe dynamic equations are given by Section 4.2.2.5.

5) ‘Qmrto| fmTransformationThe output variables of reactive power and DC voltage controllers

are transformed fror2 frdomain tg T domain using

z Z

Q Ai16o OB1o O
Q° OBTo A1106 O (.77

Q

whereQ “ and'Q  are the alpha and beta components of the refeggicteurrent, respectively,
"0 “ and’O * are the direct and quadrature components ofetfegencegrid current, respectively,

ando, the time variable.
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4.3.2 Dynamic PhasorModel of the Two-Stage Converter

The DP model o singlephase twestage PV system can be derived by choosing appropette
of Fourier coefficients to consider in the modeling procEss the PV source, PV capacitor, and
the dynamic equation of the boost inductor, usihg mtis assumed to benough to capture the
necessary dynamiateractionsdue to high switching frequency of the boost convefer the
DC-link capacitor, the DC ah2™ harmonic components asssumed to bdominant (i.e.a set

of Fourier coefficientsQ tit is usedfor modeling). For the AGside, the fundamental

harmonic Q p) is dominant.

4.3.2.1Power Stage

1) PV Source ModeDP model of the PV sourcepsesented in Section 4.2.3.1.

2) PV Source Capacitor: In the DP domain, the PV capacitor dynamic equation is given by
w0 — 00 600 (4.78)
3) Boost Converterin the DP domain, the differential equation describing the dynamic of the

boost inductor is derived wif 11 whereas the dynamic equations of the-IDR capacitor

are derived withiQ  rdt . Thus,

e A

— @ O b6y O (4.793
W O —Qf0 — ®wo oy 00 (4.799H
WO —auoe O qga O (4.799
W0 — &0 @wosd g O (4.799

4) The L Filter The inductor dynamics in the DP domain can be expressed as
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—@wo0w O wow 0 WwoOWw 0 160 —F0 —O0 (4.8

00

— @O0 6 @O 6 ®OL O 160 —0600 —00 (4.8D)

.82

5) The Simplid DC SourceFor the simplified DC source model, we assiine Ttcan represent
its dynamics sufficiently in the DP domain. Therefore, in the DP domain, the simplifiedice

can be modeled as

o — 000 (4.81)

The DClink capacitor dynamics is modeled as follows:

o O —i0 — w00 & 060 (4.82
Thesecond harmonic part 04.82) is same as (4.79¢).79d)
4.3.2.2Control Stage Model

1) PV Voltage RegulatorThe zerothorder DP of the PV voltage regulator is

noe @ o @ ‘O
L N . (4.83)
(0.0.0 BNV O O @ O oo
2) DC-Link Voltage RegulatoThe dynamic equations are giverSaction 4.2.3.5.

3) AC Current RegulatorThe PR controller dynamics are modeled by assumingQ®hap.

00 g 0O, 600 0O " QO g0 1600  (4.843
00 q U, 600 8O0 " 60 Q0 1 6Q0 (4.84H
6Q0 1 6Q0 1 60 (4.84)

g0 1 Q0 1 6Q0 (4.84)

@wao o 600 6Q0 Q0 (4.849
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w0 v 600 80 0Q0 (4.84%
4) Reactive Power Regulatofrhe DRbased dynamic equations of a reactive power regulator are

presented in Section 4.2.3.5.

4.3.3Small-Signal Model and Control Design

In this section, the smadlignal method will baised to derive transfer functions and expressions
suitable for control design and computation of control gains.

4.3.3.1AC Current Loop

|.  DP Model

For the DP model, the AC current loplant model;O can be expressed as

" 6 O
O

(4.89

whereQ @ OFY,t 0 FY 8The operoop transfer function of thaC current loop;O

assuming a stiff grid is

"0 0 - (4.86@)

0 - (4.860)

whereQ ¢ "0 Y, Q @ "Y 1 0,andQ 7 'Y.Theloopshapingtechnique
can be used to compuie andy . Assuma) affects the opetoop characteristicaround , then

"O can be simplified by setting 1. Therefore,

"0 : (4.87)
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The desired settling time imposes the-afitfrequency of the PR controller, [17].] can

be computed by setting the gain'of toonei.e.,"O ko) p. Thus,

10 Y (4.89)

The closedoop transfer function of the current 106Q, is

0 (4.89)

whereQ @ OO0 ,"Q ¢ @ G0 U, ,andQ 'Q .Poleplacementtechnique

can be used to place the poles 08@tat desired positions.

The desied phase margin, can be computed by using

Y A0 0 s (4.90

After laborious algebra, the resonant gainjs given by:

0 — OAT 7 I (4.913)
whereT DAT ... OAT .. s .. 1 1 g1, ... L0,
S O 0 7Y ,and... U0 " .Foranideal PR controllet7],
0 .1 OAd 7 OAT .. (4.91b)

[l. Detailed Model

For the detailed model, a PWM gaingdo is included in the derivatioof the operoop transfer

function as follows:

"0 0 — (4.92

After laborious calculation,
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0 17 0 Y oo o O (4.939
Similarly,
0 w V& O (4.93b)
4.3.3.2DC-link Voltage Control Loop
I. DP Model

During the normal operation ofggid-connected PV system, the reactive power injection is usually
small compared to the active power injectidiote that if thereactive power injection is not

negligible in comparison with the active power injection, the effect of @ospling terms must
be included in the smatlignal model for the Ddink voltage) Thus QO can be set to zerin
steadystate, (4.80 redues to @O 1 and @O @ O ¥ O (higherorder DP
components an® are assumed to be negligibl&€herefore, (4.79b) can be modified to

6 @ O O & 06000 ca O 50 (4.949

6 @ O ¢0 1@ 06O (4.94b)

whered @ OFQOQ. Linearizing 6.94b) around an operating point and assuming #& stif
grid (i,e., @ O  m)resultin

5 & 02 0 cv 06O (4.949

where terms with s-stétesvalues gndthedeend withederote gertisbede a d y

values. Suppose the DC power supplying theliDCvaries slowly (i.e.p 1), then

,OO’

¢ 006 O (4.99)
letdd O 0 ,& O v , & O v ,00 . Then, the D@ink plant model

becomes,
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0 — Q0 T& O (4.96)

Assumingthe proportional and integrajains of the DC-link Pl controllerare 0 and 0
respectivelythen the closedloop transfer functionlO of the DC voltage loop is
O p O O Tp O O (4.97a)
O Jbi J/BbTi Jb Jbb (4.97)

where "O 0 O fi;/b ¢c& v T6 ,a O A ,and/b U 0

Comparing (497b) with a standard secommtder functioni ¢-1 i1 results in
0 -1 6 Ta (4.98a)
0 1 0 7Tg& (4.98b)

where- and]  of the damping ratio and bandwidth of the D@k voltage control loop.

[I. Detailed Model

Following the same method #$2.4.1 the DClink control gains for the detailed model are

, (4.99

4.3.3.3Reactive Power Loop
Thetransfer functions derived in Section 4.2.4.2 are also applicable to thesivagle twestage

grid connected PV system.

4.3.3.4PV Array Voltage Control Loop
I. DP Model
The smallsignal model suitable for designing the PV array voltage control loop is developed by

finding the equivalent circuit of the PV array at MPP. According®8), the equivalent output
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voltage,& and series resistanc¥, of a KC200GT moduldinearized at MPP and under STC
arev @ W ando® am, respectively. Note that is the reciprocal of the slope of curremtitage
characteristic of the PV module. Therefohe, varies with the PV operating point, which is a
function of irradiance and temperature conditions. For a PV array cogs$dnseriesconnected
KC200GT modules and 4 shuigbnnected PV strings, the PV array equivalent output voltage,
@ is ¢ v&p ™6 whereas its equivalent series resistariée, is o& am Thus,the dynamic
eqguation of the PV capacitoan berewritten as

5 2 ° ° 9 ooy (4.100

Linearizing @.793, (4.79H, and @.100Q around an operating point, and treating &@-side

variables in 4.798 as disturbancea®sult in

6 O 6 O

6 = ' 0O, (4.101a)
022 @ 0 o O a O, (4.10D)
o 6 O i~ A A e A
6 06 O WQOU, (4.10%k)
whereO p ‘OandOis the steadtate duty cyclelet@d O 0 ,0 O , 600

‘Q . Recall thathePV voltage control loop bandwidth usuallygreater than the D@nk voltage
loop bandwidth. Alsosince 0 0 , U can be regarded as constant (ite., ) and

accordingly,(4.10Xc) can be neglected. Thed,101lb) becomes

00

0 0 Q) (4.102
The statespace model of the PV voltage control usind Qla) and 4.102) is

T p70 o T,
0 o6 pIY & U 2 (4.102)
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0 T p 0 (4.10D)
Equation 4.103 and Fig.4.7 reveal that the smaslignal model ofa PV voltagebased MPPT
controlregardthe PV array as a current source linearized at an operating point and connected to a
stiff DC voltage source (DdInk voltage) through a boost convertBifferentiating @.101a) with

respect to time, and substituting @) into theresulting equation yield

(4.104
In the Laplace domain,
0 i (4.10%)
0 i . (4.10%)
where0 0O 7F0 6 isthe gain p¥ 0 0 is the undamped natural frequency, and

- pf ¢Y O 1 isthe damping factor. Note that the level of damping utidegenloop
control strategy strongly depends on the operating po@mtY ). Thus, a closetbop control

is required to make the system robust to changes in operating @omdidenng Fig. 4.8, he

closedloop transfer function of the PV voltage control is given as

z - (4.109

From @.106, we concluce that there are three poles and one zero. Using the desired phase margin

and bandwidth,4.1058 or (4.106 can be used to calculatee gainsp , andv

Il. Detailed Model

The expressions derived for the DP model are equally applicable to a corresponding detailed model

since the averadgeV voltage is targeted in the control schemes of both models.
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Equivalent Circuit of a
PV Array at MPP
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Figure 4.7: The equivalent circuit of the booshverter and the PV array used for srs@hal modeling
and control design.
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Figure 4.8: Structure & PV voltageclosedloop controlscheme

4.3.3.5Determination of Simplified DC Source Time Constan{(Vy)

The simplifiedDC source time constant, can be determined by studying the clei®ap transfer
functionof "Q . Comparing 4.65 and @.73, we foundthat’Q which equal€2"Q is the current
through the boost converter diode. Sin€e is a scaled versio of “Q the dynamics/pole
distribution of' Q , can be determined by studying the clotmap transfer function oQrelative

tou . By applyingthesmaltsignal method, this transfer function is given by

T
‘ T

(4.107)

4.3.4Simulations and Validation of Models

In this sulsection, the fidelity ofwo DP modes$ of a singlephasetwo-stage grieconnected PV
system built on MATLAB/Simulink is validated agairstietailed switching (SW) model built on
Simulink/Simscape environmerithe pararaters of the system under study are listed in Table 4.3.

The PV array consistof 4 seriesconnected modules and 4 shwonnected PV stringsThe
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inverter PWM switching frequengy is 62.8 krad/s (10 kHz) whereas the boost converter PWM

switching frequacy is 314.2 krad/s (50 kHz).

For the SW model, due to ripples injected into-& voltage, a mean function block is used to
obtain the average Dfihk voltagethat is in turn passed to ti#C-link voltage controller. The

mean block parameters are set as follows: an initial DC voltage of 200 V; fundamental frequency
of 120 Hz and a sample time equal to the simulation step Szensurdghatthe dynamics of the

SW model andhe twoDP modés are well matched, the mean function block is also incorporated

into thetwo DP models even though the average D& voltage is explicit in théwo DP modes.
4.3.4.1 Calculation of Control Gains

1) AC CurrentLoop Assuming a target bandwidth, vt & O &fi.e., 81 ) ) and a phase
margin, T 9, in accordance with the smalignal modelsin subsection4.3.3.1 the

parameters of the PR controller abe: T8t X andu p yapfor the DP model, and

p up o x X foptheSW model.

Table 4.3: Parameters of thagle-phasetwo-stagegrid-connected P\inverter

Parameter Value Parameter Value
0 pTTt& 0 onTt&
0 T L b ( Y pl m
0 X® d 0 ol (
0 ¢ ®6 AT G TG
MPPT Sampling Rate p 1t U 1 o X QAR
MPPT Perturbation Size 8t B [0) p O&6
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2) Reactive Power Looplhe reactive power loop parameters calculated for the sninglse

singlestage gridconnected PV system are used.

3) DC-Link Voltage Loop Assuming a target bandwidth w@®OAAp & ¢ U and
damping ratio- 1o X the DCIlink voltage controller parameters for the detailed model are
obtained asi p& @ andy @ ® T wsing the expressions in subsection3lA For the

DP model,u T o and v o B x & he designed D4ink voltage closedoop has a

phase margin of @&, which is enoughto keep the D@ink control loop immune to disturbances.

4) PV Voltage LoopThe PV voltage controller gains for both SW and DP models are chosen to
be: 0 T8t ¢ @and 0 p. The chosen gains yield a bandwidth ag E O ZOAThis
bandwidth is sufficient to ensure a clear dynamic separation between thekDGltage catrol

loop and the PV voltage control loop.

5) Simplified DCSource Time Constant(VY): The time constant of the simplified DC source is
obtained by studying the closémbp poles and zeros of (4.107). Substituting the PV voltage
controller gains and the parameters listed in Table 4.3 into (4.107), two conjugate)pples:

p 0 1@ 1 yagda real pole) o @re obtained. Also, two zeras, o @ndd OTT

are obtained.

Since the first zeray is close to the real pole, the real pole is no longer the dominant pole. The
dominant pole is the conjugate pole. Notably, the real part afdhgigate pole determines the
rate of decay of oscillations of theductor current The timedomain response of the boost
inductor current closebbop is given by

Do p8Q PrnQw AT OmYx 11 OEdmYy (4.108)
The value ofyf can be calculated by taking the reciprocal of the real part of the conjugate poles
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e, W — x® 1 OA time constant ob | Gis found to be suitable to replicate the actual

dynamics of the boost converter diode current.
4.3.4.2 Simulation Results

Considering the maximum occurring frequency in both SWtamadDP modelsfixed step sizes
of @ t Qp 11 Gandu 1t Gare usedo simulatethe detailednodel(SW), the DP modeWith a full-
order DC source (D#ull), and the DP model with a simplified DC source {Bifp),
respectivelyThe P&O algorithm is adopted as the MPPT algorithm in the SW areLDihodels

whereas the MPP variables are calculated analytically in th8§iDPp model.

Fromo 18 Otod 1@ QO is ramped down fronpE 7/ toT®E 741 (with”Y ¢ &)

and fomo T@®Otod THO, 0 °is rampedromTPE 6 1t8 TR E 6 !. Big.4.9 and Fig.

4.10 showthe waveforms obtained from ttf8&N andtwo DP models.Considering Fig. 4.9(a)
which depicts the PV voltage waveform, theponse of thBP model with a fuborder DC source,

is obviouslyin good agreement with tH&W modelresponseDue to the use of highandwidth

PV voltage controller, the PV voltage waveform obtained from the SW model has small high
frequency ripfes which results irhiswaveform to have a high degree of matching wittzdreth

order DP of the PV voltagé) O obtained from the D#ull and DRSimp models. However,
since the MPP voltage and current are calculated analytically in ti&r® model (i.e., there is

no MPPT algorithm such as P&O algorithm), its PV voltage waveform is constant and therefore,

does not reflect the dynamics of the PV source.

Fig. 49(b) shows the boost converter diode current (and equivalently the source current for the
DP-Simp model) obtaied from the SW, D#*ull, and DRSimp modelsNotice that the boost

converter diode current obtained from the SW model contains significant amount of swiithing (
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kHz) ripples.However, because only the zeratider DP ofQ is modeled in both D#*ull and

DP-Simp models, the boost converter diode current obtained from theulDRnd DRSImp

models represent the average of the boost converter diode current obtained from the SW model.

—_ . - < > . -Full ......... < > . -Si
120 - Vo SW Vo0 DP-Full Vo0 DP-Simp

| o

1
0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

‘—i :SW - - .<i > :DP-Full ....... <i > :DP-Simp
sp sp 0 sp 0

0
0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(b)
210 b b b " "[—SW - - ‘DP-Full ~~~DP-Simp
205 %
g 200
<=
> 195 H
190 - .
185 | | 1 | | | | 1 |
0.05 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
(c)

Figure 49: Response of the singfghase twestage griedconnected PV system obtained from SW;BH,
and DRSimp modelga) PV voltaggb) boost converter diode currea) DC-link voltage.
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Figure 410: Response of the singfghase twestage grisconnected PV system obtained from SW-DP

Full, and DRSimp modelga) grid curren{b) active power injected into the gr{d) reactive power injected
into the grid.
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Fig. 4.9(c) depicts the D@ink voltage waveformNote thatd waveforms forthe DP-Full and
DP-Simp models are obtained by using the expressionO ¢ P OQ . Notice that

there are doubléne frequency ripples in the Dlihk voltage waveforms obtained from the SW,
DP-Full, and DRPSimp models. Téseripplesjustify the passing of the D@nk voltage through a
mean block (in the SW model) to obtain the avera@elibk voltage which is in turn fed to the

DC-link voltage controller. Otherwise, the douliee frequency ripples in the Di{ihk voltage
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will metamorphose into higbrder harmonics in the grcurrent. Since only a fundamental
frequency PR controller igresent in the grid current loop, these ripples will not be filtered out

leading to a deteriation in the grid current

Fig. 4.10(a) shows the grid curreifibe grid current is sinusoidal in the three models due to high
grid-inductance and the use of fuarmdental PR controller. Results obtained from theFADIP and

DP-Simpmodelsare in good agreement with the SW model results.

Figs. 410(bh and 410(9 depict the active power and reactive powewveforms obtained from
DP-Full, DP-Simp, andSW modes. Theactive and reactive power waveforms obtained from the
DP-Full, DP-Simp, andSW mode$ are well matched with each othBuring a step change in
irradiance, there is a ringing in the reactive power waveform. This is due to the small amount of
coupling between the reactive and active power loops as well as the slow reaction oflitnie DC
voltage loop. The slow speed of the Ak voltage loop is caused by the high MGk inertia

and low DGlink voltage bandwidth. Overall, the proposed two DBdels reflect with a high
degree of accuracy, the dynamic and stestdie responses of a detailed singhase two grid

connected PV system to step changes in irradiance and reactive power setpoints.

Table 4.4: Comparison afmulation execution speedf SW and two DHAnodels of asingle-phasetwo-
stagegrid-connected P\system(Runtime: 0.8 s)

Model Step Size | AverageCPU Execution Time Acceleration Factor
Detailed SW g ‘0O oug 1©
DP-Full p1tO o8 10 80
DP-Simp U qe) 0P W 8

4.3.43 Computational Performance

Simulations were conducted on an HP Envy Windows 10 laptop with Intel@&Ci&r&200U and
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CPU @ 2.50GHz. Table 4.4 summarizes the simulation execution speed of Ewdl IFP-Simp,
and SWmodels. The DESimp and DHF~ull models are about 111 and 55 times faster than the SW

model, respectively.

4.4 Conclusion

In this chapter, the dynamic phasor methad beemused to model the two major configurations
of a singlephase grieconnected PV sysin namely singkstage and twstage configurations.
The proposed DP models have been implemented in MATLAB/Simulink and validated using

detailed switching models implemented in Simulink/Simscape environment.

For the singlgphase singlstage gridconneced PV system, the zeroth order and second harmonic
DP components are modeledtheDC side of the inverter whereas the fundamental harmonic DP
component is modeledn the AC side of the inverter. By comparing the variables in the
expressions of reactivend active power in the synchronously rotatialg)(frame and the DP
domain, a dualoop control scheme is implemented in the DP domaéiith enables independent

control of active and reactivgpower in the DFbased PV system model.

For the singlgphase twestage gridconnected PV system, two DP models are developed. In the
first DP model, referred to as BFRull model, the PV source, the MPPT algorithm, and the boost
converter inductor dynamic are modeled with a zeovtter DP. The B-link dynamics are
captured withzeroth orderand second harmonic DPs whereas the AC inductor dynamics are
represented with a fundamental harmonic DP. In the second DP model, referred t&iaspDP
model, the MPPT algorithm is calculated analytically wlasrthe boost converter inductor and
capacitor dynamics are replaced with a fosler lag filter whose time constant is chosen by

applying smalsignal perturbation method to the original boost converter dynamic equations. The
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resulting firstorder lag fiter is modeled with a zerotbrder DP.

Suitable choice of control gains have been achieved by applyingsgradl perturbation method

to both DP and detailed power stage models. By comparative analyses edigmalimodels of

DP and detailed modelsge discoverthat he det ai |l ed model egsaltdh® contr
product of DClink voltageandD P mo del 6 s P R,dueedorhe absehde ef PWNM @ain n s

in the DP modelln addition, the controller gains of a detailed model that has itirixG/oltage

control loop implemented in thag frame, is two times larger than the controller gains of a DP

based Ddlink voltage loop.

Simulation results indicate that the proposd® fdodels are accurate in replicating the dynamic
and steadystate responses of a detailed siqgtase griecconnected PV system model while
requiring a relatively less computational effort than the detailed model. The advantage of the
proposed DP modelsikat they can enable faster simulation, control system tuning, and analyses

of largescale distribution system made up of multiple inveb@sed renewable resources.
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Chapter 5

Modeling of a SinglePhase Uncontrolled DiodeBridge

Rectifier Using DynamicPhasors[100]

5.1 Introduction

A single-phase tbde-bridge rectifier (DBR)s widely usedas a passive frorgnd powetelectronic

interface inelectric vehiclessinglephasevariable frequency motor drivelight emitting diode

(LED) systemscomputerand mobile phone adapters (chargers), duts mple configuration,

low cost, and high reliability. A DBR is a limmmutated rectifier because it depends on {ie A
voltageand impedancéo initiate the commutation from one diode to anotfileu e t o DB R 6 s
uncontrollability, itinjectsharmonic currentmto theutility grid which can result in severe voltage
dropselectromagnetic interferenagistorion of utility-suppliedvoltage, electrical resonance, low

power quality, high resistive losseand malfunction of relays and voltaggnsitive devices.

In the study of harmonics in power systems with several DBRs, detailed electromagnetic transients
(EMT) model of a DBR is usually used to capture fast transients accurately. However, EMT
simulation of a DBR is usually conducted with a step size in the range 001®&0 ‘ Q which

results in long simulation time. The DP method allows efficient simulation of a DBR by enabling

the inclusion obnly dominant harmonics during the modeling process.

In thischapter, the DP methodusedto develop singlgphase DBR models including the AC and

DC subsystems where applicable. The main contributions of this chapter include the development
of analytical DP models of singjghase DBR with or without commutation ovgrleonsidered.

The accuracy of the proposed DP models is verified via simulations and experiments.
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5.2 Dynamic Phasor Modeling of a SinglePhase DiodeBridge Rectifier in

CCM Mode

In this sectionthe operational principles ofsingle phase DBRs briefly discussedlhe necessary
condition for asinglephaseDBR to operate in CCM mode is also outlined. In the next section,
the DP method is utilized to develop Diddels of a singkphase DBR workingn CCM mode
First,DP-based DBR models wherein commutation overlap is neglected are dev@lopegifter,
theeffect of commutation overlap is considered in the development of fundamental harmonic and

high-order harmonic DbasedsinglephaseDBR models

5.2.1 Working Principles of a SinglePhase DiodeBridge Rectifier in CCM Mode

Fig. 5.1 depictsthe circuittopologyof a singlephase dioddridge rectifiefinterfaced to aesistive
load (an equivalent resistance of a DC subsystem a@lextric drive) Y , through anLC filter.
Assume that the diodes dosslessDuring the positive hal€ycle of theAC supply voltagep ,
thegrid supplycurrent,’Qflows through the equivalent grid inductangeand grid resistancey ,
diodeO , to the load and then returns throi@h During the negative hatfycle, Qflows through
diodeO to the load and then returns throu@h Therectifier output voltagev andthe rectifier
outputcurrent ‘Qare pulsating in nature dueh@h-orderharmonics. Th&C filter is designed to
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Figure5.1: The circuit topology of aisgle-phase dioddridge rectifierfeeding anLCR network. The
diodes are numbered in the order of conduction.
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reducethe ripples in the load current/load voltageused by higlorder even harmonicdhe
diodebridge rectifier (DBR) outputC filter consiss of an inductor (with inductance, and
equivalent series resistanc¥,) and a capacitory . It is worthy b note thatb and'Y can
represent the parameters of a transformer used to interface the DBR to the grid source.
The supply voltage idefined as:

0 wAT106 — (5.1
wherew and—are the supply voltage amplitude and phase, respectively.
In CCM modethe rectifier output current is always greater than z&b (1) in every cycle of
the supply vdage. The minimum inductancequired to keephe DBR in CCM mode can be
obtainedfrom [101]-[102] as:

J— (5.2

where Qs the supply voltage frequenayHz.

5.3 DP-Based DBR ModelWithout Commutation Overlap Considered

If the grid inductancel) is nedigible, then theDBR output current can transfer from diodgs
andO to diodesO andO instantaneously. Basauh this assumptigrihreeDP-based analytical
models of asinglephase DBR in continuous conduction mode are develbpecsinganalytical
bipolar switching functions, direciuadraturgdq) axesbasedransformer equivalent of a DBR,

and analytical Fourier series of rectified cosamel squargvaveforms, respectively

5.3.1Bipolar Switching Function-Based Model(DP-1)
The switching actionswhich occur in a singkphase DBRcan be represented analgliy by
using bipolar switching function# switching funcion is a transfer function that relat@sinput

voltage/current taan output voltage/currentlP3]. When a DBR is represented by switching
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functions, the DBR functions as a switch/modulator of voltages and cui@amtsider the circuit
shownin Fig.5.1. Suppose the state of the diodes when conducting is taken as the logic value of
1 and the state of the diodes wheroff stateis taken aghe logic value of 0, then a unipolar

switching function;Y can be defined ad(3],

ph&EI00O 06 60 AT A 0 0 o

Y MREO 6 0 AT B 6 T 53

where , is the DBR input voltage) 0 is theactiveperiod of the diodes, aml 0 is the
inactive period of the diodes. Fronb.Q), Y can beconsideredas a pulse function with period
equal tod 0. The Fouter series of @ulse functioris given by[103]
'Y O ¢B 0O AT o¢g (5.4
whereO is theswitchduty cycle¢ is an integetharmonic)number, O OEdIg T &
is theswitch conduction ang in radians, and is the phase angle oYrelative to the referae
voltage/currentSince’ O conducts alongsid® , and’O operates witHO , a bipolar switching
function is needed to translabe directly intov . Suppose the diode gro@¥O is operated with
a unipolar switching functionlY  "Y. The diode groufO YO is operated with a unipolar
function,”Y that has equal magnitude with , but 180 degrees owif-phase with'Y. Thus,
'Y O ¢B O AT og&g ¢&-“. (5.5
A bipolar switching functioriYis derived by vectorially adding unipolar functions of positive and
negative cycles as follows:
'Y Y Y 1B O AT& o0& & plouB) (5.6)
Supposeéhat the input inductance iegligible ( 'Y 1).Thenb 0 andthe delay angle

is zero(i.e.,; T there is no delay between the fundamental supply voltage and the switching

133



DBR

Transformer L
Equivalent Rq a Yo
—”\/\/\/\/—NW-\—.i
—_— —- _-"'
i iq Ly
<+> _— <1> <+> v ¢, = Rog
.

is=Siy w4 =Sv,

Figure5.2: The transformer equivalent of engle-phase dioddridge rectifieffeeding ar.CRnetwork.

function) Thus]  “.Using the bipolar switching function given (5.6), the detailed circuit model
shown in Fig. 5.1 is replaced by an avechgmdel depicted in Fig. 5.2.
The voltageandcurrent relationshipacross the DBR transformer equivalent can be expressed as
° 67
Thedynamicequationf theLCR circuit formed by thé.C filter and the resistive loaare
0O— 0 0 QY (5.8
6 — QO — (5.9

whereu is the load output voltagépplying DP properties on (5.1) and (5().9) results in

WO -_ 0 tQ®gte  plofuly (5.10

0¥ —OEF - —OER & phohl (5.11)
600 60Y B 600 0¥ ¢ plohixE Q m (5.12)
w0 Y B &0 §0 & mhlkn Q m (5.13)
0 22 @0 0 6OY Qb 600, {: itk (5.14)
6 29 g0 22 06 Ohe mihhy. (5.15)

Time-domainquantities,Q 'Q, 0 , 0 , andQcan be retoredfrom the DP components using,

"N P B r000Q (5.16)
N 600 c¢p B r6Q00Q (5.17)
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0 WO ¢ B ;0 OQ (5.18)
b WO ¢ B FWOQ (5.19
N @WOFY B yp WOTY Q (5.20
To build the simulation model of DB, two methodsare suggestedrhe firstmethodinvolves
scriptingthe entire DFbased mathematical model of the DBR &R networkrepresented by
(5.10)(5.15 (seeFig. 5.3), onanumeric computing environme(e.g., MATLAB, Python). The
guantities’Q "Q, 0 , 0 , andQare obtained from the DP model usifglG)(5.20. The second
methodinvolvesscriptingthe mathematical modefuationf the DBR using%.10-5.13 onany
numeric computing platform (e.g., MATLAB, PythoiMheoutput voltage of th®BR model (via
a voltage source) ) is then coupdd to a detailed_.CR network built on an electromagnetic
transient (EMT) environment (e.g., Simulink/Simscape, PSCAD/EMTBIECS. The output
current of the voltage sourc®is converted t&QO0j 7, usingthe equation:
600 - tQPigt e mithfe (5.21)
TheDP components of DBR output currefi©C0;;  ; areconverted taAC current DP components
00; i using 6.12). "Qis thenrecovered fronBC0; ; using 6.16. Thesecond approach is
depicted in Fig5.3(b). Note that the output current of the voltage soufteean be converted
directly to"Qusing 6.6)(5.7).
5.3.2 Hybrid DP-dq Synchronous FrameBased Model(DP-2)
Considerthe supply voltage equation given (B/1). Toexpresg5.1)in dgframe an orthogonal
signal isrequired The orthogonal signal is derived by delaying the original supply voltage

waveformgiven by (5.1py “ ¥¢ as follows:

0 wAT100 — “T¢  wOFIO — (5.22
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(@)

(b)
Figure5.3: Signal flow in a Ipolar switching functionbased DP Model of single-phase DBR with (al.C
filter + Rloadmodekd in the DP domain (DPA) (b) LC Filter + Rloadmodeled in the timelomain (DR
1B).

where — 1,0 is the imaginary component 0f in the| | (or stationary) reference framghe
supply voltage space vectopis obtained from

Up U Q o Al166o ®HTO  ©Q (5.23)
wherev (U isthe real component @f in the| T frame. Assuming thd-axis is aligned with
0B multiplying (5.23)by 'Q results in

~

® & Qo 0K (5.24
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