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Abstract

Power electronic converters are used in a wideeaaigpplications as well as being the
enabling technology for interfacing the alternatieeergy resources and many loads in
modern power systems. The methodology of develafiago-called dynamic average-value
models (AVMs) for such converters is based on aypgathe variables (currents and
voltages) within a switching interval resultingnamerically efficient models that are much
more suitable than the detailed switching models dgstem-level studies as well as
numerical linearization and the respective smajhal analysis. However, the AVMs
available in the literature for line-commutated werters have several limitations such as
neglecting the effects of losses, being only vaticcertain operational modes and under
balanced excitation, as well as employing a singalifrepresentation of the multi-phase
transformer in high-pulse-count converters. Morepaeunified AVM methodology for high-
pulse-count converters has not yet been established

In this thesis, a generalized AVM methodology isveleped for voltage-source- and
rotating-machine-fed multi-pulse line-commutatedaerters for both classes of transient
simulation software packages, i.e., state-varibbleed and nodal-analysis-based
electromagnetic transient program (EMTP) type. Tpeeviously-developed AVM
approaches, i.e., analytical and parametric, ateneed to the EMTP-type programs, and the
indirect and direct methods of interfacing the nisdeith external circuit-network are
introduced and compared. For the machine-convsststems, the effects of machine and
bridge losses are taken into account in the new A¥Mally, a generalized dynamic AVM
methodology is developed for high-pulse-count cotere based on the parametric approach.
An effective multi-phase transformer model is depeld in transformedqf0 and phase
(abg variables. An efficient transformer model is alseveloped, which accurately

represents the multi-phase transformer using anvalgat three-phase formulation. The



proposed generalized AVM remains valid for all gtemal modes under balanced and
unbalanced excitation. This model is employed fofMAimplementation in state-variable-

based and EMTP-type programs. Extensive simulatimh experimental studies are carried
out on several example systems in order to compaedeveloped AVMs against the
detailed and previously-developed average modelsme- and frequency-domains. The
results demonstrate the great accuracy of the pegpAVMs and a significant improvement

compared to the previously-developed models.
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Chapter 1. Introduction

1.1 Motivation

The recent developments in power systems have inegtricably linked with integration
of renewable and clean energy resources and tloeiatd enabling power-electronic-based
technology. Power electronic converters are inangas employed in the power systems
with the development of Smart Energy Grid and faigng of a large number of Independent
Power Producers (IPPs) and Distributed Energy Rsesu(DERs). Power electronic
converters are also utilized in a variety of apgiiens such as High Voltage DC (HVDC)
transmission systems, high-power dc supplies, aait systems of large electric generators,
as well as vehicular, naval, and aircraft poweteys, etc. Design and analysis of all these
modern electrical energy systems extensively retiesmodeling and simulation of the
power-electronic-based systems with switching camepts. The procedures for design and
analysis of such complex systems typically invodvéarge number of computer studies in
time and frequency domains.

Various simulation software packages are commdycatailable and may be used for
modeling the power-electronic-based systems consglall the switching details. These
software packages may be generally classified $tade-Variable-based (SV-basdd)-[7]
and Nodal-Analysis-based (NA-based) langud@g12]. The Electro-Magnetic Transient
Program (EMTP]8] and many commonly used EMTP-type packages laelmsed on the
nodal or modified nodal equations. With the develept of modern simulation tools, the
detailed models of power-electronic-based systemingre the switching of all devices is

implemented, may be readily implemented in both 8vd NA-based simulation packages.



It is therefore possible to develop models of larggstems from a number of smaller
subsystems/modules that can be used for the siowlaf system transients. However, the
detailed switching models are computationally expexy and result in a significant increase
of the required computing time, which in turn limithe size of the system that can be
practically implemented in a given package. In addj the detailed models are
discontinuous due to inherent switching, and hereenot directly suitable for linearization
and small-signal frequency-domain characterization,g., obtaining impedance
characteristics and input-output transfer functiohbese characteristics are important in
assessing the stability of power-electronic-basgstesns and design of corresponding
controllers[13], [14]. Extracting these characteristics from theadetl switching model of
the system is possible only through the traditiofrabjuency-sweep method or similar
techniqueg15], [16], which become extremely time-consuming andlehging especially at
low frequencies.

These challenges have led to development of theabed dynamic Average-Value
Models (AVMs) which approximate the original systémy “neglecting” or “averaging” the
effects of fast switching within a prototypical $ehing interval. The switching effects, i.e.,
ripples, are often undesirable and small, and ddawve a significant effect on longer-term
dynamics of the system. The resulting average-vaiodels, therefore, make a useful tool
for predicting the slower dynamics of the systentowethe switching frequency. These
models are computationally efficient and could nders of magnitudes faster than the
original switching models, leading to the possipibf efficient system-level simulations and
studies. Additionally, since AVMs are time-invariathey can be numerically linearized
about any desired operating point for small-sigaaalysis, i.e., obtaining local transfer
functions and impedances. Obtaining such charatteyifrom the AVMs is then almost

instantaneous in many SV-based simulators, &J.,



Dynamic average models have been successfullyfos@dodeling of vehiculafl17], [18]
and naval[14], [19] electric power systems as well as the distadudc power systems of
aircraft [20], [21] and spacecraff22]-{24]. Average-value modeling has also been often
applied to variable speed wind energy syst¢2%—{32] where the machines are typically
interfaced with the grid using the power electracbaverters. The need for efficient dynamic
AVMs is drastically increasing with the developmefitthe modern power systems and its
many components that are interface through povestrelnics. In order to promote research
in this area and disseminate results in the poweineering community, the IEEE Task
Force on Dynamic Average Modeling has been assemimeler the Working Group on
Modeling and Analysis of System Transients Usinggifal Programs. The research

objectives of this thesis are in line with the alkegoals of this Task Force.

1.2 Literature Review

For the purpose of this thesis, the high power earvs that are commonly encountered
in utility applications may be divided into Pulseidth Modulated (PWM) and the line-
commutated converters. This particular researdbdased on multi-pulse line-commutated
rectifiers which have typical configuration as dmed in Figurel.1l. Depending on the
application, the source may be a distribution feédetransformer) as in Case I, or a rotating
machine (generator) as in Cases Il and lll. Ingmeplest case of the conventional three-
phase (six-pulse) line-commutated rectifiers, thred-phase ac subsystem may also include
an ac filter network which feeds a single threegghlaridge rectifier composed of six diodes.
The single rectifier then feeds a dc system (lahthugh an optional dc filter network. For
the converters that are composed of multiple detisree-phase bridges, the 3-phase/n-phase
transformer and possible interconnection/Inter-Bh@sansformer (IPT) may be used as

depicted in Figurd..1.



Configurations similar to Figuré.1 are commonly used as the input stage in low- to
medium-power variable frequency drives (VFDs) anotan loads that are widely used in
industrial and commercial applicatiofi33]-[39]. These loads are often referred to as the
front-end rectifier load$40], [41], and may appear in large numbers in industgailities
[42], distributed generatiofd3], as well as vehicular power systeifdgl]. The ac filter
network may take various configurations dependimgapplication and cost constraints,
wherein passive or active filters may be considéoe@duce the harmonics. Commonly used
passive filters include series choke inductors ahdnt filters that are tuned to lower

harmonics (typically 8 and 7") [45], [46].

AC System (Different Configurations) I;e(.::iiﬁer Bridge
ridges Interconnection
o AC st | [ | Sotreni)

-Phase Optional u * - DC Filter
Distribution | [ ©or ' : f— Transformer  optional)  pc
Feeder (or &, _| Series | {3-phase[ (Optional) oL System
Transformer)| “C+) M’Wg / de “dc

— L . — Lol iamaryn
. Shunt . AAA
30;16 II: @ T n-phase|s || * —I——’ A
-Phase N B || . : C—=| | Load
Rotating 1 J : |,

Machine .

Case I1I: :
Multi-Phase |

Rotating : - *

Machine

Figurel.1 Typical configurationsof multi-pulse line-commutated rectifier systems.

Converters with higher pulse count (e.g. 12-, B8l 24-pulse configurations) are also
widely used in industrial applications, electricstgms of aircrafts, ships, distributed
generation systems, etel7]-[49]. High-pulse-count converters are generallysidered to
improve the quality of the output dc voltage aslwaslthe current at the input ac terminals.

These converters may also be used to improve ity of systems whenever such



property is important. As illustrated in Figutel, higher-pulse-count converters may be fed
from a distribution feeder (or transformer) or dactric machine. The use of a 3-to-n-phase
transformer is inevitable in the first case whdre tonverter is fed from a typically three-

phase power network. In the case of a machine-fgh-fpulse-count converter, instead of

using a multi-phase transformer (as in Case |, rhulti-phase voltages may be directly
produced by the means of multi-phase machine wggJ&0], i.e., Case Il in Figurd.1. In

all the above cases, additional ac filtering mapdde employed, if desired, but it is often not
required due to the presence of transformer arelémtric machine. Each of the multiple

three-phase output sets of the ac subsystem aratfeé diode bridge. At the dc side, the

bridges maybe generally interconnected using varamnfigurations, e.g., series, parallel, or
a combination, with or without an inter-phase tfanmser. Similar to the case of six-pulse

converter, the rectifier ultimately feeds a dc ssbsm (load) through an optional dc filter

network.

The objective of average-value modeling is to replthe discontinuous switching cells,
the rectifier sub-circuits, with continuous circuilements and dependent sources that
reproduce the averaged behavior of the switchinly wighin a prototypical switching
interval. Dynamic AVMs for line-commutated convegtehave been generally developed
using two main approaches, i.e., analyt[&8l]-[68] and parametrif69]-[74].

In analytical approach, the system equations attenaatically derived, and the network
variables are then averaged over a prototypicakchimg interval[51]. The first challenge in
deriving the AVMs analytically is the existence thie so-called operational modes, e.g.,
Continuous Conduction Modes (CCM) and Discontinu@enduction Mode (DCM). In
general, an operational mode is defined by a seguehrepeated topologies determined by
periodic changes of switches in steady-state ojperathe changes in load conditions would
lead to a change in the topologies and hence thde b operation. Therefore, operational

modes are functions of the loading/operating coomt Also, the shapes of the current and



voltage waveforms may vary significantly in diffateoperational modes. Thus, deriving the
AVMs requires knowledge of the operational moded e boundary conditions for which
the respective averages will be valid. In many sasiee converter might be designed to
operate in a certain operational mode in steadg-skdost of the analytically-derived AVMs
therefore assume a certain operational mode (t§pioaly one mode)50], [51], [53]-[59],
[63]-[68]. However, in order to accurately predict thensients, the average models should
be developed for all possible operational modegrdfore, there will be an AVM for each
operational mode that is in the range of inter8sth models can then be “switched” as the
system changes the modes, which makes this appmddiionally challenging. In more
complicated configurations such as 12-pulse or Ul8epconverters (Figurk.1), the number
and complexity of operational modes significantigrease$62], [75] making the analytical
approach of deriving the correct average-value &ojusm even more challenging and less
tractable.

Using the analytical approach, it is also generdifffcult to establish closed-form explicit
equations the describe the system of complicatefigrorations, e.g., machine-fed converter
systems (Figuré&.1 Cases Il and 11I)63]-{55]. In many cases, the final model is implicidan
would require iterative solution. In addition teethbove challenges, the analytical derivation
of AVMs becomes cumbersome or impractical when mhedel includes parasitics of
semiconductor switches, losses or magnetic saburafielectric machinery, etc.

To overcome the challenges of the analytical awerague modeling, the parametric
approaches have evolvggb]-[74]. In these approaches, a proper state model Atfhtture
is first defined, and the parameters of the AVM #ren extracted numerically from a
detailed switch-level model of the system, or polgsa hardware prototype, using methods
similar to the “black-box” approach. For this puspothe averaging concept is humerically
applied in order to extract appropriate model partans. Although establishing the dynamic

average-value models using parametric approachresqga detailed model of the system,



once established properly, the AVM is valid for alevrange of operating conditions and
possibly all desired operational modes. Moreovkis approach may be systematically
extended to other converters/configurations, antbwaating for the losses and parasitics

becomes more practical compared to the analytmaticach.

1.2.1 Three-Phase (Six-Pulse) Converter Models

Various models for the six-pulse converter systawehbeen presented in the literature.
Several models that are of particular intereshts tesearch are listed in Taldlel together
with the features of each model. A great deal oftiwboution has been made in this field by
the research group at Purdue University whereinytaoally-derived AVMs have been
formulated for voltage-sourc§z1] and machine-fefb2]-{55] converters. The AVM for this
system is typically considered for CCM-1 mode oéigion. The modgb1l], for example,
is valid in one mode (i.e. CCM-1) and neglects tbgistance on the ac side. Subsequent
effort has been made by the research group at nagrolytechnic Institute and State
University (Virginia Tech)65], [66] to include the ac side resistance and imptbeemodel
dynamics. A constant parameter AVM has been alseldped for machine-fed converter in
a collaborative work involving the same researaiugf69]. A particular case of three-phase
rectifier feeding constant-voltage loads has beddressed in collaborative work at
Massachusetts Institute of Technology (MIT) andméversity of Wisconsin-Madisofb7],
[58], and subsequent collaboration of the resegrolips at the University of Belgrade and
the Swiss Federal Institute of Technology Zurichi i [59].

The development of parametric approach is owedelar¢p the contributions of the
research group at the University of British Coluent§UBC) [70], [71], [72]. The model
proposed in70] relates the averaged dc and ac variables giirdbhe parametric algebraic

functions that are established numerically for desired range of operation and modes. A



transient study may be carried out using a detamediel of the system from which the

parametric functions are readily calculated nunadigrd71].

Table1.1 Dynamic average models of the three-phase (six-pulse) rectifier systems.

Dynamic .
Steady- Order DCM, AC Filter DC Filter Variable AC
Models State/ (Full CCMs (r Lae) | (fges Lge, C) Inductance
. acr =ac (o) (o)
Dynamic Reduced) 1,2,3) (Yes / No)
[51] Dynamic | Reduced| CCM 1 Lac lger Lger C No
[57],[58] Dynamic | Reduced|] CCM2 [gc, Lac C No
[59] Dynamic | Reduced| CCM 2 Lac C No
[65], [66] Dynamic | Reduced| CCM1 ry, Lac fgcr Lger C No
Steady-
- lge» Lger C
[53] State N/A CCM 1 de+ Ldcs Yes
[54] Dynamic | Reduced| CCM 1 - lger Lgc, C Yes
[55], [56] Dynamic | Reduced| CCM 1 - C Yes
[69] Dynamic Full CCM 1 - C Yes
. CCMs Le. C
[52] Dynamic | Reduced 123 - ldes Ldc: Yes
[70, 711, [72] | Dynamic|  Full (1302'\"3 ] fg Lae, C Yes

1.2.2 High-Pulse-Count Converter Models

Several most relevant models of high-pulse-coumiveders available in the literature,
together with their main properties, are summarire@iablel.2. Most often, the number of
pulses is considered to be a multiple of three,, .8, 18-, and 24-pulse configurations,
wherein the system is constructed by several thhese subsets as depicted in Figlike
However, unusual cases are also encountered, suttfe &-phase (10-pulse) configuration
considered in60], [61]. In the above research, conducted at the Usityeof Missouri-
Rolla, extensive analytical effort has been requiae derivation of analytical AVMs for all
operational modes in both cases of voltage-souacel machine-fed converter systems.
However, considering the amount of effort required60], such analysis does not seem

practical for higher-pulse-count systems with digantly more operational modes.



Generally, as the number of pulses increases, uh#ear and complexity of the operational
modes will significantly increase. This makes atiaf} average-value modeling of the high-
pulse-count converters very challenging in gendrgpically, only the most common mode
of operation is considered. In many cases, additiaesumptions and/or approximations are
employed in order to simplify the model derivatignhcommon assumption is the idealized

operation of the multi-phase transformer in voltagarce-fed converters.

Table1.2 Dynamic modelsof high-pulse-count converter systems.

Pulse Detailed/ AC Subsystem Dynamic Sinale Mode / Transformer
Models Count Analytical AVM/ (Voltage Source/ | Order (Full Ml?lti Mode Dynamics
Parametric AVM | Rotating Machine) | /Reduced) (Yes, No)
Detailed and Voltage Source and .
[60], [61] 10-pulse Analytical AVM Rotating Machine Reduced Multi Mode No
[471,[76], ) . ) L
(771 [78] 12-pulse Detailed Voltage Source Full Multi Mode sYe
[62] 12-pulse Analytical AVM Voltage Source Reduced Multi Mode No
[63], [64] 12-pulse Analytical AVM Voltage Source Reduced Single Mode No
[73]-[75] 12-pulse Detailed Rotating Maching Full Mubde N/A
[50] 12-pulse Analytical AVM Rotating Machine Redut Single Mode N/A
[73] 12-pulse Parametric AVM Rotating Machine Full Multi Mode N/A
[74] 12-pulse Parametric AVM Rotating Machine Full Multi Mode N/A
[48[]7’57]’ 18-pulse Detailed Voltage Source Full Multi Mode sYe
- -pulse nalytica oltage Source educed Single Mode 0
[65]-[68] 18-pul Analytical AVM Vol S Reduced Single Mod N
[49],[79] 24-pulse Detailed Voltage Source Full Multi o Yes

Analytically-derived AVMs for the 6-phase (12-Pyls@ltage-source- and machine-fed
converter systems have been developed for commenratipg conditions i§62]-[64] and
[50], respectively. Similar to the case of a 6-put®nverter, in many cases the analysis is
limited to only one mode of operation. [63], [64], to facilitate the derivation, it is
additionally assumed that the duration of commatatnterval (angle) is small, resulting in
an approximate model for a single operating modee phase-shifting transformer is also
assumed ideal, i.e., the dynamics, magnetizingeatirtosses, etc. are neglected. Reference
[62], however, derives averaged dc side equatiamstlie 12-pulse voltage-source-fed

system, in all modes of operations, together whk tespective boundary conditions.



Obtaining these results required extensive analyedfort. Parametric approach has been
considered irf[73], [74] for 12-pulse machine-converter systems in @&engt to include a
range of operating conditions, and reduce the éxaémnalytical effort. For the 18-pulse
configuration, a reduced-order analytical AVM haseb formulated and evaluated[B65]-

[68].

1.3 Research Objectivesand Anticipated I mpact

All above-mentioned average models developed feritte-commutated converters have
been reported to provide acceptable results ingodat cases investigated therein. In general,
however, each model has several limitations. A iedifand generalized dynamic AVM
methodology for high-pulse-count converters has brexn established prior to this thesis.
Moreover, the dynamic AVMs available in the litenat[50]-[74] have been formulated for
the SV-based approach, wherein the discretizatibonthe state equations is done
automatically at the system level. These modetsgefore, may not be readily implementable
in the EMTP-type solution[8], where the discretization is performed at the
branch/component level. As these software packagecreasingly used for simulation of
power-electronic-based systems, integration of AVMMse these packages is very desirable
to achieve efficient simulation of system transsentDeveloping the AVMs for
implementation in these programs is more challepgind has not yet received the needed
attention.

The ultimate goal of this research is to develogeaeralized methodology that can be
readily applied to an arbitrary high-pulse-counsteyn (Figurel.l), in order to develop an
accurate and full-order dynamic average repredentaf the system in both SV- and NA-
based simulators. The first steps toward this dgoalude addressing the fundamental

shortcomings of the six-pulse converter AVMs. There, this thesis has the following

10



research objectives for the six-pulse voltage-sefed, six-pulse machine-fed, and high-

pulse-count converter systems:

Objectivel: Development of the AVMsfor EMTP-type solution

Extension of the analytical and parametric appreadio the EMTP-type solution is the
first objective of this thesis. For this purposajirect and direct methods of interfacing the
developed AVMs with the external EMTP circuit netiw@re developed and compared. The
performance of the developed AVMs is then investigaand compared in a wide range of
operating conditions including DCM and CCM operatias well as under unbalanced
excitation. The dynamic model of front-end rectdienith unbalanced input voltages is

particularly desirable when studying single-phaadt§ and unbalance voltage s{®f3).

Objective 2. Including the effects of machine and rectifier losses

In development of AVMs, the switches are typicallysumed idedb0]-[64], [70]-[74],
and the effects of machine losses are neglel&@f] [52]-[56], [60], [61], [69]-[74]. The
effects of diode and machine losses are partiquiarportant in low voltage applications
such as vehicular power systems that operate ad2\2dc. Taking these effects into account

is the second objective of this research.

Objective 3: Developing the generalized high-pulse-count AVM methodology

For high-pulse-count converters, the existing madiave been derived for one particular
configuration depicted in Figurg.1. The third objective of this research is to aelep a
unified and generalized AVM methodology for all figarations of the high-pulse-count

converter systems. Achieving this objective recgitres following steps:

11



(a) Accurate full-order representation of a multi-phase transfor mer

The steady-state and dynamic effects of the mubltisp transformer have been fully or
partially neglected in the AVMs available in theéefature[62]-[68]. The transformer is
typically assumed to instantaneously convert theetfphase input voltages to a set of multi-
phase voltages that are equal in magnitude andiyesbrited in phase. Due to neglecting
parts of the system dynamics, the final model th&s a reduced-order formulation. In some
cases,[65], in order to improve the accuracy of the meodastificial equivalent leakage
inductances and resistances have been computepdlasetl at the secondary side in series
with the ideal multi-phase voltage source. Such r&wglified representation of the
transformer ignores important effects such as m#ng current and dynamics of the
transformer. An accurate full-order representatdra multi-phase transformer is required

for the generalized AVM methodology.

(b) AVM validity in all operational modes and under unbalanced conditions

In the available AVMs for high-pulse-count systertige operation is usually limited to
one mode only50], [62]-[68], [73], [74]. Moreover, all these models have been derived
under the assumption of a balanced excitatdj, [60]-[68], and therefore are not suitable
to investigate the system performance under anynawtric faults. It is therefore very
desirable to have a generalized AVM methodology thauld be valid in all operational

modes as well as under unbalanced conditions.

Accomplishment of the Objectives 1 through 3 woelthble accurate and accelerated
simulation of power systems that include a largeniber of power-electronic-based
converters and modules. With the development ofrfEEr@rgy Grids, the need for rapid and
efficient simulation of such systems is continugusicreasing. It is envisioned that such

dynamic models may be readily implemented in therugenerations of both SV-based and
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EMTP-type simulation programs as standard builtirary components and models. While
conducting transient simulation of large power syst, for each power-electronic-based
subsystem, the user would then have an option tosehthe dynamic average equivalent
instead of the detailed switch-level model. Empigyithese models for representing the
power electronic components will result in sigrafit gains in simulation speeds, set the
stage for the new generation of transient simufatiools with enhanced features and
capabilities, and enable new computer-aided desigls, etc. Such tools would be used by
thousands of researchers and engineers througmeuwtdrld saving them countless hours of

precious time.

1.4 ThesisOrganization

This thesis is organized as follows: In Chapterir@plementation of analytical and
parametric AVMs in SV-based programs is considefidds Chapter sets the stage for the
discussions in Chapter 3, wherein the AVMs are tdated specifically for implementation
in the EMTP-type software packages. Both approaofie®nstructing the average models,
i.e., analytical and parametric, are consideredo Tmethods for interfacing the developed
AVMs with the external circuit-network, i.e., indict and direct methods, are introduced and
compared.

In Chapter 4, the performance of developed modeM-based and NA-based simulators
is investigated and compared under various operatimditions including light and heavy
loading (DCM and CCM) as well as balanced and wrix@d ac side. For this purpose, a
front-end rectifier example system is considered.

In Chapter 5, the effects of parasitics and maclasses are taken into account while
developing the AVM for machine-fed six-pulse corneersystems. An example vehicular
power system is considered in this Chapter. A thghoanalysis is performed on this system

to demonstrate the effects of losses and effeas®rof the new AVM in predicting the
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entire power conversion chain. It is demonstrated the results predicted by the proposed
AVM provide an excellent match with the experimérdat-up and those of the detailed
switching model. A significant improvement in acacy compared to the previously-
developed state-of-the-art AVM is also demonstrated

In Chapter 6, a generalized methodology is develdpe dynamic average modeling of
high-pulse-count converter systems in SV-based ldAebased simulators. An example
400Hz aircraft power system with an 18-pulse togplis considered to demonstrate the new
methodology. The proposed methodology is generdl @uld be readily applied to an
arbitrary high-pulse-count system where the nundfgphases is a multiple of three. The
steady-state and dynamic effects of transformercanepletely taken into account as well as
the negative and zero sequence components foramd® operation. For this purpose, a
generalized transformer model is developed in foanged (qd) and phasedbc) variables
that can be used in AVMs. The effectiveness ofdéreeloped methodology is demonstrated
through extensive simulation studies in time arejfiency domains including asymmetric
faults.

Finally, in Chapter 7, the conclusions are drawhe Tesearch contributions are also
summarized and related to the original objectiviethis thesis. The path for future research
is then outlined and related to the present efforidertaken by the UBC’s Electric Power

and Energy Systems research group.
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Chapter 2: Dynamic Average Modeling in

State-Variable-Based Simulators

2.1 State-Variable-Based Simulators

State Variable (SV) approach is frequently usedafalysis of dynamic systems including
electric power systems. The examples of softwarkages include ACSI1], Easy5[2],
Eurostag[3], and the well-known MATLAB\Simulinf4]. There are also more specialized
tools such as SimPowerSystems (SP$)PLECS[6], and ASMGJ7], etc., that come with
circuit interfaces and built-in libraries for sination of transients in power and power-
electronic moduleg81]. Internally, the program engine assemblesesysof differential
and/or differential algebraic equations (DAESs) tbanstitute the state-variable-based model
of the overall system. Depending upon the featofes given program, the DAEs may be
converted into a first-order system of differengguations (ODE) as

x=f(x,u,t) | 2.1)

y=9(kx,u,t)
where x, u, andy denote the vectors of state variables, inputs, anguts, respectively.
Whenever appropriate, the linear time invariantt pdr the system/circuit may then be
represented using a more compact state-space @uguati

X=AX+Bu

y=Cx+Du’ (2.2)
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where A, B, C, and D are the so-called state-space matrices that anputed for the
given topology and parameters of the linear circdit some tools, for example
SimPowerSystem[b], the circuit part is directly implemented inetfiorm of (2.2), whereas
the remaining part of the system e.g. control bépckechanical subsystem, etc. are in a more
general form (2.1).

The time-domain transient responses are then eddcliinumerically by integrating the
state-space equations (2.1), (2.2) using eithedfor variable-step ODE solvers embedded
in the SV program. The formulations (2.1), (2.3catontain very useful information about
the system’s dynamical modes which is often utilizegether with numerical linearization
for the frequency-domain characterization and desfgcontrollers.

The SV-based programs, unlike EMTP-type simulatafigw the use of variable-step
integration (solvers) wherein the step-size is dyically adjusted to satisfy the local
accuracy constraints. Figu&1 shows a typical time-stepping flowchart of ®B¥-based
programs. As usual, after initialization the pragrastimates the size for the first time step
and the simulation enters the major time-steppiog. This step-size is limited between the

user-defined minimum and maximum values/tf,i, and At,,ax, respectively. In the next
step, the state vectot,,;1 is computed together with an error function estemra and the
vector of output variabley ;1. The local accuracy of the solution in each tirtepsis

assessed based on the value of this error funciigpically, the user can also specify the
absolute and relative error tolerances. If therezsbimater exceeds either of the tolerances,
the time-step is reduced (for example to a hathefpreviousAt ) and the solver attempts the
solution again. To accurately handle the switchoigcontinuities, the algorithm also

computes a special vector of event variabdgs,. These variables are monitored at each

time step for zero-crossing. A topological changehie system is detected whenever one of

the variables ire,.1 changes the sign within the time step. If thisdibon is detected, the
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time step is reduced and the solution iterateslénie minor time-stepping loop to precisely
locate the zero-crossing. After that, the equatemesupdated accordingly and the simulation
proceeds. Hence, very frequent switching will resal more iterations and effective

reduction of the time step. This may lead to sigaiit increase in the computation time
especially when a large number of switches areepteis the network or a high frequency

switching is taking place.

( start Simulation )
]

Initialization
=t

initial? 77 =

!
== Estimate time-step A,
Atmax

Vo —
:I Limit step-size
Atmm l
Compute:
State vector X, 4
Error function || r ||

Output vector Y, 4|

o

8 Event vector e,

e Reduce

% step-size

% Test Accuracy:

= absolute & relative

error tolerances

Reduce satisfied?
step-size

Yes

Test event vector: €,,11
zero-crossing events?

Next time-step

] Yes

(( End Simulation )

Figure2.1 Flowchart of atypical variable-step state-variable-based solver.
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2.2 Detailed Analysis

Let us start the discussion from a simple casdémetphase (six-pulse) converter system
depicted in Figure2.2, wherein a series filter inductor is considemdthe ac side.
Topological variations in this system, such asudeig/excluding the filters at the ac/dc
sides, significantly affect the rectifier operatideading to discontinuous (DCM) and
continuous (CCM) conduction modes commonly encaoedtén practical applications. In the
simplified circuit diagram of Figur@.2, the ac network is represented by its Thevenin

equivalent voltagese,,cs and the series resistance and inductange,Ly,. The impedance
of the optional series ac filter is represented ry, L., and the combined equivalent
impedance of the ac subsystem is denotedsby . It should be noted that if the system is

fed from a synchronous generator (Figlire Case Il), the machine may be represented using
the voltage-behind-reactance formulatif82]-{84] which results in a circuit similar to

Figure2.2 (but possibly with coupled and/or variable &glént inductances).

Combined equivalent s
AC side impedance . — MA_IY Y

T S% S% S|+ e Lg |+

R | |

' ANAAY_2 1 1

s | cl
Vdc% - ' %RL

| B s%
Thevenin equivalent |  AC Filter $ ¥ - _
i ofthe AC network i  (Optional) iDC Filter (Optional);

Figure2.2 Simplified circuit diagram of atypical three phase front-end rectifier load system.

In Figure 2.2, the dc filter, represented lnyj., Lgc, C, is also optional and may be

partially present in the system. In many casesh [ag battery chargingg85], [86] and

variable-speed-drive applicatiof40], [41], the dc filter inductor may be omitted whereas
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the capacitor is included to smooth the dc busagelt In such cases, the ac filter inductor
must often be included in order to reduce ac sidegeat harmonics. To represent an
equivalent energy dissipating load on the dc sid&igure2.2, a simple resistorR, , is
connected to the dc b{85], [87], [88].

In order to study the performance of the front-eectifier load system of Figur2.2, the
system detailed model, wherein switching of alld#is is represented, maybe readily built in
many SV-based simulators. In this system, a distootis conduction mode (DCM)
operation is typically observed at light load. Thiode is frequently encountered in the
front-end rectifiers of low- to medium power vatialfrequency drive§37], [89], where the
ac filter is often not used (or is very small) lbiere is a large capacitor on the dc bus. The
corresponding waveforms are illustrated in Fig2s@ (a). If the angular frequency of the ac

source is denoted byy,, there exist six equal switching interval§;, within a single

electrical cycle defined bchc|e=27we . In DCM, each switching interval is then divided

into two subintervals. During the conduction suéraal, t.,,q4, two diodes are conducting

and two of the phases carry the dc bus currenpposite directions. At some point, the line-
to-line voltage in these two phases becomes snthlder the dc bus voltage and the current
reaches zero and remains zero for the rest ofntieeval — hence discontinuous mode. This

subinterval is denoted by, in Figure2.3 (a). Duringtycm, all diodes are off. The dc load

is, in the meanwhile, being fed from the dc capmeicés observed in the dc bus voltage

waveformvy.. The switching pattern in DCM is therefore 2-0.

If the combined value of the source and ac filtetuictances becomes sufficiently large
[87], [90], or the load on the dc bus is sufficiently neased, the dc bus current becomes
continuous — hence continuous mode. In this caséheaload varies from a light load to a
short circuit, three different switching patterrencbe observed resulting in three distinct

continuous conduction modes (CCM) of operaf@t]. The corresponding waveforms of the
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phase currents and the dc bus voltage are showigume2.3 (b). The operational modes are

summarized in Tabl2.1 together with the conduction pattern and tharoatation angle.

(a) Waveforms for DCM Operation
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(b) Waveforms for CCM Operation
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Figure2.3 Typical current and voltage wavefor ms of the six-pulse rectifier: (a) operation in DCM; and

Table2.1 Operational modes of the conventional 3-phase (6-pulse) rectifier.

(b) operation in CCM.

Operational Conduction Commutation
Modes Pattern Angle
DCM 2-0 ©=0°
CCM-1 2-3 0° < u<60°
CCM-2 3 4 =60
CCM-3 3-4 60° < y<120°
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Within CCM-1 [see Figur@.3 (b), top plot], each switching interval is died into two
subintervals referred to as commutation and comolucf51]. During the conduction

subinterval,t.ong, ONly two diodes conduct; whereas during the cotatian subinterval,
te.om, corresponding to the commutation angle= w, [, the current is being switched

from one phase to another; and three diodes condlbetefore, a conduction pattern of 2-3

diodes is observed within each 60 electrical degraed0® < 1/ < 60°.

The mode CCM-2 [see Figu&3 (b), middle plot], may be achieved by furthereasing

the load current. In this mode, the commutationl@ng increases and reaches 60 degrees

resulting in disappearance of the conduction sebial. Consequently, there will be three
diodes carrying current throughout the switchinterivals. Hence, the conduction pattern
becomes just 3 (or 3-3).

If the load current is further increased, the coration angle ¢ starts to increase

resulting in the third mode, CCM-3 [see Figle (b), bottom plot]. This changes the
switching pattern to 3-4 conducting diodes. Notat tinis mode contains a topology with 4
simultaneously conducting diodes, which temporasfigrt-circuits the output as observed in
Figure2.3 (b), (bottom plot). This last mode rarely oscur practical systems, but may be
encountered in rotating machines and brushlesseegavith very large inductancgs?].
Certain variations in the topology of FiguB2 may prevent the occurrence of some
operational modes. For instance, without the derfiinductor, the CCM-3 mode cannot
occur and the system could hence only operate iIMDCCM-1 or CCM-2. Observing the
phase currents in DCM depicted in Figar8 (a), it can be concluded that such currents wil
inject significant harmonics into the network. Tval operation in DCM, medium and large
drives with front-end rectifiers often install atdnal ac filters (series inductors and shunt

filters) to shift the operation to CCM-1 or CCM-2.

21



2.3 Dynamic Average Modeling

2.3.1 Analytical Approach

In analytical approach, system equations are maheatly derived, and the network
variables are then averaged over a prototypicaickwmig interval[51]. The fast averaging
over a prototypical switching intervdl is typically defined as

o1t
f=c [t(r)dr, (2.3)
S t-T
where f is a network variable, e.g., voltage or currenis a scalar to denote time, aridis
the so-called fast average 6f.

As observed in the waveforms of Fig#8, in steady-state, the variables on the dc side,
e.d., ige, Vgc consist of a constant average value superimpogedome ripple due to
switching, which often necessitates the use ofelaapacitors on the dc link. The averaging
concept (2.3) may then be directly applied to tberariables in the system. However, for ac
variables, using the above equation evidently camtyield the desired result. Instead, the ac

variables first have to be transformed using anrgppate synchronously rotatingd O
reference fram¢s1]. The transformation of a three-phase netwakable f (i.e., voltage
or current) from phase domaimlfc) to an arbitraryqd Oreference frame is accomplished

using the transformation matrik as[51]

1:qu =K fabe; (2.4)
fao=lfq fa fo| T, 2.5)
fabc :[fa fh fc] T , (2.6)
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cosd co{@ —Z—HJ co{@ + 2—”)
3 3

K=2|sing sin(@—z—nj sin(6?+2—nj. 2.7)
3 3 3
1 1 1
2 2 2

The angled denotes the instantaneous angle of the refereasefwhich is expressed as
6 =wt+ 0y, (2.8)
in terms of the reference frame angular frequeacgnd initial angled,g. To convertqd O

variables back t@abc, the inverse transformation may be emploj&y:

cosé sing 1
K™= 00{9—2?”) sin(@—z?ﬂj 1|. (2.9)

00{9 + 2—”} sin(e + 2—”) 1
— 3 3 -

In a balanced system, the zero sequence is no¢rgrasd the third element in (2.5) is

hence equal to zero. Also, sometimes the zero segus prevented by the system topology
as in Figure2.2, wherein the bridge rectifier only sees the Moltages, and the neutral point
of the source appears floating. In such casesptitier of the transformation is reduced to
two, and the reference frame is simply referredsqd reference frame.

In a synchronously rotating reference frame, bynitedn, the angular frequency of the

reference framex is equal to that of the ac soureg. The so-called converter reference

frame[51], a particular case, is typically chosen talfete the analysis. In this synchronous
reference frame, the reference frame arfgjlis aligned with the angle of phasevoltage at
the bridge terminal. In this case, due to mathesabhpiroperties of the transformation, ttie
axis component of the transformed voltages willzbeo as depicted in Figu24 (a). The
relationship between the voltages in the conveatet arbitrary reference frames may be

written as[51]
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{vgs}{co.s%) sin(%)} Vgs | (2.10)
0 -sin(@) cos@.) Vgs

In the above equation, the superscriptand a have been used to denote the variables
expressed in the converter and arbitrary referdrmmes, respectively. Throughout this

thesis, the converter reference frame will be tefaalt reference frame of choice. Hence, for
compactness of the equations, the superscripay at times be dropped. The angle between
the converter and arbitrary reference frames msy la¢ deduced from Figuged (a) ag51]

a
1l V
@ =tan ' 95|, (2.11)

() (b)

Figure2.4 (a) Relationship among the variablesin the converter and arbitrary reference frames; and

(b) Typical waveformsand the respective transfor med waveformsin converter reference frame.

The waveforms of the 6-pulse rectifier system forMGC operation together with the

transformed ac currents in the converter referéraoee have been illustrated in Figuzet
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(b). As seen in this figure, the resultirggd currents in steady-state are composed of a
constant (dc) component and a superimposed rigplge similar to the dc bus voltage
waveform, which allows averaging of these variableoating to (2.3). The averaging of
these variables using (2.3) removes the switchipglei but preserves the slower (dc)

variations of the transformed variables.

23.11 Classical Reduced-Order Mode (AVM-1)

In the classical moddbl], the state equation describing the dynamicgshef dc bus

current is formulated as

3\/§\/— 3 -
- ——V2E-| —wdls t+r Ige — Vi
d'dc: T (77 e-s dcj dc C

, (2.12)
dt ZLS +Ly4c

where E is the rms value of the phase voltage, apdis the average dc filter capacitor

voltage. To establish the average- and d —axes components of the phase currents, the dc

current is assumed constant and equal to its aseralge during the switching interval. Due
to this assumption, the current dynamics disappesulting in a reduced-order model. The
phase currents are then expressed during condumtidrcommutation subintervals, and are

averaged, respectively. The result of this procedgiglds the following equations:

| =—I SN —— |+SsInf —
gs,com u dc H 6 6

(2.13)
32 o1y 2 V2 (coglpy)-),
< €S
- -23. 57 57
'(;:scom :T'dc{co{?J ‘CO{,U‘?H 014
3 2E 3 V2E '
- sinu+— (sin(2u) +24),
TT oL 47T el ¢
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- -2J3. [ . (7m\ . 57
s cond =T\/_'dc S'n[?j‘sm(ﬂ’fgﬂ, (2.15)

- _- 2J3. [ <Y/ T
'cgl:scond - T'dc _CO{,U + ?j - CO{?H , (2.16)

The final averaged ac side currents are obtained as

C _7C ~C

sC _+C ~C
lgs = Idscom-ﬂdscond' (2'18)

Finally, the commutation angle is expressed as

— el _\/Ewel—s-
U =cos {1 —\/§E |dc]. (2.19)

The model defined by (2.12)—(2.19) is referredsA&M-1.

2312 Improved Reduced-Order Model (AVM-2)

A similar model has been derived[Bb], where instead of assuming a constant value fo

the dc current during the switching interval, ttisrent is assumed to change as
. . U
|dc(«9)—|dco+kE€H 2), (2.20)

where ijo is the average value af. during the commutation period, arkl is the
derivative diyc./dg. during this period of time. The effect of ac sidsistance has been also

partly taken into account. The resulting model thasfollowing form:

LA Ty
3 4 r +47T_3,U LS+ 32 rdC+ LdC dIdC

[N dt

S
2
“ " (2.21)

33 ¢ M—Sinu 2r—-3U 3 .
=" J2E|1-—3 - le +— Wels + 4o |igen = Ve
T wls 2 ( I dcj deo —¥C
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¢ _ 23, V3 ( : rrj 3 J2E ( coq2u) 3)
lge = ———lgeg COSU+—K| —sinp+— |+— cosyy———+—-—|, 2.22
as T dco H Vg a 3) T wlg H 4 4 ( )

o _ 23 V3

Ide = ———1qpen Sin +—Kk| cosy +
ds = dcoSINU ﬂ( 1%

3-+37), 3 V2E (Smﬂ_M_ﬁj (2.23)
3 ) mals 42

The model defined by (2.20)—(2.23) is referred $0A¥M-2. This model uses the same

commutation angle formulation expressed by (2.19).

2.3.2 Parametric Approach
In the parametric moddlr0], the rectifier switching cell is considered as algebraic

block that relates the dc voltage and curregt, iyc to the ac voltages and curreriisdS

and i_gds through the respective parametric functions as
ch S” =a(.)v (2.24)
qd dc»
fae = ()] iS4, (2.25)

where a(.) and (.) are algebraic functions of the loading conditiohie. complete this

c
qds

-a —a
A.)= tan_l{i‘j—asJ - tan_l[&] . (2.26)

—a

model, the angle between the vectﬁ@S andi¢ __is calculated based on Figuet (a) as

Deriving closed-form analytical expressions fof.), A(.), and ¢(.) is impractical.
Instead, these functions may be extracted usingsitinelation and expressed in terms of

dynamic impedance of the switching cell defined as

7= ch . (2.27)
Iqu

The model based on (2.24)-(2.27) is referred tBAgM.
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24 Implementation of the AVMsin SV-Based Programs

Both analytical (AVM-1[51] and AVM-2 [65]) and parametric (PAVM70]) AVMs for
the three-phase line-commutated rectifier have bieemulated as state models. Block
diagrams for the final implementations of theserapphes are depicted in Figité (a) and
(b), respectively. These AVMs are straightforwaadimplement in SV-based simulators
using the respective dependent sources and a skfferential and/or algebraic equations

that relate the dc and transformed ac variables.

X =g
X :f (X 9qus > ‘Tdc)

iqu s lge =g (X, qus s V)

+ t

a)

)

> Vyds

X =/ (x

b)

Figure2.5 Block diagramsof AVM implementationsin SV-based simulators: (a) analytically-derived
(AVM-1 and AVM-2); and (b) parametric (PAVM).
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25 Small-Signal Frequency-Domain Analysis

In addition to time-domain studies, the detailed alynamic average models of line-
commutated converters are frequently used for ssngilal frequency-domain analysis. To
illustrate the small-signal impedance-based amalykithe ac-dc convertergl4], [92]97],
let us first consider the general case of a codetiohc-dc converter connected between
System 1 and System 2 as shown in Figuée The control input (denoted faly) may be the
firing angle, for instance, in thyristor controllesbnverters, or the duty cycle in PWM
converters. This converter is first assumed toferating in a steady-state determined by the
fixed control inputd =D and a set of balanced ac input voltages. Averageda switching

interval, the dc variablesy., V4 Will then have constant quiescent valugg., Ve,
respectively, that define the operating pointh tnput voltages are kept intact, and a small-

signal perturbatiorﬁ, much smaller in amplitude compared to the quigisealue d, is
superimposed on the control input, the controlditpat transfer function of the converter

H(s) may then be defined as

- Vac(9)
H(s) i ' (2.28)

where V4. is the small-signal perturbation around the averagtput dc voltag®/. due to

the changes in the control inpﬁt

<
Vabes AC/DC "
System 1 i " Vie System 2
™~ abcs Converter -
qu d ch

Figure2.6 System-level impedance-based representation of subsystemsinter connected through an ac-

dc converter.
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Next, the control input is assumed to be kept @ns{d =D ), and a small-signal
perturbation is then considered around the quie¢smerating point caused by, for instance,

the small-signal voltageiy. injected at the dc bus. In uncontrolled line-cortared

converters, the small-signal perturbation at thebds may be implemented in practice by
means of a resistor that is frequently switcheduod off at the dc bu$4]. This small-signal

injection is going to introduce a small perturbatio other network variables about their
quiescent operating points. The small-signal outmypiedance looking from the dc side may

then be expressed as

Zgc(s) = rjc((ss)) : (2.29)
Cc

where fdc is the small-signal perturbation aroung, caused by the injected signal. The

frequency of the injection signal may be slowly ptve the desired frequency range and in
each point the magnitude and phase of the impedaecebtained based on (2.29).

The impedance looking from the dc side is essdytitle impedance of System 1 as
mapped through the switching cell of the ac-dc eoter to the dc side; and is determined by

the converter and the three phase ac System lefbherthe impedanc&q. will not only

depend on the dynamics of System 1 but also theepties of the switching converter itself,
e.g., switching strategy, modulation, controls, mofloperation, etc.

Evaluating impedance of the system looking from the side requires special
consideration because the ac variables are inlerémie-variant even in steady state. To
extend the impedance-based approach to the aarsstiee ac variables have to be viewed
in a system of coordinates where they appear constasteady state. This extension has
been made if14], where this approach was developed for thbeilgia analysis of ac-dc

electric power systems. Therefore, the physicabies on the ac side,g,c5 andigpcg, are

transferred into a synchronous reference frame.rébelting variables 445 and iyqs have
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the required property of being constant in steadyes For this reason, the appropriate
impedances (as well as the averaging) are expressetms of these transformed variables.
Specifically, assuming that the system operates steady state operating point determined
by the external inputs and control sigrih] the small-signal perturbations can be applied.
Neglecting the zero sequence, there are two axeset@onsidered for calculating the

appropriate impedance on the ac side denoted hergqy. For example, a small-signal
perturbation\“/qs is first considered around the steady-state valle The response of the
system in terms of currents generally will be seehoth g and d axes, respectively. This
will give the first row of the transfer matrix (DB Next, a small-signal perturbatioryg is
considered aroundys. Similarly, the system response in terms of cusremll be seen in

both axes. Calculating these transfer functions gile the second row of the impedance

transfer matrixZ 44 . The final form of impedance transfer matrix isrifore:

Vg(s) Vg(s)
7 g, . a0, o
7 =799 “ad_ Va =0 a7 2.30
a {qu de} Vg (s) Vg (s) (239
4O o 14Oz,

In a SV-based simulator, the dynamic AVM will typlty have the form of (2.1).
Assuming a small-signal perturbation about thedstestate operating point as

X=X+X
N (2.31)
u=U+u
wherex and( are small-signal disturbances about the operatigt valuesX andU, the
linearized equations are then obtained as

Of (XU, , A (X,UD),

&= = AX+Bi
0X Jdu
dg(X,Ut dg(X,U,t ’ (2.32)
g=29X.U., 00U, _ag.pa,
0X Ju
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which has the form of (2.2). Once the state-spaedrices A, B, C, and D of the
linearized system are calculated, obtaining angsfiex function of the system becomes a
straightforward and almost instantaneous procedara.very general case, the input-output

transfer function matridd g )considering all inputs and outputs) may be wniths
H(s)=C(sl —A) 1B +D. (2.33)
In most SV-based simulation packages, ¢4j,,this procedure can be done automatically

making a powerful tool for system-level analysisl @esign of controllers. A subset of (2.33)

will then contain any particular transfer functipmpedance) (2.28)—(2.30).
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Chapter 3: Dynamic AVM Formulation
for EMTP-Type Solution

3.1 Electro-Magnetic Transient Programs

The programs based on nodal analy§is [98] (or modified nodal analysis) include
EMTP-type and Spice-type prograrf@9]. The underlying solution approach is based on
discretizing the differential equations for eachcgit component using a particular
integration rule. The EMTH8] uses an implicit trapezoidal rule for discratibn and
formulating the network nodal equation that hasftlewing general form:

GV =Ilp. (3.1)

Here, G is the network nodal conductance matrix, and #etor |, includes the so-called

history current sources and independent currentcesunjected into the nodes. The nodal

voltages V, are unknown and calculated by solving (3.1) atrgvene step. As theG

matrix is usually sparse, specially designed temlnes such as optimal reordering schemes
and partial LU factorizatiofil00], [101] are often used to solve this linear systesteiad of
inverting the matrixG directly.

In a typical EMTP formulation which uses a fixethé-stepAt, topological changes due
to switching events require special consideratimces such changes may happen inside a
time-step. A trivial solution is to reduce thepsze until a sufficient accuracy of solution is
achieved. This would result in using very smalldisteps and increases the computational

burden of the overall simulation. Significant effdras been made to design efficient
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algorithms for handling switching even{&02]{106]. Such methods typically include

interpolation and/or extrapolations within a tinteps

C Start Simulation D
v

Initialization
= linitial

Update: G matrix
and history terms

!
Solve/Obtaine:
Nodal voltages &
network variables

Invoke appropriate algorithm

Calculate instant of change

& . 3 Topological
B! (interp. between ¢ and ¢ - Af) Change?
g : |

o Update network solution No
.E

(interpolation/extrapolation)

|Update network confi gurationl

X

Next time-step

] Yes

C End Simulation j

Figure3.1 Flowchart of atypical nodal-analysis-based solver.

Figure 3.1 shows the time-stepping procedure in a tydaddilrP. After the initialization,
the simulation enters the major time-stepping ladpch continues to execute until the end
of simulation whentg,5 is reached. In each time-step, the netwGrkmatrix and history
terms are updated as needed, the nodal equatiensolred, and the nodal voltages are
calculated. At each time step, the network variglaliee computed to perform the test for the
changes in topology. If a change in topology withimiven time step is detected (turning

on/off of a diode, thyristor, transistor, etc.) fhresent time step is not accepted and a special
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algorithm has to be evoked. A typical algorithmenpblates between the solution points to
precisely locate the time instance of the switchawgnt within the time step. Then, the
network equation has to be solved considering Hoeter subinterval before the switching
instance. Thereafter, the system is updated fom#we topology and solved again. For re-
synchronizing back with the existing time step,esal/ solutions have been proposed in the
literature using interpolation/extrapolati¢h02]{107]. In many EMTP languages, the so-
called Critical Damping Algorithm (CDA)108], [109] is invoked to suppress the artificial
numerical oscillations due to the insufficient dangpof the trapezoidal integration. This
procedure is then applied whenever there is a Bimigcin the system until the end of

simulation.

3.2 Detailed Analysis

In most EMTP-type programs, detailed models of-tBoexmutated rectifier systems may
be readily implemented using standard library congmbs. Here, particularly, to demonstrate
the effects of the ac side impedance topology ersttstem performance, a front-end rectifier
system is considered with two possible configuragioThe corresponding snapshots of the
system detailed models implemented in PSCAD/EMT[DY are depicted in Figurg.2 (a)
and (b). In Figure3.2 (a), the impedance on the ac side consists ohlg series RL
connection. This represents the Thevenin equivalapedance of the ac power system
combined with the optional series choke inductoprésent in the system, the latter typically
has the dominant value between the two. In Figdie (b), a general filter network is
considered composed of two series RL connectiondah sides of the parallel RLC
branches that each represent a shunt filter tumedspecific harmonic (in this case 5th and
7th). As seen in this figure, when both series simaht filters are included, the series choke
inductor is typically broken into two unequal pafssich as 67% and 33%) and inserted on

both sides of the parallel branch4s§].
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The mode of operation at a fixed given load (foareple defined byR, =70Q in Figure

3.2) is essentially determined by the value ofdéhaivalent series inductance present on the

ac side. In both Figurd.2 (a) and (b), excluding the additional serieskehinductors would

then result in an inductance value small enougfotoe the system into DCM operation

under normal loading conditions. The three-phasgeats in DCM are shown for both

configurations in the top plots of Figuse3 (a) and (b).
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Figure3.2 Topological variations of the ac sideimpedance in atypical three phase front-end rectifier

load system (a) seriesimpedance (b) general network with seriesand parallel branches.
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Figure3.3 Three-phasecurrentsat the bridgeterminalsfor DCM and CCM operation: (a) without

shunt filters; and (b) with shunt filters.
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Figure3.4 Threephaseac currentsof the system at theinput sour ce terminalsin presence of the shunt

filtersfor DCM and CCM operations.

As dictated by the system topology, the currentdhat source and bridge terminals,

denoted in Figure3.2 by igpes and igpe i, are identical in absence of shunt filters, i.e.,

Figure3.2 (a). In this case, the high-harmonic-contemterus of Figure8.3 (a) (top plot) are

directly fed to the network. In presence of thergHilters, i.e., Figure3.2 (b), the source
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currents are depicted in Figuded (top plot). These waveforms show that a somevalweer
harmonic content is achieved in presence of thetsfiters of Figure3.2 (b). Since these
fillers are essentially tuned for the 5th and 7#rntonics, their effects on the system
operation are normally intended to be minimal excepsuring that the corresponding
harmonic content flows through the shunt path extef the network. The mode of operation
and other characteristics of the system are th@ea®d to remain intact as long as the dc
load and equivalent series inductive componentenat side do not vary significantly. The
bridge currents are then expected to be almostia#nn presence and absence of a well-
designed set of shunt filters. This is indeed eseldrby the close agreement observed
between the top plots in FiguBe3 (a) and (b) that have been obtained in theramgsand
presence of the shunt filters, respectively.

The DCM operation discussed above is most frequesricountered in the front-end
rectifiers of the low- to medium power variabledquency drive§87]-[89] where the series
ac filter is often not used (or is very small) bloere is a large capacitor on the dc bus. This
mode is essentially associated with the needleeshagveforms with high harmonic content
that are typically challenging and expensive ttefil As observed in Figurg.4 (top plot),
even in presence of the shunt filters of Figdu2 (b), the source current has a seemingly high
harmonic content. This problem, of course, can Iviated using additional shunt filters
tuned to the next present harmonics until the ddsiHD criteria are satisfied. It should be
noted, however, that this would further increasedize, cost, and complexity of the already
complicated filter network of Figur@.2 (b).

With the additional series choke inductors, in boahfigurations of Figur8.2 (a) and (b),
the dc bus current becomes continuous resultingG@M operation. As the load increases,
CCM-1 and CCM-2 operation may both be observed. &l@r, the less common CCM-3
operation is prevented in the configurations ofufFgf.2 (a) and (b) due to the absence of dc

link filter inductor as is commonly the case inrft@nd rectifier variable frequency drives.
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The three-phase ac currents for the most commoe tfp CCM operation (CCM-1)
corresponding to the same operating point as teeiqus study R =70Q) are illustrated

in Figure 3.3 (a) and (b) (bottom plots) in the absence am$gnce of the shunt filters,
respectively. Comparing these plots to the respedbp plots, it is observed that, in both
cases, the harmonic contents of the bridge curaarttsnatically reduce to some extent when
the system enters CCM. Also, comparing the twodmotplots of Figure8.3 (a) and (b), it is
seen that the bridge currents are essentially @inml absence and presence of the shunt
filters, except minor differences in the ripple gbaln the absence of shunt filters, the bridge
currents of Figure3.3 (a) (bottom plot) are directly injected at tbeurce. However, as
depicted in Figure3.4 (bottom plot), the source currents are sigarftty improved in
presence of the shunt filters especially compavetidse of the DCM operation (top plot).

In summary, the detailed analysis presented abeweodstrates that, on the one hand, the
value of the equivalent series inductance on theide essentially determines the mode of
operation at a given dc load. On the other hanel efifects of the parallel branches (shunt
filters) are mainly confined to the currents drafvom the source network which are
important in system-level studies concerning theral performance of the power system.
As discussed in the previous Chapter, one cru¢gp 1 dynamic average modeling, in
general, is relating the ac currents at the bridgainals to the current injected to the dc bus.
This step clearly relies on the mode of operatiohictv determines the shape of the
waveforms and hence the values of the respectieeages. Therefore, for the purpose of
dynamic average modeling, the currents injectedh& bridge terminals are of the main
interest. From this point of view, the series comgrtt of the ac inductance has the dominant
impact. The system performance may then be typi¢allestigated for two cases, without

and with the series ac inductor filter, regardielsthe details of the shunt filter branches.
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3.3 Dynamic Average Modeling

As described in the previous Chapter, the AVMslifoe-commutated converters based on
both analytical and parametric approaches have tmpnulated as state models. Significant
additional effort is required to reformulate thendynic average models and interface them
with the overall circuit network for the EMTP-tygelution. In general, both analytical and
parametric approaches may be extended to the EMdé solution. These extensions are set

forth in the next two subsections.

3.3.1 Analytical AVM for EMTP-type Solution

In the circuit of Figure2.2, if the ac and dc filter inductors togetherhatihe diode bridge
are considered as the rectifier block, and thetinpitage to this block (from the external ac

subsystem) is denoted Wy in the converter reference frame, the dynamiatcdus can be

represented by the following state equaf{®h:

33

dige _ 77 Vgs ~ Rrec ige —Vc
dt Lrec

(3.2)

Here, the parameterR,. and Lo are defined in terms of the original system patanse

as:

3
Rrec =Tdc + P Lacte, Lrec = Ldc +2L4¢ (3.3)

Integrating both sides in (3.2) yields:

oo (33 o
Lrec Jd'dc: J.(_Vqs_Rrec'dc_Vdet’ (3.4)
t-at t-at\ T

where At is the chosen integration time step. Next, disa&bn of (3.4) is carried out using

the trapezoidal rule (as commonly done for the EMTP
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Lrec (i_dc(t) - i_dc(t - At)) =

B8+l 80) - R 2 () el - 0) 89

S CORAIY)

Upon rearranging terms, the following equationbsamned:

)= Riq(qus(t)—vc(t)]+ih,dc(t), )

where Ryq is defined as

2L
Req = Reec * rec (3.7)
In (3.6), the so-called history ternhhdc(t), is a function of the network variables at the

previous time step. In particular,

ihde(t)= (1_ ZFF:reecJ gt - At)+ R%(%vqs(t - At) Vet - At)j : (3.8)

q q

In the approach set forth ifb1], the algebraic equations describing the ae sde

obtained by averaging thg- and d -component currents in the commutation and condncti

sub-intervals, and combining/adding the result. @ng the intermediate steps, the result is:

i_qs = i_qscom + i_qscond’ (3.9)
ids = ids,com* ds cond (3.10)
I = _2\/§i_ sin(,u—S—nj+sin(5—nj
gs,com T dc 6 6
B B (3.12)
Y95 (cos-1)- -8 _(1-cos(24)
TTLychs AL gcta
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o + 20 ol

3y 3y (3.12)
Y Y
B sing+—(sin(2u) + 2u),
TlLacte ATt acle
- -3 [ (1m) 51
I =———lge| SINf — |—sin| y+— 3.13
gs.cond p dc_ ( 6 j (,U 6 H ( )
- -243. [ 5T 7
[ = igc| COS pt+— |—-cos — ||, 3.14
ds,cond e dc_ {,U 6 J { 6 H ( )
where 4 is the so-called commutation angle written as:
u=cost 1—M I_d—c : (3.15)
V3 Vs

Here, all qd variables are expressed in the converter referbaoge. The above equations
are first mathematically simplified using trigoname identities in order to facilitate the next
steps in the derivation of the model. After somferefthe simplified expressions for (3.11)-

(3.14), are obtained as follows:

- 3- .

. 243 o o 3

| =——L — | m——— Ve SINYU+ ——V, , 3.17

dscom™= " ac%[\_/qs 2Lty O H 2Lt qs M ( )
-2

-3- 2 i 2\/5.-

IqS.COnd—_|ch|n,u I—TLacwe[vch”T'dc' (3.18)
s

- —2\/_ Iq \/§

i ——L Cl+ =i, .sin 3.19

ds,cond = ac“’e(vqs] = dcSINKU. ( )

Substituting the above equations in (3.9) and (3yl€lds the final equations fd’aS and
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_ =2 i2) 243

lgs =— Lack [ﬁ}'_\/_'dc’ (3.20)
~ 3 3 .

lqe =— 4o SINU —————— Vo (SIN— ). 3.21
ds =~ ldc H o qs( H ﬂ) ( )

3.3.2 Indirectly-Interfaced Analytical Average-Value Model (IIAAVM)

The AVM described by (3.6)-(3.8) and (3-20), (3-&1pf the form depicted in Figu5,
where the dc and ac sides have been representddotign-equivalent inter-dependent
current sources. The presence of these dependantesp as well as the ac side being

represented irgd variables, makes it challenging to implement thizdel directly in EMTP

wherein the ac network is normally representedhiase variables, i.egbc.

lde
—

+

Vdc

+ I

=

<

e}

a

=

&

=
8

Figure3.5 Circuit diagram of the AVM described by (3-6)-(3.8), (3-20), (3-21).

Similar to what has been done in interfacing @ machine models with thabc
networks in EMTP; one solution is to introduce mdistep delay between the dc and ac
subsystems. This approach is in fact the so-cafiditect interfacing[110], [111] of the
model with the network. This method of interfacihgs been used to interface all the
machine models in the PSCAD/EMTDC softwé#té], [110], [111]. Adopting this method,

the ac and dc subsystems become essentially decbapl the dependent current sources
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become independent sources. The values of theseesoare calculated, similar to the
history sources, according to the solution of taevork at the previous time step. Also, since
the solution of the network at the previous timepstare readily available, the transformation
of the network variables betweabc and qd becomes a straightforward operation and the
final model is conveniently interfaced with the aetwork in abc phase variables
(coordinates). In particular, the values of theuinihree-phase voltages are transformed into
the converter reference frame using the approptiatsformation matrix (2.7). The value of

the dependent current source at the dc side is rintily obtained as a function ®fs.

Similarly, the values of the dependent current sesirat the ac side are readily obtained

using the solution of the network at the previousetstep. These current sources are then

transformed back t@bc applying (2.9), and injected into the ac netwoskig 5., iinj b,
However, the time-step delay may cause unfavoraiblenerical oscillations and

convergence problems. To alleviate the problemuteeof an interfacing circuitry has been

proposed for the machine models[1i1]. A modified circuit includes a resistoy and the

so-called compensating current souiggnp This circuit is inserted between the ac network

and the input port of the AVM in each phase. Tmalfinterfacing equivalent circuit of the

AVM using this indirect approach is illustratedrigure3.6.

Tics (t) Tibs (t) Tias (t)

Linj ¢ Q)lcomp_c ¥z Linj b Q)lcomp_b ¥z iinj_a Q)icompia ¥y

External
Network

Figure3.6 Circuit diagram of the [IAAVM using PSCAD-like approach.
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3.3.3 Directly-Interfaced Analytical Average-Value Model (DIAAVM)

The indirect method of interfacing may lead to metli accuracy and potential problems
with numerical stability of the overall solutionpegially at larger time steps. This has been
demonstrated ifil12] for the machine models interfaced using tidirect approaches. It is
therefore desirable to achieve a direct interfagtevben the EMTP network and the AVM so
that the time-step delay is eliminated and a siam@lous solution of the two subsystems is
achieved. This has been set forth in this subsectio

Equations (3.20) and (3.21) describe the¢ components of the input ac currents as
nonlinear functions of the dc bus current and tjote components of the input ac voltage.

Based on (3.20), (3.21) let us define the followragplinear functions:

-2

fl(i_dC1\7q)=l_d_C’ (3.22)
Vgs

flide: V) =Tacsing, (3.23)

f3(Tdc. Vq) =VgsSin 4, (3.24)

f4(Tge V) =Vgs 4, (3.25)

where y itself is, of course, a nonlinear function igf and Vgs defined by (3.15). These

functions should be first linearized within a tirsep At. For example, the functiorf; at

time t may be written as

- of
Ige(t) + _1
t—At gs

of
fat)=—=-

"3 Vgs(t) - (3.26)

t-At

Using a similar approach, the functiorig through f, are linearized to have the following

form:
fa(t) = AqVgs + Biidc (3.27)
fa(t)= CaVgs + Daigc, (3.28)
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fa(t) = CaVgs * D3idc:

falt) = CaVgs + Daigc,

with the coefficients, obtained after extensivegffas follows:

A =-57,
B, =285,

2 3 <2
(Lacwejs -S

\/—52 + V3 S
Lacte

4
3S- (\@ LaCa)ej s?

\/ e B g
Lactk

S

-2
(\/:_3 Laca)ej S+1

\/— s+ V3 g
Lactk

D3:

S

\/ 2. V3 g
Lact

Cy = p(t-At) -

1

\/—52 RIS
Lact

D4:

In the above equations the varial3etself is defined as

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)
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5= (@J (3.39)
Vs

Substituting (3.27)-(3.39) into (3.20), (3.21), piifying, and rearranging terms, yields the

t-At

final linearized equations fagd components of the ac side currents:
i'qS = AVyst+B iges (3.40)
igs=C \_/qs +Dige, (3.41)

with the final coefficientsA, B, C, and D defined as

A=2 1w <2, (3.42)
T
4 2.3
B=-" Lo S+, 3.43
e acle = ( )
3ult - At) et 30t L3 >
C= 2” o i T Tack (3.44)
T
actk \/_ <24 V3 S
Lact
T S+ 43 g
D=1 /S (3.45)
\/ 2. VB g
Lacte

Equations (3.40)-(3.45) together with the discedizic bus equation (3.6)-(3.8) form the

basis for the AVM that may be directly interfaceihnthe ac network.

3.3.3.1 Direct Interfacein qd Variables

Although it is not very common, in some cases, \wle ac network itself may be

expressed imd variables. The direct interfacing of the AVM inidltase is simplified. For

the sake of completeness, this special case isdawed here before the general case of direct
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interface inabc variables is discussed. For this purpose, firstdiscretized dc bus equation
(3.6) is rewritten as:

i_dc =E \_/qs +F Vo +i hdc> (3.46)

where the new parameteks, and F have been defined as

E =£, (3.47)
ﬂReq
=1 (3.48)
Req
Substituting (3.46) into (3.40) and (3.41) yields:
igs = A'Vgs + B' Ve +ing, (3.49)
igs =C'Vgs + D'V +ing (3.50)
where the new coefficients and history terms apressed as
A = A+BE, (3.51)
B' = BF, (3.52)
C'=C+DE, (3.53)
D' = DF, (3.54)
ihg =Bindc: (3.55)
ihd =Dindc: (3.56)

In all above equations, the ac variables have leeg@nessed in the converter reference

frame. As shown in Chapter 1, in this frangs =0, and V45 can be written, according to
(2.10), as

Vgs = VgsCOS@: +Vgssing, (3.57)
where the superscri@t denotes variables in the arbitrary reference frahigo, ¢ is the so-

called converter angle that defines the positiorthef converter reference franmg-axis.
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Derivation of the directly-interfaced AVM in the katrary reference frame requires
substitution of (3.57) into (3.46), (3.49), and5@®, and the subsequent transformation of the
ac currents into the arbitrary reference frame. fiha model may then be written in the

following compact matrix form:

Gavm-qd Vn = lbr ~lh-qd (3.58)
F Ecosp Esing
Gavm-qd =| B'cosg — D'sing. A’coszqq: —%sinz% %sinz% —C’sinzgq: ., (3.59)
B'sing. + D' cosgp %sinz% +C' coszgzb A'sin? @ +%sin2¢b
Indc
Ih—qd =|ih,qCOS® ~ihdSiNg |, (3.60)
ih,qSiNgg +ing COS@
Ve i_dc
Vi =| 98 | Tor = ids |- (3.61)
g ~a
Vds lds

External DC
Network

External AC
Network

(in gd)

Figure3.7 Circuit diagram of the DIAAVM in d variables.

If the external ac network is expressedqa variables, it can then be directly interfaced

with the above model ijd domain as illustrated by the equivalent circuitFodure 3.7.
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This is particularly suitable for the simulation ¥haller systems which may include several
machine-rectifier modules together with the dc gstems. Direct interface is conveniently

achieved between the AVMs and the machine modgisesged inmgd variables.

3.3.3.2 Direct Interfacein abc Variables

In general, the external ac network is represeimedbc phase variables. In order to
achieve a direct interface iabc, additional effort is required to transform (3.9#)ck to the

abc phase variables. For this purpose, fifgfs is written, employing (2.9), in terms of the

phase voltages as

Vas :g(vas 0SB, + Vs COSE, + Vs COSB3 ) , (3.62)
where

6 =6, (3.63)

& =9e—¢b—2?n, (3.64)

‘93:‘9e_¢6+2_3n’ (3.65)

and 6 is the electrical angle of the source. Transfogrtime AVM back toabc variables
then includes substitution of (3.62) into (3.463,40), and (3.50), rearranging terms, and
finally employing the inversgd transformation using the transformation matriX@f2After

some effort, the final model is written in the tlling compact matrix form:

Gavm-abcVn =lpr = h-abe: (3.66)
Gi1 G2 Giz Gig ihdc
Gp1 Gop Gpz Gpy ina

G bc = ) Ih— bc=]| : ' ) (3.67)
AMrabe 1 Gg; Gzp Gaz Gag N I P
Ga1 Gap Guz Gyy Ihc
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V. |

Vn =| as , Ibl’ =| @ (368)
Vbs Ip
Ves Ic

The elements 06 5ym-apc, andlp—gpc are expressed as

G1=F, G =§Ecosﬁm_ll Gyy = B'cosf— + D'sind1.,

mk = 234, (3.69)

Gj =§cosﬁj_1 (Acos8_1+C'sin8_4),1i, | = 234, (3.70)
iha = ih,qCOSA +ip g SiNG, (3.71)
inb =ingCOSBs +ipgsing,, (3.72)
ihe =ihqCOSBs +inqSinbs, (3.73)

The final AVM (3.66) is expressed as four Nortonseglent pairs of current source-
conductance branches to represent the dc and mm#&ts of the converter. The Thevenin

equivalent of the developed AVM, if desired, magoabe readily obtained by multiplying

both sides of (3.66) b ;\1,m_abc. This leads to the following equations:

Vi = Gz_i\l/m—abcI br ~€h-abc: (3.74)
€hdc

€h-abc = z:z = Gg\\l/m—abcI h-abc: (3.75)
€h,c

The final equivalent circuit of interfacing the Memin equivalent AVM defined by (3.74) is

depicted in Figuré&.8.
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Figure3.8 Equivalent circuit diagram of the DIAVM in abc variables.

Implementing the AVMs (3.66) and (3.75) are stréigtward for EMTP-type solution.
However, since the original model was developethenconverter reference frame, the final

implementation of the models still requires knovgedf the angleg which defines the

position of the converter reference frameaxis. An approximate model may be readily
obtained employing the synchronously-rotating refiee frame aligned with the source angle
instead of the converter reference frame. In mases, the deviation angle between these
two reference frames (due to the impedance conthéetsveen the source and the converter)
is small and the approximation may be valid formak operation. If additional accuracy is
desired, a simple prediction-correction algorithnaymbe employed to obtaigg. more
precisely.

It should also be noted that, in the final diregtiterfaced average model of Figuses,

the conductance matri§ ;ym-ape May generally change at different time steps duthé¢

nonlinearity of the system. This would typicallyqtere triangularization of the syste@
matrix which is of course associated with some tamlthl computational time. However, in
the EMTP-type software packages, typically the aefazation is performed only on the
time-variant portion of the systef® matrix to minimize the computational burdgt©0],

[101]. In general, the additional burden imposedtoy step depends on the overall system
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and how the EMTP-type software package handlesrafectorization of theG matrix.

Further investigation of this effect is thereforgside the scope of this thesis.

3.34 Parametric AVM for EMTP-Type Solution

The parametric approach may also be consideredddoeloping AVMs suitable for
EMTP-type solution, especially with the intentiom dlleviate the burden imposed by the
extensive mathematical derivations. Similar to tase of analytically-derived AVM, in
general, both indirect and direct methods may kesl der interfacing the developed model
with the EMTP network. However, to avoid laboriomsithematical derivations associated
with formulating the directly-interfaced parameti@werage-value model, here, only the
indirect method of interfacing is considered toerface the parametric AVM with the
network.

According to the approach set forth[ifD], parametric functions are considered to relate

the dc voltage and curref, iyc to the ac voltages and currerTL'gdS and i_ads, and also
establish the angle between the vec'@ags and i_ads. Based on Figur.5 (b), the rectifier
block takes the dc bus voltad@g., and the ac currenﬁﬁdS as the input, and provides the dc

currentiye and ac voltage:rT/‘éldS as the output. To formulate and interface the rhatec

and ac ports with external circuit networks, théofwing has to be accomplished. First,

rearranging terms in (2.26), the anglemay be defined as:

o= tan_l(\ji}] = tan_l[%] -d.). (3.76)

Next, using (2.24) and (3.76), the ac voltageginitary reference frame may be written as
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a(.)Vyc cos(d)
—a _ — .
0
The third element in the above vector is set to bercause the rectifier sees the line voltages
according to the topology of Figut2, hence the zero sequence is not transferrede Mo

general configurations, wherein the zero sequenedsb allowed to exist at the ac side, will

be considered in Chapter 6. The invegeke trahsformation (2.9) is now applied, and the ac
voltages are computed as follows:

a(.)Vge cos(d)
-1 G o
Vabe =K a(.)Vgesin(d) |. (3.78)
0
To calculate the dc bus current, the ac phasersreg the input port of the rectifier block

first have to be transformed into arbitrary refeerdrame according to (2.7). Next, using
(2.25), the dc bus current is computed as

ide = /8()” K iabc”- (3.79)
Using the indirect method of interfacing, the reetiblock may now be interfaced with the
circuit networks at the ac and dc ports. For thigppse, the dependent voltage sources are
placed at the ac side whose values are calculateatding to (3.78) at each time step. A
dependent current source is also placed at thedayhose value is determined according to
(3.79). At each time step, the rectifier block ugesdc bus voltage and ac phase currents as
the inputs. These values are then employed in lloweacalculations. Also, the dynamic

impedancez , is computed based on the inputs according to

- Vdc
““TKigd (380

The values of parametric functions, correspondmthé operating point defined ky, are

then obtained from the pre-stored look-up tables &ill be used along with the inputs for
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calculating the values of the dependent sources. fiffal Indirectly-Interfaced Parametric
Average-Value Model (IIPAVM) together with the infi@cing circuitry is illustrated in

Figure3.9.

External DC
Network

External AC
Network

'

Figure3.9 Indirectly-interfaced parametric average-value model.

34 Exampleof AVM Implementation in PSCAD/EMTDC

To illustrate the use of AVM in EMTP-type packagas,example implementation of the
[IPAVM in PSCAD/EMTDC[11] is shown in Figur&.10. The block shown in Figu@10
(a) contains (3-76)—(3-80) and the transformatibesveenqd and abccoordinates. The
subsystem of Figureg.10 (a) is encapsulated into a single module-bldwkt is then
interconnected using its nodes with the externalvokk as shown in Figur8.10 (b). Such
AVM block can then replace the detailed switchiagtifier module within a larger ac and dc
network (which may include ac filters, e.g. shuatrhonic filters, etc). Figur8.10 (b) also
depicts the timed breaker blocks that are useohpdeiment the system changes for particular

transient studies that will be presented in the @hapter.
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Figure3.10 Exampleof IIPAVM implemented in PSCAD: (a) PAVM block together with controllable

sour ces and interfacing ports; and (b) AVM module interfaced with external ac and dc subsystems.
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In the next Chapter, extensive simulation studidsbe carried out on the analytical and
parametric AVMs developed in Chapters 2 and 3 ithb8V-based and EMTP-type
simulators. The purpose of these studies is to eoeniine different AVM implementations in
different software packages in terms of predictihg system performance in different
operating modes as well as under balanced and amded ac side. Before presenting such
thorough analyses, it is useful to further comptre indirect and direct methods of
interfacing introduced earlier. This is the purpa$ehe simulation studies presented in the

next section which will conclude the present Chapte

3.5 Comparison of Direct and Indirect Interfacing Methods

To better demonstrate different properties of theirectly-interfaced and directly-
interfaced AVMs formulated in the previous sectiosisnulation studies are carried out as
follows. For each model, a small integration tinbeps(50us) is used first to validate the
model against the detailed switch-level referencedeh of the system. Then, larger
integration time stepsO5 mandl m3$ are used to compare the performance of the rmodel

The detailed (switch-level) model of the systemg(ffe 2.2) has been implemented in
PSCAD/EMTDC][11]. The example system parameters are providedppendixA.1. The
average-value models are implemented using an EMpé&-algorithm written in Matlab.
Initially, at t = 0, the system is at zero initial conditions whenttiree-phase input source is
switched on. Then, at = 002s, the load resistance is switched from its initialue,
Road =2 Q, to Rgag =1 Q. Finally, the load resistance is switched baclRigq =2 Q at
t = 004 s. Figure3.11 illustrates the waveforms of the dc bigg, vq., as predicted by the

detailed and average-value models. The waveforntseophasea currenti,g predicted by

the detailed and average-value models are supesidpm Figure3.12 (a). A magnified

view of the first cycle is illustrated in FiguB12 (b) for clarity. Studies of Figu®11 and
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Figure3.12 are obtained using the typical EMTP time step0 4s. As seen in Figurg.11,

provided that the chosen time step is sufficiersthyall, both methods of interfacing the
AVMs lead to convergent results. This is expectedbath models have been analytically
derived from the same averaged equations. Howaseseen in Figurg.12 (b), the IAAVM
has noticeable numerical oscillations at startAgp.explained previously, this is due to the
time delay between the ac and dc systems. Excephéostart-up oscillations, the above-
mentioned figures show that both AVMs can produceeptable match with the detailed
switch-level model of the system, provided that thieegration time steps is sufficiently
small.

Next, the effect of increasing the time-step sievaluated. For this purpose, the results
of the previous study (Figu@11 and Figur&.12) as predicted by the DIAAVM are chosen
as the reference solution (labeled as “Ref” in fbkowing figures). The same study is
carried out with the time-step &00 us , and the results are superimposed in Figurg and
Figure 3.14 with magnified views for clarity. These resultemonstrate that the accuracy of
the IIAAVM somewhat degrades compared to the DIAAVMe error is especially well-
pronounced in Fig. Figurg 13 (b), where IIAAVM predicts an out-of-phasepesse. At the
same time, the DIAAVM follows the reference withceptional accuracy even at such a
large time step. This numerical behavior of theireat and direct interfacing methods

becomes even more pronounced using a time-step&iA#0us , which is shown in Figure

3.15.
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Chapter 4. AVM Verification in SV-Based

and EM TP-Type programs

4.1 Example Micro-Wind Turbine Generator System

To demonstrate the properties and benefits of tlezage-value models, a micro-wind
turbine generator system is considered first asctepin Figure4.1. The system parameters
are summarized in AppendiA.2. Such systems may be used to generate power for
telecommunication equipment in the remote areasrevia® electric grid is not easily

accessible.

Wind Turbine PMSG Rectifier Filter dc-dc Converter  Load

*****************

,,,,,,,,,,,,,,,,,,,,

| Pulse-Width Modulator
|

Controller

Figure4.1 Example PMSG micro-wind turbine generator system.

A typical low-cost system consists of a wind tusiooupled to a Permanent Magnet
Synchronous Generator (PMSG) through a gearbox.g€nerator feeds a line-commutated
rectifier circuit, followed by an L-C filter, anddc-dc converter which is connected to the dc

bus. The controller adjusts the duty-cycle and leggs the output voltage to the appropriate
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level, typically 28V dc. This system contains metbal components, rotating machine, line-
commutated ac-dc converter, dc-dc converter, aooh&oller; and is therefore considered a

suitable example system.

4.1.1 Large-Signal Time-Domain Analysis

The example system is first modeled in detail adersing the switching of all diodes and
transistor. The average-value model is then deeelopsing the PAVM for the line-
commutated converter, and the circuit-averagj©83] for the dc-dc converter. In the
computer study considered in this section, the odiarbine system is subjected to the speed
change shown in Figuré.2 (top plot). The transient responses as obserrvelde output
voltage, output current, dc-link capacitor voltaged the duty cycle are also shown in Figure
4.2. It is observed that the AVM of the system medthe behavior of the detailed model
with excellent accuracy.

To achieve accurate results for this study using vtariable-step solver ODE23 in
Matlab/Simulink[4], the detailed model required a total of 386,6B0e-steps whereas the
AVM results were obtained by only 625 time-stepsatal. Relatively small time steps were
required in the detailed model in order to captallethe switching events due to high
frequency switching of the boost converter as aslithe switching of the rectifier diodes.
However, the AVM does not have switching and canekecuted with much larger time
steps. This demonstrates an increase of simulaficiency of 1,951 times to obtain the

results of Figure!.2.
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Figure4.2 Waveforms of the example PM SG micro-wind turbine generator system.
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4.1.2 Small-Signal Frequency-Domain Analysis
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Time (s)

2.5

It is also desired to compare the detailed andaaewvalue models in portraying the small-

signal frequency-domain characteristics of the esystFor this purpose, a small-signal

analysis is performed around the steady-state tipgra@oint corresponding to the shaft

speed of 1500 rpm. First, the control loop is reatband the duty ratio of the transistor gate

signal is fixed to 0.35 to obtain the output vod#agf 28 V on the dc bus. The open-loop

small-signal input-output transfer functidth s (may then be expressed as

H (S) — OOUI(S)

A(s)
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where Vv, is the change in the output dc bus voltage dubesmall-signal perturbation

in the shaft speed. This transfer function incluthes effects of both ac-dc and dc-dc stages
of the system; it is useful to designing the cdfgrpbut very difficult to derive analytically.

It is therefore a suitable measure of comparingditiailed and average-value models. This
transfer function has been extracted using bothetsoand the results are superimposed in
Figure4.3. Since the input is the mechanical speed, qdatily lower frequency dynamics
are of significant importance. Nevertheless, thmilts in Figure4.3 are illustrated for up to
one-half of the lowest switching frequency presenthe system, which corresponds to the
diode rectifier stage, (i.e., 300 Hz). As the shiitgy frequency is approached further from
this point, it would be normal to observe deviatidretween the results obtained from the
detailed and average-value models. In the wholguiacy range depicted in Figude3,

however, the results demonstrate an excellent nitsthieen the detailed and average-value

models.
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Figure4.3 Speed-to-output-voltage transfer function for the example micro-wind turbine system.
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To obtain the results of the frequency-domain asialpf Figure4.3 from the detailed
model (crosses), the frequency sweep method has émeployed which becomes a very
time-consuming procedure especially at low freqyehtowever, the results of Figuke3
using the AVM (solid lines) may be produced verpiddy using the automated linearization
function offered by Matlab/Simulinfd]. At the same time, the results demonstrateoaecl
agreement between the detailed and average-valdelsnm the whole depicted frequency

range.

4.2 Example 3-Phase (6-Pulse) Front-End Rectifier system

Next, a typical medium power frond-end rectifieample system operating at 480V level
is considered. The layout of the system topologsinsilar to Figure2.2 with the exception
that the ac and dc filtering network may take vasiconfigurations. The system parameters
are summarized in Appendi 3. Extensive time- and frequency-domain simulatstudies
are carried out to compare the performance of uarimodels under different operating
conditions. Three simulation software packagescasen to conduct the studies, namely
Matlab\Simulink[4], PSCAD/EMTDCJ[11], and EMTP-R\M12]. These packages have been
used to implement the detailed and dynamic avevafjee models of the system. In general,
it is observed that the results predicted by atiudation packages are essentially identical,
provided the time step and solver properties haenselected appropriately.

For the analyses presented in this section, intiaddio the detailed switch-level models of
the system, three dynamic average-value models bega considered based on AVM-1,
AVM-2, and PAVM. Regardless of the benefits and lieimges of the approaches, all
methodologies, if applied correctly, should leadsimilar results in predicting the averaged
dynamic behavior of the detailed rectifier systesiotw the switching frequency.

The studies that follow consider two topologicades, with and without series filter, and

do not consider any shunt filter branches. Thisah based on the conclusions drawn after

66



the detailed analysis performed in the beginningCbhpter 3. As demonstrated there, if
shunt filters are included, the currents drawn fitva network are smoother than the bridge
currents, since some harmonic content flows thrabhghparallel branches. Other than this,
the performance of the system is quite similar hese cases from a dynamic average

modeling point of view.

421 Steady-State TimeDomain Analysis

The steady state regulation characteristic provalasitable measure for comparing the
performance of various models under different logdiconditions. The regulation
characteristics may be obtained by varying the lwath open circuit to short circuit and
recording the values of the average dc bus voltéegecurrent. These values are denoted by

V4c and iy, respectively. For the purpose of plotting theutation characteristics, the

voltages and currents are typically normalized Hmjirtcorresponding maximum values, i.e.,
open-circuit and short-circuit, as predicted by detailed model. In order to investigate the
operation and performance of various models in Da@hM CCM, the considered rectifier

system is assumed without and with the seriesdccior filter, respectively.

4211 Operationin DCM

Figure4.4 (a) depicts the regulation characteristicsiobthfrom the detailed and average-
value models in the absence of series ac induidter &nd presence of the dc bus capacitor.
The calculated values of the short-circuit curreartd open-circuit voltages are summarized
in Table4.1. It should be noticed that without the ac filteductor and only the network
Thevenin impedance, the short circuit current wdagdextremely high, 1982.3A. In practice,
the system with such configuration and parameigrigdlly operates at lighter loads (mostly
in the DCM or CCM-1) and the operation under heé&vgd current is impractical. A

magnified view of the practical lighter-load regimnprovided in Figuret.4 (b). As seen in
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this figure, the DCM extends up to the 34.5A of #heerage dc current. The regulation
characteristics predicted by the analytical mod&lgM-1 and AVM-2, give a lower voltage
and deviate from the one predicted by the detaleitching model. Observing the results in
Figure4.4 (a), it is also evident that the short-ciraitrent is incorrectly predicted by the
analytical models since these models are not Validheavy-loading conditions in CCM-2
and below. At the same time, the PAVM predicts siaene characteristic as the detailed

model over the entire region from open to shoxtwstr

1 1
Vde | S See Fig. 4.4 (b) Vde DCM
= I o ]l = [<—— Operation
de, oc ™ AVM-1 Vde, oc [ D Region
L L / 1 iy S AVM-1
05| A:;M-Z - 09 / AVM-2
Detailed — T . i ige = 34-5A Detailed — ~ / S
& PAVM e, ] I & PAVM N
0 1 = J 0.9 —
- T 0 0.05 i 01
=19823 A -
Clde ) = (ige=99.1A) =
lde,sc lde,sc
(@) (b)

Figure4.4 (a) Regulation characteristic of the system without ac input filter with dc capacitor; and (b)

M agnified view showing the perfor mance of modelsin DCM region.

To better compare the accuracy attained by theageemodels, the steady state values of
the dc bus voltage and currents calculated by thesgels are summarized in Tade for
two operating points in DCM. The values computedthy detailed model are assumed as
reference. As it can be seen in this table, undavier load,R, =35Q, closer to the CCM
(but still in DCM), both analytical models AVM-1 drAVM-2 under-estimate the dc voltage
and current by about 1.3%. Under a lighter loa®@@M, R =70Q, the error increases to
above 2%, which may still be reasonable for soradiss. Note that the error in dc voltage

and current is the same since all models assumsathe load resistance. At the same time,
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the PAVM predicts the steady state dc voltages amdent in DCM with extremely good

accuracy (up to third digit).

Table4.1 Maximum values of the dc busvoltage and current for different system topologies.

Configuration

Open-Circuit Voltage V¢ oc

Short-Circuit Currentfdc’sc

Without I'5¢, Lgc

669 V

1982.3 A

With I'ge, Lac

648.2 V

98.8 A

Table4.2 Steady-state valuesof the dc busvoltage and current predicted by various modelsin DCM

Models R =35Q R =70Q

Detailed Model igc =186625A igc = 94354A
(Reference) Vgc = 6531879V Vgc = 6604708V

igc =184260A igc =9.2366A
AVM-1 Vge = 6449111V Vgc = 6465652V
error =1.2672% error =2.1070%

igc =184160A igc = 9.2341A
AVM-2 Vgc = 6445613V Vg = 6463869V
error =1.3208% error = 2.1335%

igc =186618A igc = 9.4353A
PAVM Vge =6531625v Vgc =6604708v
error = 0.0038% error =0.0011%

4.2.1.2 Operationin CCM

If the series ac inductor filter is added to thetsyn, the value of the short circuit current
would become 98.8A as shown in Talllé. Moreover, the DCM operation will be limited to
a very small region at the extremely light loadsel@o an open circuit at the dc bus. This will
also improve the ac current waveforms making thenila to the bottom plot of Figurg.3
(a) and reducing the harmonic content. Figuf illustrates the regulation characteristic for
this case, wherein the CCM-1 extends to about 36#%eoshort-circuit dc current and 72%
of the open circuit voltage. In this range of CCiMwihich is the most practical range, the
characteristics predicted by the analytical modéId1-1 and AVM-2 match very closely the

characteristic predicted by the detailed model. €haracteristics predicted by analytical
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models then start to deviate when the system ef@€id-2, and finally significantly over-
estimate the average dc current all the way tosti@t circuit current which is higher by

180%. However, the PAVM matches the detailed mosel the entire region.

— L CCM-1
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— H = Region
Vde, oc |
0.5
0
0 1 2

- ide
(ige=988A)

lde,sc

Figure4.5 Regulation characteristic of the system in CCM operation as predicted by different models.

Table4.3 Steady-state valuesof the dc busvoltage and current predicted by various modelsin CCM-1.

Models R, =35Q R_=70Q

Detailed model igc =16.6247A igc =8.7308A
(Reference) Vge = 5818654V Vge = 6111575V

igc =16.7864A igc =8.8055A
AVM-1 Vyc = 5875247V Vg = 6163853V
error =0.9726% error = 0.8556%

igc =16.7161A igc =8.7848A
AVM-2 Vgc = 5850649V Vgc = 6149369V
error = 0.5498% error =0.6185%

igc =16.6442A igc = 8.7864A
PAVM Vye = 5825479V Vyc = 6150515V
error =0.1173% error = 0.6368%

To further compare the accuracy attained by theameemodels, the steady-state values of
the dc bus voltage and currents calculated by thesiels are summarized in Tade for
two operating points in CCM-1. The values compuigdhe detailed model are assumed as

reference. As seen in this table, under heaviat, |6 =35Q, closer to the CCM-2 (but

still in CCM-1), the AVM-1 and AVM-2 over-estimatbe dc voltage and current by 0.97%
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and 0.55%, respectively. Under a lighter load inMGC, R =70Q, these errors are still

below 1% which is deemed acceptable. The PAVM ptsdlicts the steady state dc voltages

and currents in CCM-1 with great accuracy.

4.2.2 Dynamic Performance under Balanced Conditions

4.2.2.1 Balanced Operationin DCM

Next, the rectifier system is assumed to operathowut the ac filter but with the dc
capacitor as to enable the DCM. In the followingdst the system initially operates in
steady-state in DCM with load®, =35Q. At t =03s, the load resistance is stepped to
R. =70Q, which forces the system deeper into the DCM dpmeraat a lighter load. The
transient responses obtained by the consideredletk@nd average models are shown in
Figure 4.6. The analytical models AVM-1 and AVM-2 preditie dc current and voltage
with reasonable accuracy, including the change perating conditions. The ac current
fundamental component is also predicted by thesdefmowith sufficient accuracy. The
PAVM shows a somewhat higher damping than the atietels but a superior prediction of

the dc voltage.
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Figure4.6 Transent response of the six-pulse rectifier system in DCM predicted by different models.

4.2.2.2 Balanced Operationin CCM

First, in order to compare the transient respoon$élse models, particularly the effects of

the model dynamic order (full vs. reduced), theeseinductor filter is added to the system
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and the dc capacitor is removed from the dc buss #dpology does not allow the dc bus
current to become discontinuous and hence previbat®CM operation. The system will
therefore operate in CCM for all loading conditions

In the next study, the system is assumed to opergitly under a very light load, close

to open circuit condition. Then, at= 03 s, the load resistance is steppedRp =131Q

which forces the dc bus current to increase. Thieesponding transient responses predicted
by the detailed and average models are shown umré&7. As seen in this figure, the new
operating point is achieved in CCM-1 and all modetedict the new steady state with
reasonable accuracy, i.e., the average responselrgaogh the ripple of the waveforms
predicted by the detailed model as shown in Figuve This result is expected and agrees
with the steady state analysis presented earlier.

Taking a close look at Figuee7, however, it is observed that the responsedigiesl by
the detailed model and PAVM include an overshotis Dvershoot in response is possible
because these two models have second order (witheutic capacitor). The AVM-1 and
AVM-2, however, are both first-order (reduced-o)denodels and hence incapable of
predicting this effect. These properties are evidesm the eigenvalues of the system that
have been extracted using numerical linearizatrmhae summarized in Table4 for DCM
and CCM operation. In the right column, correspagdio the same operating point as the
study of Figure4.7, it is observed that the AVM-1 and AVM-2 eaclivé the first order
corresponding to a real eigenvalue. The PAVM, hawetias a pair of complex conjugate
eigenvalues corresponding to an underdamped dscillransient response. The oscillations
are not well observed in Figu#e7 due to the high damping dictated by the laege part of
these eigenvalues. The left column in Tadk corresponds to the DCM operation with the
dc filter capacitor that increases the system obgevne making the AVM-1 and AVM-2 of

the second and the PAVM of the third order.
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Figure4.7 Transient response of therectifier system with ac filter and without the dc capacitor

predicted by different models.

Table4.4 System eigenvalues predicted by different modelsin DCM and CCM-1.

DCM, R =35Q |CCM-1, R =131Q
Model | (w/o ac filter, with | (with ac filter, w/o
dc capacitor) dc capacitor)
-35580, a .
PAVM | _ 46354+14089] 7378+5293]
AVM-1 | —-1186+14129j -10818
AVM-2 | —-1289+14196| -8321

Next, to investigate the performance within diffgrenodes in CCM operation, the dc
capacitor is added to the system. As a resultptber of the system is increased by one. In
the following study, the system is assumed to dtarh zero initial conditions in CCM-1

with the load R, =119Q. At t=005s, the load is stepped t® =2Q forcing the

system into the CCM-2. The resulting transient oese predicted by various models is
shown in Figuret.8. This figure clearly shows that although AVNMaid AVM-2 have been
derived for CCM-1, their transient response dodsemactly follow the dynamic response of

the detailed model. This is due to the reduced+datenulation of the models.

74



140
S
S
—— Detailed
——— PAVM -
—-—- AVM-1
------- AVM-2
0 . .
700
L ,'I'/A \\‘\\ i
§ o \ee—
S 350 ’/ i
A /
I 2 DA
0
120
<
2 0
-120 . . . . .
0.05 0.1

0
Time (s)

Figure4.8 Transient response of the six-pulserectifier system with dc capacitor in CCM predicted by

different models.

The improved model AVM-2 indeed predicts the transislightly better than the classical

model AVM-1, but the effects of reduced-order fofatiwn are still visible. The PAVM, due
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to full-order formulation, perfectly follows theitralization transient including the overshoot
oscillations. Att = 005s, the rectifier system undergoes another transaent transitions
into CCM-2. Both AVM-1 and AVM-2 clearly do not folw this transition very well and
predict higher dc voltage and current. This is exp& as the models were developed
assuming CCM-1 operation. However, the responshefull-order PAVM model is very
much consistent with the transient and new stetatg predicted by the detailed model since

the model has been developed for a range of opgratinditions.

4.2.3 Dynamic Performance under Unbalanced Conditions

4.2.3.1 Unbalanced Operation in DCM

For implementing the DCM operation, the ac inpliefiis removed and the dc capacitor is
added to the rectifier system. In the followingdstuthe rectifier system initially operates
under a balanced condition with resistive logd=20Q . This operating point is close to
the boundary between DCM and CCM-1. tAt 008s, a phase shift of 45 degrees in the c-
phase voltagee.s, is introduced making the three phases asymm@this change in input
voltage throws the rectifier system into unbalanopdration in DCM. Next, at = 011s,
the load is stepped B, =50Q making the DCM operation even lighter. The coroespng
transient responses, as seen in the ac and d¢ ar@eshown in Figuré.9 and Figuret.10,
respectively. As seen in these figures, the heayganetry of the input ac voltages leads to a
pronounced change in the conduction pattern ofeb#fier diodes, making the ac currents
particularly spiky and uneven among the phasesantbe observed in Figudel0 that the
models AVM-1 and AVM-2 do not predict this conditievell by producing larger ripple in
dc voltage and current. At the same time, PAVM appdo predict the dc variables with
much greater accuracy closely resembling the paa#idluctuation produced by the detailed

simulation of the rectifier system.
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Figure4.9 Transent response of therectifier system to a changein ac voltages, leading to unbalanced

operation in DCM, asobserved in the ac currents predicted by various models.
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Figure4.10 Transient response of therectifier system to a changein ac voltages, leading to unbalanced

operation in DCM, asobserved in the dc bus predicted by various models.

4.2.3.2 Unbalanced Operationin CCM

To implement the CCM, the input ac filter is addedhe system, and the dc capacitor is
removed. In the following study, the rectifier issamed to start in CCM-1 with balanced
three-phase source and a resistive l6gd=15Q. At t = 003s, the magnitude of.is
reduced by half leading to unbalanced operation rgmiine rectifier phases. Then, at
t = 006s, the load is stepped t& =5Q, which changes the mode to CCM-2. The
resulting ac phase currents predicted by the modsdsillustrated in Figuret.11. The

corresponding dc bus current and voltage are shiowigure4.12.
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Figure4.11 Transient response of therectifier system to a change in ac voltages, leading to unbalanced

operation in CCM, asobserved in the ac currents predicted by various models.

For clarity of the figures, only the responsesh# tletailed and PAVM models have been

superimposed. The results of PAVM obtained usin@A&3, EMTP-RV, and Simulink are
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all superimposed for comparison, and are essentdghtical. It is observed that the PAVM

predicts the unbalanced operation of the dc anghaables quite well.
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Figure4.12 Transient response of therectifier system to a changein ac voltages, leading to unbalanced

operation in CCM, asobserved in the dc bus predicted by various models.

The time steps needed for simulation by variousetson different software packages are
also tabulated in order to compare these modelgerims of numerical efficiency. The
number of time steps taken by the considered mofielshe study of Figuret.12 is
summarized in Tabld.5. In PSCAD, the detailed model is run usingttipecal EMTP time

step of50 us. In Simulink, a variable-step solver ODE15s been used which dynamically

adjusts the time-step size and may therefore redaiwer time steps as seen in Tablg.
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Here, the maximum allowable time steplohs and both absolute and relative tolerances of
le-4 have been used. As seen in Tdbe the PAVMs implemented in PSCAD, EMTP-RV,
and Simulink require much fewer time steps andtheeefore significantly faster than the
respective detailed models. For consistency, theN#&imulink model was run with the
same solver, ODE15s, step size limits and tolesaasdhe corresponding detailed model. To
obtain a similar result, the PAVM in PSCAD and EMRFR had to use a time step of

200 us and300 us, respectively.

Table4.5 Comparison of simulation time steps of different models

Step Size | Number of
Model (Apt) Time Steps
Detailed - PSCAD 50 us 2,001
Detailed - Simulink | 1ms(max) 1,042
PAVM - PSCAD 200us 501
PAVM - EMTP-RV 300us 334
PAVM - Simulink 1 ms(max) 247

4.2.4 System Impedance Analysis

4241 Steady-State Analysis

Let us first consider the system of Fig@@ fed from a balanced three-phase source and
operating in a steady-state condition defined xed load resistancer, . As discussed
earlier, the harmonic content of the three-phaseents depends on the mode of operation
which is in turn determined by this operating poarid the overall equivalent series
inductance present at the ac side. Performing aid¢foanalysis on these currents and
obtaining the fundamental component, the ac inmeidance of the systei,. as seen
from the input terminals, may be readily establislhg dividing the respective phasors of

voltage and current.
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To investigate the case of unbalanced operatiois, #ssumed that the magnitude of c-

phase source voltagg is reduced by half leading to asymmetry amongeiéfier phases.

The phasor diagrams for the input voltages in ¢hse are depicted in Figu4el3 (a). Since
the input source voltages are known, the respeqosstive, negative, and zero sequence
components may be readily obtained applying thegpjate transformation matripd13].
The phasor diagrams corresponding to these synumetrmponents are also depicted in
Figure4.13 (b)-(d). It was clarified earlier that the aesequence currents will not exist in the
system due to topology even though the zero seguisnaresent in the input phase voltages
of Figure4.13. Under these conditions, the input currenésaamymmetric consisting of the
positive and negative sequences. The symmetric ocnamis of the fundamental currents
may be obtained numerically by performing a Fouaiealysis. The input impedances of the
system corresponding to the positive and negat¢giences may then be established from

the respective phasors as

&
s
+|_ + _ ot it
Zac| =177 UZac =Ueas—Uias, (4.2)
las
+
eCS
e —
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(a) (b (c) (d)
Figure4.13 Phasor diagrams representing unbalanced operation: (a) asymmetric input voltages, (b)

positive sequence, (c) negative sequence, and (d) zer o sequence components.

The values of the above impedances have been taBiula Table4.6 for balanced and

unbalanced operation in DCM and CCM. For DCM operatthe series ac filter inductor is
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removed from the system but the dc capacitor isided. For CCM operation with the series

ac filter inductor, two separate cases (with anttheut the dc capacitor) are considered.

Table4.6 Systeminput impedancein DCM and CCM-1

RL=70Q DCM (vgti'\galp) (v?/g I\c/lsialp)
Zac 3640102°Q | 4080189°Q | 4050169° O
7t 304053 Q | 4001282°Q | 40500163 Q
v 61053 Q 890347°Q | 341035°Q

RL=35Q DCM (vgti'\galp) (VS/S I\c/lsialp)
Zac | 1840121°Q | 2160243 Q | 2150241 Q
zt 154011°Q | 2190301°Q | 2150232° O
7z 31011°Q | 580409°Q | 168071 Q

4242 Small-Signal Frequency-Domain Analysis

Next, the small-signal output and input impedaraepredicted by the average models are
compared to the reference (the detailed model) tiisrpurpose, the rectifier system is first
assumed to work in the steady state operating pleifimed byR, . Based on the discussions

of Section2.5, the small-signal impedance of the system logpknto the dc bus is then

considered as

v,
ZdC:#' (43)
~ldc

The resulting impedances calculated using diffeneatlels are shown in Figudel4 (top
plots) for CCM operation defined b, =131Q with the ac inductor filter but without the
dc capacitor. For the purpose of extracting thipadance from the detailed model the data

points for the magnitude and phase (crosses) hase bbtained using the frequency sweep
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techniqgue. However, for the average models, thaulteesmay be obtained almost
instantaneously using the numerical linearizatidfered by Matlab/Simulink[4]. As
expected, all models predict inductive-type impeganwith the analytically-derived
reduced-order models AVM-1 and AVM-2 being lessumate than the full-order PAVM.
Extracting the positive and negative sequence i@pees looking into the ac terminals
and mapping the impedances for various harmonitdeaxtremely useful for analyzing the
impact of the rectifier loads on the ac networle fystem stability and power qualiti4],
[92]-[97]. The necessary considerations for evaluatuah small-signal characteristics were
discussed in Sectia&5. Adopting that approach, the final 4-by-4 im@ece transfer matrix
is then defined by (2.30). To give an example,(fh&) element of the transfer matrix (2.30),

the impedanceZqq, has been calculated for all considered modets tia result is shown in

Figure4.14 (bottom plots). As seen in this figure, oviertlle system has an inductive-type
response with the detailed switching model andRA&M clearly showing a higher order
response and a close agreement as compared to/tfiell/and AVM-2, which are reduced-
order models. This figure also illustrates that &\éM-2 does show an improvement over
the classical model AVM-1 especially in predictittge magnitude in the high frequency
range.

As discussed earlier, the impedance seen fromdlsida, in addition to including the ac
input filter, also maps the dc side load impedas@appeared through the rectifier switching
cell. This impedance therefore depends not onlghoramics of the load and filters, but also
on the operational mode of the rectifier. To demiae the effects of the dc side on the ac
side impedance, the dc capacitor is added to ttdiee system and the ac side impedances

are calculated using the detailed and average motleé impedance&yq andZyq, i.e., the

first row of the transfer matrix (2.30), are showrFigure4.15. The second row impedances
are obtained similarly and would essentially rdflde same properties of the modes. The

effects of the dc capacitor can be clearly seeallirplots of Figure4.15. This effect is
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particularly pronounced in the range of high freugies inZyq. This figure also shows that

the full-order PAVM predicts the phase and magretud both impedances with great

accuracy.
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Figure4.14 Dc-sideimpedance Z . (top) and ac- sideimpedance qu (bottom) of therectifier system

in CCM-1 with input ac filter but without dc capacitor predicted by different models.
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input ac filter and dc capacitor predicted by different models.
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425 Conclusion

In this Chapter, the performance of analytical @adametric dynamic average models,
implemented in SV-based and NA-based programs, eampared through extensive
simulation studies in time and frequency domaingenivarious loading conditions as well as
for the cases of balanced and unbalanced excitaBenerally, it is concluded that the results
obtained by different software simulation packages essentially identical, given the time
step and other solver properties are appropriaéelysted. Also, it is concluded that,
although analytically-derived models AVM-1 and AVRI1possess reduced dynamic order,
they can be effectively used for the transientisgigh CCM-1 (and in the vicinity of this
mode). The PAVM model is shown to have great aayuaer a much wider range of
operating conditions covering both DCM and CCMslalso demonstrated that such models
can accurately predict the small-signal impedaridbe system as seen from either ac or dc
sides. Based on this conclusion, the parametricoagp is considered in next Chapter as the
basis for developing a dynamic AVM for machine-fet-pulse converters taking into

account the effects of losses in the diode bridgeell as the machine losses.
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Chapter 5: Inclusion of Lossesin Machine-

Fed Converter Systems

5.1 Introduction

The previous Chapters were focused on the voltagezs-fed line-commutated converter
systems (Case | in Figurkl) such as the variable frequency drives thatfedslefrom the
power network. As discussed in Chapter 1, anotreegory of the line-commutated
converter systems is the rotating-machine-fed syst@ases Il and Il in Figurke 1) that are
widely encountered in applications such as theildiged generation systems and the electric
systems of vehicles.

In the design stages of vehicular power systemsticpkarly, numerous computer
simulations are typically run many times for cortcepaluation, prototyping of new power
train, design optimization, evaluation of energy doel efficiency under various driving
conditions, reliability assessment, ¢18]. Accurate dynamic models are then required for
large-signal time-domain system-level transientigtsi as well as small-signal frequency-
domain stability analysis and controller designisTiecomes a problem, especially when the
alternator-rectifier system is just a part of theger, more complex and diverse vehicular
system containing electrical and mechanical compenwith a wide dynamic range and
spread of time scales. Moreover, for multi-objeetparameter optimization studigs4], for
instance, simulations of such systems may run pialtimes (in a loop) and the overall

computing time could become quite significant. Hfere, employing dynamic average
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models instead of the detailed switching modelsxgemely beneficial for such analyses
conducted on vehicular power systems.

As discussed in Chapter 1, however, the existireyage models for machine-converter
systems typically neglect the losses in the sysidra.main sources of losses in such systems
are diode conduction losses in the bridge and thehime rotational losses. The effects of
these losses are particularly important in lowdtage applications such as vehicular power
systems that typically operate at 12-14 V dc. lehsgases, the typical diode drops are
significant with respect to the output voltage wahnd their effects are hence pronounced.
Moreover, typical car alternators have a low eéfimy due their particular structufel5],
[116] which demands for appropriate consideratibthe machine losses to achieve accurate
system modeling.

The focus of this Chapter is the dynamic averagéetiag for machine-fed converters
taking various sources of losses into account.thigrpurpose, the parametric methodology
[70], is extended to include the machine rotatioltases as well as the diode bridge
conduction losses. First, a brief description oé ttonsidered vehicular power system
structure is presented. An example vehicular posystem is then considered with the
parameters provided in Appendix4. The detailed and dynamic average modelinghef t
system including various losses is presented ridw. developed models are verified using

experimental data and simulation studies.

5.2 ExampleVehicular Power System Architecture

The most common mass-produced vehicles are basedeopower system architecture
shown in Figureb.1. A typical configuration includes an alternatectifier system which is
driven by the internal combustion engine (ICE)nlost cases, the alternator-rectifier system
consists of a synchronous machine with wound figldding and a diode bridge which

rectifies the three-phase output voltage to sugipdyinternal electrical system with 12-14 V
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dc (or a dual 12- 42 V dc). The rectifier is usygdhckaged inside the alternator, whereas an
LC filter may or may not be included. Since theiaegspeed varies over a wide range, the
field current is adjusted, by means of a closegblgoltage regulator, to obtain the desired
voltage level. This system supplies power to theoraotive dc subsystems and energy

storage elements (e.qg., battelfie%7]), as depicted in Figufe1.

DCBus
Pry (12...14 V)
o [}
1C E * : >
Engine .
Rectiﬁ}eb | DC System
Low P L
Pm Prot_loss Pac Pbr Pdc (Low Power Loads)
Cu Energy N
Storage -
LV Battery

Figure5.1 A typical vehicular electric power system and its power conversion chain.

The claw-pole, also known as “Lundell”, alternatsr the most common type of
synchronous machine in automotive applicationss &lternator is similar to standard wound
rotor synchronous machine in functionality but has different internal structure.
Concentrated stator windings (1 slot/pole/ phase)aégso used to minimize cost. The claw-
type rotor geometry and concentrated stator wirglilgad to voltage and/or current
harmonics. Precise dynamic characterization of kllnghachines conventionally relies on
the detailed finite element (FE) analy$kl8]{120] or the magnetic equivalent circuits
(MEC) [121] (which is not available in commonly used siation packages), both of which
are computationally very expensij22]. As a compromise between model complexity and
computational efficiency, a fourth-order coupled:zait model of a claw-pole alternator has

been proposed ifiL23], where harmonic effects introduced by rotaliency, concentrated
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stator windings and stator slots, as well as magsaturatiorf124] have been included. The
resulting model is shown to be more accurate hilicensiderably complicated compared to
standard models of synchronous machibés.

For simulation of automotive alternator-rectifigtseems, and particularly from a system-
level point of view, accurate representation of édlternator structural details may be of less
interest. Therefore, the standard synchronous maamodels in physicalapc) variables,
that are numerically efficient and considerablyslesmplicated, may be used to provide a
reasonable accuracy. However, due to their spestalcture, the 14V Lundell-
alternator/diode-rectifier systems are well knownhtwve a relatively low efficiencji15],
[116] and the amount of iron core losses is pddity significant in such machines. To
achieve accurate system modeling, appropriate septation of the losses present in the
system is then of critical importance.

In the next sections, detailed and dynamic averagdeling of the claw-pole Lundell-
alternator-based automotive power system systermperiormed with the special focus on
effectively including the effects of the lossender to accurately predict the power chain in

the system.

5.3 System Detailed Model

In the vehicular power system of Figubel, the power conversion chain from input
mechanical powerR,, at the alternator shaft, to output electric powRy, at the dc bus, is
also illustrated. As shown in this figure, the impat losses in the alternator include the
stator copper lossF,, combined rotational and core losB |oss, and the excitation

(field) winding loss Py . Other types of loss in the alternator include In@@acal losses

(friction, windage effect, etc.) as well as theagtlosses which may be challenging to

qguantify independently. The approach used in thpler lumps these losses into the
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rotational losses while characterizing the lossesthe alternator. Therefore, all these
rotational, stray, and iron core losses of theradttor are combined and represented by

Pot loss in Figure5.1. Finally, the difference between the electrpalver at the ac and dc
terminals, denoted bf2,. and Py, respectively, is equal to the diode bridge condacioss

denoted byR,, .

A circuit diagram of the alternator-rectifier-baftesystem of Figur®.1 is depicted in Fig.
2 (top). The assumed voltage regulator-exciter, Eigbottom), is used to regulate the dc
voltage through the field excitation adjustmenteTystem parameters are summarized in
AppendixA.4. In detailed model, the alternator synchronmashine is represented in terms

of physical @bc) variables.

Rectifier Battery Load

Alternator ije load

Vref

Voltage Regulator-Exciter

Figure5.2 A circuit diagram for automotive alternator -rectifier-battery systems (top) with atypical

voltage regulator-exciter (bottom).
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5.3.1 Representation of Rotational L osses

To represent the iron core losses, which havetresiaature (due to eddy currents) and
are significant in this type of machine, the apploaonsidered here consists of introducing
an additional short-circuited three-phase windifgbc2?) to the stator side such that its

resistancer, would dissipate the real power. The machine mtussiefore becomes similar

to a six-phase synchronous machine mg#i2b] with one set of windings short circuited.
The classical representation of iron losses typjicabes a single resistor that can only
represent the losses at one particular frequen@pefation. Including an additional set of
winding, however, allows for inclusion of losseseowa range of frequencies. Using the
curve-fitting techniques, the winding parametersyrba then obtained such that the loss
characteristics predicted by the model would mateh actual loss characteristics over a
winde range of frequencies. The adopted concepimdar to using RL ladder network in
order to model the core losses over a range obti&egjes in magnetic and electric equivalent
circuits[126], [127].

Since the purpose of this additional winding is represent the losses, its angular
displacement is not relevant. Without loss of galiigt the windingabcs 2is then assumed
to be in the same angular position as the mairorstainding abcs. This choice of the
winding location significantly simplifies magnettoupling among the windings making it
easier to determine the corresponding parameters.

The parameters of additional windirepcs de calculated based on the experimental
measurements of the alternator losses. To medseiledses, a variable-speed dc machine is
employed as a prime mover while the alternatoost&rminals are kept open-circuited. For

a fixed excitation current ofig =2A, the open-circuit stator phase voltage and the

mechanical torque on the shaft are measured whiée ghaft speed is varied. The

corresponding measured losses are summarized iandippA.4. As mentioned earlier, this
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measurement combines the rotational, stray, and ¢aye loss into a single lumped loss
characteristic. Since the stator back emf voltagdsiced in windingabcs 2vary linearly

with speed, the variation of losses with respe¢héback emf is quite similar in shape to the
variation of losses with respect to the shaft speegarticular, the measured characteristic is

then approximated by a quadratic expression as

_E}
IDrot_loss(Ea) - (5.1)

e
where E; is the back-emf induced in the additional windiagc2. Since the additional
windings abcs2 are similar to the stator windingabcs, their back emf are equal to the
open-circuit stator voltages. The value rgfis then obtained using the least square curve-
fitting method to achieve the best fit for the measl loss characteristic (5.1). The result is
given in AppendixA.4.
The final machine model in phase coordinates is thescribed by the corresponding

voltage, flux linkage and torque equations as

Vabcs r« 0 O —lapcs q Labcs

Vabzs =0[=| 0 re 0 || ~iapes +a Labes | (5.2)
| Vid 0 0 reg|| i Atd

)Vabcs L S L dls2 L Sr (9r ) =i abcs

habezs |=| L as2 Ls Lsr(er) —laps |» (5.3)
L /]fd Lrs(er) Lrs(er) I—fd ifd

(P . T 0 , .,
Te= ) ('abcs""achs) W[Lsr(gr)] I'td » (5.4)

r

where Vgpes, 1apes @Nd Agpcs are the stator phase voltage, current and flkatie vectors,

and vy, isqg and Agg are rotor-winding voltage, current and flux linkagespectively.

Also, Vapos, labws and hgpeos are the voltage, current and flux linkage of teeand set
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of stator winding. The diagonal matrices andr. contain the stator winding resistance and

the resistance corresponding to the combined lpss=pectively. The field winding

resistance and inductance are denotedgyand L¢q. MatricesL g and L g (Hr) represent

the stator winding self- and mutual-inductances #rel stator-to-rotor mutual inductances
respectively. The anglé, denotes the rotor position. The detailed expressior these
inductance matrices may be found[&1]. Note that since the additional stator windisg
chosen to have the same angular displacement asghkar stator windings, the inductance
matrix is considerably simplified compared to aghase synchronous machine with shifted
sets of windingg125]. Matrix L gs» contains the mutual inductances between the twg se
of stator windings and may be expressed similé@lych a choice of winding displacement
also simplifies the expression for electromagnétiue (5.4). In (5.4),P denotes the

number of poles. I, (6, ) and i%y, all quantities are referred to the stator side.

5.3.2 Vaerification of Detailed M odél

Next, the detailed model of the alternator-rectiBgstem is experimentally verified. For

this purpose, the field winding is supplied witlt@nstant dc source ofsy = 64V, and a

resistive load, R, =115Q, is directly connected to the dc bus. A dc machiwéh

adjustable speed, is coupled to the alternatorntalae the changes in engine speed. A
transient study is carried out in which the altéonapeed is varied as shown in Figbt8
(top plot). The recorded speed waveform is alsal wsethe synchronous machine speed in

the detailed model simulation studies.

The resulting measured and predicted dc bus vgltage as well as measured and
simulated waveforms of the stator phase currggt,and stator line-to-line voltagergy, s,

are illustrated in Figur&.3. For better comparison between the measuredsimmalated
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waveforms, the dc bus voltagesy:, and stator currents,g, are superimposed and a

zoomed-in view is also provided in FiguBe3 (two bottom plots). An excellent match
between corresponding waveforms in Figbt8 implies a good accuracy of the detailed
model, which is considered acceptable for the peegpof dynamic average modeling

methodology presented in the later sections.
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Figure5.3 Measured and simulated detailed responses to speed increase observed in the dc and ac

sides.
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5.3.3 Battery Modd

To complete the system depicted in Figdté with the energy storage, the following
methodology was considered to model the batteryileMine proposed methodology is
independent of battery type, a commercial lead-detery for automotive application is
considered in this paper with the details summadrize Appendix A.4. The battery is
represented by its equivalent circuit as depicte#&igure5.2. It is well understood that the

battery open circuit terminal voltag®,., and the equivalent internal resistangg, vary
significantly depending upon its state of chajy28]. A state-of-charge model is employed
here, wherev,. andr, are approximated by polynomial functions of thatestof discharge.

A similar battery representation has been usedqusly in the modeling of electric vehicles

[129] and[130]. In[130], accurate results were obtained using fitlgige polynomials

5 .
Voc=do+ zaj (1_Q)J , (5.5)
j=1
5 .
h=Bo+ Y. B51-Q), (5.6)
j=1

where Q is the relative state of charge (SoC), and théficents o and B; are extracted

experimentally. The relative SoC is expressed as

1 .
Q = Qinit +mﬁ'bm(’)d7' (5.7)

where ip,(7) is the battery charging currer@y;; is the initial relative SoC, an@ay is

the battery capacity (Ah). According to (5.7) anigufe 5.2, the current drawn from the

battery is simply-ipzt -
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54 System Dynamic Average-Value Modeling

54.1 Alternator Model in Transformed qd Coordinates and Variables

The developed AVM employs the classicql rotor reference frame to model the

alternator in transformed coordinates and varialles general theory afd model of a six-

phase machine with two sets of arbitrary shiftedostwindings has been set forth[#25].

However, since in the detailed model developedhm previous section, the two sets of

windings are aligned, the complexity of the modél5] significantly reduces. In particular,

to obtain the transformation matrix for represemtihe variables in the so-called rotor

reference frame, the general reference frame twemstion matrix (2.7) is adopted with the

angle set to the rotor angé :

KS:Z sing; sin(ﬁr —Z—HJ sin(
3 3

1 1
2

2

cost, 005{49Ir —2—”) co{é?r +2—7Tj
3 3

6, +2—”j |
3

1
2

(5.8)

The abc variables for each set of the three-phase windargstransferred into the rotor
reference frame. Applying transformation (5.8) 3a@2j—(5.4) and algebraically manipulating

the results, the final state model can be compaasiyessed as follows:

dy .

dfs :%(réqs—%lﬂds+vqu. (59)
d .
%z%(réds*‘%‘/lqs*'vds]- (5.10)
di .

d(t:l S :a)o[rclqzs—%wdzs +Vq23j. (511)
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d :
%:%(rd d23+%‘//q23+vd25]- (5.12)

d¢'sy
dt

:wo(‘f%di'fd +V'fd)- (5.13)

Here, «y, is the base angular frequency, anddenotes the rotor angular speed. Without loss

of generality, in (5.9)-(5.13), the flux linkagedl Y and the inductancesL( have been
replaced by flux linkages per second ) and the reactances ), respectively, according to
the following relationships:

W=wpd, X=ayl. (5.14)

The expressions for currents are derived from lihelinkage equations as:

s = (‘//qs _‘ﬂmq) . (5.15)
Xs
o = - Was¥ma) (5.16)
Xs
e = W s ~%mq) _ (5.17)
X|2s
i gos = — (‘//dZS _‘//md) _ (5.18)
Xi2s
g = Wi '_‘//md)_ (5.19)
Xifd
11 1)
S O S | (5.20)
2 {qu Xs X|ZSJ
-1
xad=[i+i+ 1 +,iJ | 5.21)
Xmd Xs Xi2s N
‘//qs ‘//qZSJ
1/ =X —_—t . (5.22)
md aq(xls X125
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_ [ Wds  Was  Y1d
Ymd = Xad + +— . (5.23)
" 2 ( Ns  Xi2s  Xid
The torque equation in the rotor reference franebees
_(3\(P) 1 [ . . . .
Te= 52 a Wdadgs ~Wqs'ds t¥ @ dqps ¥ @dd2s)- (5.24)

The model (5.9)—(5.24) is relatively simple andywebnvenient to implement. Finally,

Figure5.4 shows the equivalent circuit of the alternabmdel inqd coordinates. This final

model is used for the developed average-value model

w X
T 2
— Vo —Ls
i e
4z ' Y Y
7
o, Xlg
. r — Wgs
qu N O)b (l)b
— S5 MA N Y Y
i
= N\
Xmg
Vqs (UN
()
T X
qus 12S
idZS &
0% Xls xllfd
A 7 \’Iqu }"' .
l ds s mb (Db mb fd l/fd
5 M D YN A Y\ M\~
N Y n
Xmd
Va Vi
S (Db h

Figure5.4 Equivalent circuitsof the considered alternator model in g and d axes.
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54.2 Average-Value Modeling of Non-ldeal Rectifier

The parametric approach discussed previously setageaveraged rectifier dc voltage and

ec

qds and i"C through (2.24) and (2.25).

current, Vg andigyc, to transformed ac variables qds

For the case of an ideal bridge which was assumpt0], the first relationship is

Visd = a0, (5.25)

where a (.) is an algebraic function of the loading conditiokwever, in low-voltage

automotive applications, the losses due to theedfodvard-voltage drop can be significant
(this is simply because the voltage drop of the tenducting diodes in series, which may be
on the order of 1.2 to 1.5V, will be more noticesabl proportion to the output voltage, here
about 12V) and it is imperative to take such lossg¢s account. In the case of detailed
switching model, the non-ideal diode can be represeby a series connection of an ideal
diode, a resistor and/or a constant voltage souraarder to account the typically series
losses in the bridge. The series losses (the datde forward voltage drops) would cause an

unknown equivalent drop in the output average geltdenoted byeq qrp - Considering this

effect, (5.25) can be extended for the case ofideal diodes as

_ A Veqdrp |- o
(0%0d = @O ~Veg arp) = a(D(l—%jvdc = 0/ (Wge. (5.26)
C

Here, a' (.) is a new parametric function which also includes effect of diode voltage

drops on the dc bus voltage.

The dc and ac side currents are related similkdythe case of an ideal bridge:

ige = B0

ngsu, (5.27)
where S (.)is another parametric function of the loading atiads. If it is desired to extend

the above equation to include the effects of sHasses in the rectifier, the parametric
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function S (.) should be modified tg5' [ (@iccording to the unknown equivalent shunt current

leqsh as:
idc _i_eq,sh =B Hfads” ' (5.28)
lac = A3 [Gaq +eqsn= BB 1+ﬁ el =70 iG], (5.29)
qd

Although representing shunt losses may be impoftanhigh voltage applications (e.g.
HVDC) where the snubbers and voltage balancinguitgccause additional losses, such
losses are typically negligible in the low voltagetifies due to good insulation and small
reverse current of the diodes. Therefore, (5.27) rha considered sufficient for the

automotive system considered in this paper.
To complete the model, the angle between vecWgs and igqs is expressed based on

Figure2.4, setting the arbitrary reference frame to rotberence frame:

=r =r il

A= arctan 98 |- 5 = arctar 198 | - arctan Y9s |. (5.30)
-r =r il
lgs lgs Vas

Instead of deriving analytical expressions &r , (§'(.) and ¢ (.), these functions can be

extracted numerically from the detailed simulatiéior compactness, these functions are

expressed in terms of dynamic impedance of thdiercswitching cell defined as

7= _Vdc _ (5.31)

A transient study is carried out in which the lgadistance is slowly changed in a wide

range from 0.0 to 100Q . The numerical functiong’ (.)8'(.), and ¢ (.)together with the

impedance,z, are then calculated for each point using (5.26)29), and (5.30). These

functions are stored in look-up tables and usethénaverage-value model implementation.
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Using the modified switching model with non-ideabdks to extract the average-value

model parameters, the effects of diode non-idealiind rectifier losses are automatically

included into the numerically calculated paraméiniactionsa’ (), 5'(.) and ¢ (.).

To demonstrate the improvement achieved by inclytiwe rectifier losses, the parametric

functions a’ (), B'() and ¢ (.) have been extracted for both ideal and non-idectifier.

The results for both cases are superimposed inré-ly6. As this figure demonstrates, the

effect of forward voltage drop is more pronounceteavy loads as the impedanzgor the

output dc voltage) decreases. For completenessjallnes of parametric functions are also

given in AppendixA.4 for the non-ideal rectifier.
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Figure5.5 Parametricfunctionsconsidering ideal and non-ideal rectifier diodes.
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55 Case Studies

The new AVM developed in the previous section hasenb implemented in
Matlab\Simulink[4] and verified in a number of studies presentetehThe block diagram
of the overall combined model of the vehicular egstis depicted in Figurg.6. This figure
also shows the input and output variables of threesponding subsystems. In the following
study, it is assumed that the alternator field wigds supplied from a constant dc source of

Vig = 64V . Similar to Section 5.2, a resistive loadRf =115 Q is assumed to be directly

connected to the dc bus. To verify the considerddildd and the average-value models, the
same speed variation as in the studies of FiguBeis assumed here. The corresponding
simulation results are superimposed in Figowé It should be noted that this study has also
been considered for verifying the detailed moddehwihe experimental results presented in
Figure5.3. As seen in Figurg.7, the transient responses predicted by the pempaverage-
value model precisely follow the averaged behawibthe detailed model (and measured
waveforms from Figur&.3) throughout the whole speed variation region.

In order to demonstrate the improvement achievethbyproposed average-value model
with respect to the previously established AYRO] that assumes an ideal/lossless rectifier,
the results predicted by AVNFO] are also provided in Figu®7 (right plots). As seen in
these plots, the AVM70] overestimates the dc bus voltage and currenalse the bridge
losses are not considered. The output (dc) povestigted by this model is also significantly
higher. At the same time, the proposed AVM predicis-zero rectifier losses (see Figure
5.7 bottom subplot) and remains in close agreeméhtthe detailed model throughout the

transient study.
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Figure5.6 Block diagram of the overall combined model depicting subsystems and their inputs and

outputs.
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Figureb5.7 System responsetotheincreasein alternator speed as predicted by the detailed and

aver age-value models under fixed excitation.

105



Next, the voltage regulator-exciter is added to giigtem to regulate the dc bus voltage.

The reference voltageyes, is set to 14 Volts. The same speed increase @fr&b.3 is

considered here. Figue8 shows the transient responses in excitatidd/Garrent and the
dc bus voltage obtained by the detailed and thpqs®d average-value models as a result of
the considered speed increase. As can be seemunef.8, the transient response of the

closed loop alternator-rectifier system is prediotery well by the proposed AVM.

2500 T T T

2000

1500

Speed (rpm)

1000

500 | | |

i (A)

\% de (V)

Detailed AVM
6 ! ! !

0.2 0.4 0.6 0.8 1
Time (s)

Figure5.8 Input speed, excitation (field) current and the dc bus voltage predicted by the detailed and

the aver age-value models when the system uses the voltage r egulator -exciter.

In the next study, the battery is connected todih®us in parallel with a variable resistor

that represents the equivalent electric loads énvithicle. The reference voltaggs is set
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to 13.55 V to maintain the desired charging curgdrz.6A into the battery. The value of this
current is adjustable and it will determine howt i battery will charge during the driving
of the vehicle. The battery is assumed to havealn80C of 95%. The study carried out
demonstrates the system dynamics during the erggceleration. For this purpose, the
alternator is accelerated from 950 rpm (i.e., ttke iengine speed) to 4000 rpm. The
corresponding voltage and current waveforms atdibéous are illustrated in Figu®9,
together with the battery current and the relaBe€ in percent. Overall, an excellent match
is observed between the system responses predigtéite average-value and the detailed
models, apart from the switching ripple preserthmdetailed model.

To demonstrate the effects of various losses ptesdhe system and the effectiveness of
the proposed AVM in predicting the complete powenwersion chain, the alternator input

mechanical powerP,,, and the rectifier output dc poweFy., have also been plotted in

Figure5.9. For better clarity, in the right corner bottqiot, various losses in the system
have been superimposed and compared. In this duloplly the average model results are
shown, whereas the detailed model responses atlarsamd omitted for clarity reason only.

As seen in Figur&.9, the unique feature of the proposed averageehmedthat it can
predict the whole power conversion chain in thetesysequivalent to using the detailed
model. As observed in this study, the amount ofdgasis significant and consistent with
typical Lundell-Alternator-Rectifier systems preugdy described in the literaturd15],
[116]. This application also clearly demonstrates heed for inclusion of the losses in the
system-level models. Note that even the diode bridgses are significant since the current
drawn from the dc bus can be quite high in sucbraative systems.

The numerical efficiency of the proposed modelvaleated next. The computer studies
were carried out using Matlab\Simulink software cema personal computer (PC) with a 2.4
MHz AMD 3800+ processor. To achieve accurate reswith the detailed model, it was

found that the variable-step solver ODE15s withaximum allowable time step of 0.0001s
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was needed. To obtain the results of Figu@ the detailed simulation took 10.28s of CPU
time requiring a total of 79,512 time steps. TheM\oes not have switching and can
execute with much larger time steps. With the maxmallowable time step of 0.01s, using
the same solver settings, the AVM simulation toak48 of CPU time requiring only 1,645
time-steps. This demonstrates almost two ordemajnitude improvement in simulation

speed for obtaining essentially identical systeweli¢ransient results.
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Figure5.9 System response during the engine acceleration from 950 rpm to 4000 rpm predicted by the

detailed and proposed aver age-value models.
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Another very useful feature of the developed AVMtss application to the small-signal
analysis of the considered system, which can b&waeth very efficiently using numerical
linearization (available in all state-variable-bésémulation tools such as Simulif). This
type of analysis cannot be conveniently performgidgithe conventional detailed switching
model. To demonstrate this feature, the contradtput transfer function of the system,
from the field (excitation) voltage to the dc bugpmut voltage, has also been extracted using
both detailed and average models. Other systenhdearesfer functions (e.g., from the shaft
speed to the output voltage, etc.) can also bdaigbbtained by numerical linearization of
the developed AVM. A small-signal analysis has bperformed around an operating point
corresponding to the engine speed of 1520 rpm leadutput voltage of 13.55V. The small
signal perturbation is then only injected in theldivoltage and the speed is kept constant.
Figure5.10 shows the Bode diagrams of the resulting systansfer function. As this figure

demonstrates, the average model predicts the sigalld characteristics of the system with a

superior accuracy.
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Figure5.10 System transfer function from thefield (excitation) voltage to the dc bus voltage predicted

by the detailed and aver age-value models.
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Chapter 6: Generalized Dynamic AVM for

High-Pulse-Count Converters

6.1 Introduction

As discussed in Chapter 1, several AVMs for coraresystems with the number of pulses
more than six have been developed in the literatast existing models are derived for a
specific topology and have a limited range of aacur The objective of this Chapter is to
develop a methodology that could be applied to rs@tyork- or rotating-machine-fed high-

pulse-count converter system.

6.2 High-Pulse-Count Converter System Structures

The general structure of a high-pulse-count coeveslstem, wherein the number of
phases is considered to be a multiple of threesoted in Figuré.1. The most-commonly-
used numbers of pulses are 12, 18, and 24, comdsmp to 6-, 9-, and 12- phase ac
subsystems, respectively. Depending on the apjicahe system may be fed from a three-
phase power network, represented by its Thevenuivalgnt, as in Case |, or a single
rotating machine (generator) as in Cases Il andilithe first two cases, the three-phase
voltages at the input are transformed into mulegeEhvoltages at the output, using a 3-to-n-
phase transformer. Alternatively, in Case Ill, #heswlti-phase voltages are directly
produced by means of a multi-phase generator. \ aase, the resulting multi-phase

voltages are fed into several bridge rectifierg #ra interconnected at their dc sides through
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an optional Inter-Phase Transformer (IPT) followsdan optional dc filter network. The
bridges, in general, maybe interconnected in varmanfigurations, i.e., series, parallel, or a
series/parallel combination. The overall systemmadtely feeds a dc system (load) as

depicted in Figuré.1.

AC System Rectifier Bridge
Bridges Interconnection
Case I lasgy. | Ldel (Series/Parallel )
i — L T and Inter-Phase )
3-Phase , JJ: - * Vel Transformer DC Filter
];lStgbuElon lap| 3 phase fasex-2 1 - (Optional) (Optional) DC
eeder (or = —
; System
Transformer) top { . ) ige ||"de Lge Y
] n-phase | — L~ — HAawv o
. ic :
Case I :p Transformer|— . ] VT‘__r n
3-Phase 1as gy [ dc2 .
Rotating _fserl j . . Vde C=L [|Load
Machine . A -
igs . .
M Yabe,sgy_ g N )
Case III: Vo La’gn
Multi-Phase . . . — +
Rotating 5 las ex-nge;  labe, Sex.-"lset — * Vien
Machine W -

Figure6.1 Classification of high-pulse-count rectifier systems.

The particular emphasis of this Chapter is on modebf the multi-phase transformer
associated with the first two cases. In the acysibm of Figures.1, the secondary voltages
are divided into several sets of three-phase ve#tdlgat are supposed to be equally shifted in
phase. In the case of a 6-phase (12-pulse) comydreetwo sets of 3-phase voltages at the
output are typically required to be shifted by 8€ceical degrees. In Cases | and Il in Figure
6.1, such voltages may then be readily obtainedigusi wye-delta connection on the
secondary side of a conventional 3-phase transfowith two sets of secondary windings.
The displacement angle of 60 degrees, instead dEegfees, is also sometimes considered in
12-pulse converter systems, especially for macfedesystemg74], i.e., Case lll in Figure

6.1.
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In converters with higher numbers of pulses thanti@ output 3-phase sets are typically
shifted according to the following:

Buisp = %360’ =1 360=—1 100, (6.1)

Nph Nset
where p, npp, and nge are used to denote the number of pulses, phasdsheee-phase

sets, respectively. In general, the desired slsft obtained using the appropriate
interconnection of the windings at the secondatlg sif a 3-phase transformer with several
segments of secondary windings. The terminologyl tiseoughout this thesis is that, each of
the three-phase groups of windings on the secorgldeyof such transformer is denoted by
“segment” because these windings are interconnectedder to produce the final “sets” of
extended secondary windings. However, one of tHesd sets of extended secondary
windings is typically composed of only one basensexgt. In the simplest and exceptional
case of 6-phase transformer discussed above, imathskts are each composed of only one
segment of the secondary windings; hence no digimbtias to be made between the sets and

segments therein. In general, however, the numbsegmentsngeq is equal to or greater

than the number of final three-phase s&js.

For the purpose of discussions, an example 400tdeafti power system with the 9-phase
(18-pulse) rectifier topology shown in Figu&2 and the parameters summarized in
Appendix B is considered in this thesis. The presgtranalyzes, however, can be readily
extended to any multiple of three phases. As sedfigure6.2, a three-phase source feeds
the 3-to-9-phase transformer which in turn is cate@ to three bridges at the secondary
side. The displacement angle between each set ltdges at the secondary side of the
transformer is 40 electrical degrees as dictate(by. Without loss of generality, herein the

bridges are connected in parallel without an iptesse transformer and feed the dc system
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through an optional capacitor as the dc filter. Heeload is represented by its equivalent
resistance denoted 4y .

Several configurations of the magnetic core andheotions may be considered for the 3-
to-9-phase transformer of Figuée2 [131], [78]. For example, in the configuration depicted
in Figure6.3[131], the transformer has a conventional threeskegcture with a primary set
of windings and five secondary segments of windifddse primary and secondary voltages
corresponding to the configuration of Fig& are illustrated in Figuré.4 (top diagrams)
with the three sets of evenly shifted secondaryagals shown separately (bottom diagrams).
In this figure, it is illustrated how the windingmnections on the secondary side result in the
shifted sets of voltages. According to these diagran order for the secondary voltages to
be equal in magnitude and evenly shifted in phgséOodegrees, it is necessary tHa1]:

sin40° _

n “Nez =N = 0742ny . 6.2
s2 N5 =N o s (6.2)
sin20°
Nea =Neg =N = 039y . 6.3
3= Mss =Nt o s (6.3)
“labe,s ex-1 el
H — -
+
ﬁ * Vel
idc
\
\

A= S
9ph \ Ve _|_C Ry

Z'dc3
=P
_l’_
Vde3
H

“Labe,s

ex-3

Figure6.2 Typical 9-phase (18-pulse) rectifier example system topology considered in this Chapter.
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Figure6.4 Phasor diagrams of the primary and secondary voltages for the 3-to-9-phase transfor mer of

Figure6.3.

6.3 Multi-Phase Transformer Modeling

6.3.1 Original Interconnected Transformer Model

Let us consider a general case of 3-to-n-phasesftraner with a three-leg structure,

similar to that depicted in Figu&3. The transformer is typically composed of anany set

of windings, specified by the subscrigi, and nseq secondary segments of windings

denoted by the subscrigg, k =1, 2,...,ngeq. Each leg of the transformer corresponds to one
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of the three phasea, b, and c, and the three windings within each of the thrbage

primary set/secondary segment are assumed idenfitat transformer may then be
mathematically described by the voltage and flurkdige equations corresponding to the
primary set and each of the secondary segmentsnairvgs. These equations can be written

in a compact matrix form as

. d
_ Nseg _
Aapgp =L pplabcp * kZ_lL ps, labgs, (6.5)
. d
Vabgs, = Rs, labcs, +akabqsk  k=12,....ngegq; (6.6)
_ Nseg _
i=1

In the above equationsgpe x, iapex: @Ndhgpcx are the vectors including the three-phase

voltages, currents, and flux-linkages, respectivelyrresponding to the winding which

could be the primary setp() or any of the secondary segmensg)( The matrixR, is a
diagonal matrix including the resistangg of the same winding set/segmentAlso, L y, is

an inductance matrix including the values of salfid mutual- inductances among the

windings within the same set/segmentwhile the matrixL ,, contains the values of mutual

inductances between the windings from two diffeietisegments and y which can each
be the primary setf{) or a secondary segmers,(.

Due to symmetric properties of the transforniédq, [49]

Lyx:(ny)Ta XY=D - (6.8)

116



Some secondary segments may also be chosen temt&ca to each other, in terms of the
number of turns, etc., as it is the case in the-3-phase transformer of Figuée3. In such
cases, a few of the above inductance matrices warildentical.

In order for the transformer detailed model to in@lemented according to (6.4)-(6.8), all
necessary resistances and inductances have toabdisteed. For each of the windings in any
set/segment, the self-inductance includes the ntagmg and leakage parts. The mutual
inductance between two arbitrary windings from aey/segment would always include a
magnetizing term. However, if these windings aretlom same leg of the transformer, an
additional leakage term may also be inclufg].

Determining the inductance values for the transtrparameters is generally outside the
scope of this thesis. These values may be estaldlsbcording to the geometry and magnetic
characteristics of the core as well as the numlbdurms per each winding, and in some
cases, the values of all self and mutual inductaraee readily available from desif#o],
[79]. Alternatively, the short-circuit impedancesaynbe extracted from the hardware
prototype by performing tests, and the represemtatf the transformer in terms of
resistances and inductances may then be convenaitiined according to the step-by-step
procedure provided in Chapter 6[8f.

To facilitate the derivation of the transformer retsdfor the purpose of this thesis, several
fundamental parameters are defined upon whichnithectance and resistance values may be
established in a systematic way. Without loss afegality, the self inductance df-phase

primary winding (wound on the middle leg) may bemssed as
Lppb =Lmb *Lipb> (6.9)
where Ly, and Ly, denote the leakage and magnetizing terms. Someelejrsymmetry

is always present in the geometry of the corehknthree-leg structure depicted in Figure
6.3, symmetry is present around the middle leghefttansformer (corresponding to phase

b). Such symmetry is typically present in all casmagen when the core structure has more
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legs, such as the five leg structure considered3h Incorporating this symmetry, for the
primary windings on the side legs, phaseand c, the self inductance is equal, and may be
expressed in a similar way to (6.9) as

Lppa =Lma*Lipa- (6.10)

The mutual inductance between the middle-leg piymanding and any side-leg primary
windings is denoted bjLapbp, and the mutual inductance between the two siggtanary
windings is denoted by ,,c. These values may be readily established as #dinaaf L,
and L, 5. For instance, in the three-leg structure of FeguB, clearly we have:

Lapbp=—¢1 Lmp » (6.11)

Lapep=—¢2 Lma. (6.12)
where typicallyé = 05 but & <05, since the magnetizing flux in the middle-leg wirgl

is equally divided between the two side-leg windirgccording to the core symmetry,
whereas the magnetizing flux in a side winding ssedéswer reluctance for closing through
the middle leg compared to the farther side leg.

Using the above fundamental parameters, other tadaes may be established using the
appropriate turn ratio. In particular, the selfusthnce of any other winding may then be

expressed as

2
n.

I—ii,a :{n_IJ Lm,a + I—Ii,a’ (6.13)
p

2

n.

Lii b :[—'] Lmpb *Liip (6.14)
Np

for the cases when the winding is on the side amtlm legs, respectively. The leakage

terms in these cases are representet|py and L, respectively. Alsop; and n, denote

the number of turns in the windirigand primary winding, respectively.
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Next, in order to establish the mutual inductanadues, we consider the mutual

inductances between the primary windings)(and the first segment of the secondary

windings (s,). The values for this type of mutual inductance éenoted bytyns and Lapas

for the cases that both windings are on the middte and on one of the side legs,
respectively. The magnetizing parts of these inthmts may be readily written in terms of
the turn ratio and the primary magnetizing valuengéd above. However, these inductances
also include a leakage term which, in general,as equal to the leakage of the primary
windings since a fraction of the leakage flux splieghks an individual winding. Adopting
this concept, the mutual inductance between anywuwdingsi and j, in general, has to be
written for four cased) both windings are on the middle leg,both windings are on one of
the side leggji) the two windings are each on one side leg, aralyiniv) only one of these

windings is on the middle leg. Mathematically, é&ach case we have:

nn;
Lij,ob = L ji b :—2J (Lmb +43 I—Ip,b) : (6.15)
Np
nn;
Lij,aa = L ji,aa :_21 (Lma +44 Llp,a) : (6.16)
Np
nn. nn.
Lij,ac = Lji,ac = _21 Lapcp = n—zj(— $2 Lma)’ (6.17)
p p
nn nn
Lij,ab = L ji,ab = _21 Lapbp = —21(_ 51|—m,b)’ (6.18)
Np Np

where the coefficientsfz and {4 determine the fraction of the leakage flux linkibgth

windings. Also, (6.12) and (6.11) have been empldige obtaining the last terms in (6.17)
and (6.18).
Finally, to establish the winding resistances, ghenary winding resistance is defined by

M- Typically, the resistance of any other windings then expressed using the turn ratio as:
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2
' :(:_.J fo. (6.19)

If the number of turns for all windings is knowmadathe values of the fundamental

parameterdma, Lmp, Lipa: Lipp @s well as the coefficient through¢, are specified,

all the self and mutual inductances as well asstasce values may be readily established
using (6.13)-(6.19), and the transformer model){@47) can be constructed.

Once the transformer model is established, the okallenge in implementation is the
wiring of the transformer at the secondary sidethdédt loss of generality, we assume that
the primary of the transformer is Y-connected. Alss shown in the case of 9-phase
transformer in Figur®.3, one of the secondary winding segments is &fyi¢r-connected.
As a result, the voltages and currents of this ssgrand those of the primary winding set

will be in phase. This segmeng, forms the first set of the final extended seconda

windings and its three-phase set of voltages is&iehosen as the reference. For a typical 3-

to-n-phase transformer, thems(eg—l) remaining segments of the secondary windings, are

interconnected in order to form theég(;—1) remaining sets of final extended secondary
windings responsible for producingde;—1) sets of three-phase voltages that are all equal |

magnitude but evenly shifted in phase with respecthe reference set produced By.

Various configurations may be used to achieve saichoal depending on a particular
application[131], [78]. Developing such configurations is outside $itepe of this research.
Regardless, all configurations, if applied corngctiould lead to similar results in terms of
producing the above-mentioned sets of voltages.

The above transformer model includes the detailh®foriginal interconnected windings
of the real transformer and is hence called thgimal interconnected transformer model.
This model is expected to provide sufficient accyrim most practical cases where the core

losses and saturation are not significant. Howether,high number of windings as well as
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the complicated interconnection among the secondsegments makes this model
challenging to implement as well as numericallyffiseent. Moreover, this model as is,

cannot be conveniently transformed in¢@l0 equivalent circuit for use in the dynamic

average model of the system. The ultimate goahefriext sections to develop a simplified
model based on the above detailed representatitiowtiloss of generality and accuracy.

It should also be noted that, since typically ofdhe final extended secondary sets is
composed of only one secondary segment, while tiier gets include a series connection of
more than one segment, in the real transformer,vidaes of leakage inductance and
resistance are not equal among the final exteneleahslary sets of windings. In practice, this
will introduce more asymmetry in the performance tansformer, in addition to the
asymmetry imposed by the core geometry. The tram&fo model developed above,

however, is quite general, and can include allgledfects.

6.3.2 Analytically-Derived Equivalent Compacted Transformer Model

In order to facilitate the implementation and irage the numerical efficiency of the
model, several secondary segment currents may dgtiaally expressed in terms of other
currents, as dictated by the topological struciofréhe transformer. Thereafter, replacing
these equations, the new parameters may be caduktalytically for each extended
secondary set of windings. This step results immgplker model that is easier to implement as
well as numerically more efficient, because thencdnnected wiring at the secondary side is
essentially removed, and the number of windinghatsecondary is reduced to the number
of sets multiplied by three. Such an approach hesnbadopted if49] to simplify a
transformer model that produces 12-phase voltagea 24-pulse converter. The approach
significantly depends on a particular configuratafrthe transformer secondary wiring, and
is challenging to generalize. It is, however, banaif in significantly simplifying the model

while completely preserving the generality and aacy of the model.
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To demonstrate this analytically-derived equivalerddel, let us consider the example
system of 18-pulse converter (Figuee) with the transformer structure of Figgs3. The
primary winding p and the secondary segmergsthrough s5 are numbered from top to

bottom. According to the topology dictated in Figér3 as indicated by the numberings at

the winding ends, we have:

ias, = ~ics, (6.20)
ips, = —ias, - (6.21)
ics, = lbs, (6.22)
las, = -ics, (6.23)
ips, = —ias, - (6.24)
ics, = ibs, (6.25)

The above equations may be written in the followimagrix form:

=T iabes, - (6.26)

iab(;s3

wherein the mapping matriX has been introduced as

0 0 -1
T=[-1 0 o0]. (6.28)
0 -1 0

Next, we consider the voltages across the finatrede¢d secondary sets, noting that the

first secondary set is directly produced by t§esegment. The notation used for the final
extended secondary setsss,_, k=12,...,ng. It is clear that, for the example system,
Nseg @Nd Nget are equal to five and three, respectively. Acamydp the topology illustrated
in Figure6.3, we have:

Vas,,., = Vas; ~Ves, » (6.29)
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Vbs,,, = Vbs; ~Vas, » (6.30)

Ve, p = Ves; ~Vbs, - (6.31)
Vag,, 3 ~ Vbs, ~Vess (6.32)
Vb3 = Ves, T Vas; (6.33)
Vesyes = Vas, ~ Vbss - (6.34)

In matrix form, we may write:

Vabg s, ~ Vabgs, - (6.35)
— -1

In the above equation, the inverse of the mappiagimT can be written as:

0 -1 0
T'=l0 o0 -1|. (6.38)
-1 0 0

It should be noticed thak 1 =TT .

Considering the currents in the extended seconsengings:

labg s, = labgs, - (6.39)
iabQSex—z = iabc;33 , (640)
. J—

IabC,SeX_3 =-T 'abqs4 . (641)

Rearranging terms in (6.26), (6.27), (6.39)-(6.4l),secondary segment currents may be

written in terms of the extended secondary seteciist

iabqsl = iabcnsex—l , (6.42)

. _ -1
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iabC,53 = iabQSex—z’ (644)

labgs, = T labgse.s: (6.45)

iabes =T “iabes, s (6.46)
In the last equation, the following equation hasrbemployed to simplify the expression:
-T2=771, (6.47)
The above identity can be proven using (6.28) &r2Bj.
Next, (6.42)-(6.46) are substituted into (6.4)-]J6.@and the resulting equations are

substituted into (6.35)-(6.37). This results in thikowing model:

, d
) Nset )
)vabcy p = L pp Ia.bC, p + kz_lL psex—k Ia'bC’SeX—k ) (6.49)
_ - d _
Va'bC’SeX—k - Rsex—k |abQSeX_k + a)\.abosex_k y k - 1,2,...,nset, (6.50)
_ Nset _
habg sk =L seeip labep ¥ 2L see s Tabose s K=120Nser (6.51)

i=1
In general, the new inductance and resistance eeatiinay be expressed in terms of the
original model (6.4)-(6.7). For the example syst@nsidered here, after extensive analytical

work, these matrices are written as

Reexa "Ry (6.52)
Rsexz =Rs; +Rs, (6.53)
Rsues =Rs, #Rs, (6.54)
Lo “Lls (6.55)
Lo Tlos, T +has, +Tlos, *Lgs T (6.56)
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L, s =TLes, T #+T Mg T-TLgg T-T Lo T (6.57)
L pss Tl secsp “hps (6.58)
L pser :('-sex-zp)T:'-psZT_l”'- psy » (6.59)
Lp%ﬁg:(Laﬂep)T:Lp%T_l—Lp%T, (6.60)
L Soc1Sex2 = (L Sex-2Sexct )T=L 55,7 “*lss, (6.61)
Lspersors = (Lspessoes ) =L a5, T Lag, T (6.62)

T_ -1_ -1_
=TLgg T h-Tlgg, THlgs, T 1-Lgg,T. (6.63)

L Sex-2Sex-3 ( L Sex-35ex-2 ) 5% 554

The above model is more effective than the origmaldel, but the analytical effort in
obtaining it is extensive and highly depends onwiréng of the secondary side. However,
the generality of the model, with respect to theginal model, is preserved including the
asymmetry between the mutual inductances acrotseatit transformer legs as well as the
asymmetry between the leakage inductance andaesesbf the final secondary sets.

The above-mentioned asymmetric properties of @uestormer will affect the shape of the
secondary voltages causing asymmetric ripple ardinedaverage value of the dc side
variables. However, in the dynamic average modhis,to the averaging over the switching
interval, the ripples are averaged out, and theativeffect of these asymmetric properties is
less important. Therefore, in the next step, wd woinsider removing these asymmetric
properties while keeping the effects of these festun an average sense. In doing so, the
modeling is considerably simplified while maintaigi the desired accuracy of the final

model. First, we consider the asymmetry in corenggtoy which results in different mutual

inductances among the windings on different tramséw legs.
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6.3.3 Round Shifted Equivalent M odel

Earlier in this Chapter, we assumed a general whseein the symmetry in the core exists
solely around the middle leg. In many cases, aultalisymmetry either exists in the core, or
is approximated in a way that the interactions agnibve coils on any two of the transformer
legs appear identical. In this case, the distimctimetween the side and middle legs,
introduced earlier, no longer has to be made. hertvords, self inductance of the primary
coils (6.9) and (6.10) are equal to each other, ian(6.11) and (6.12), the coefficients

& =&, =05. For the sake of dynamic average modeling, evesuch symmetry does not
exist, the values ofL, ; and L, may be averaged, and used for all the coils. Alshei
shown later, such averaging provides sufficienueacy for the purpose of dynamic average

modeling. The self inductance of the primary wirgdins then written as:
Lpp =Lm*Lp- (6.64)
The self inductance of any other windingnay then be expressed as
2 2
N N
Lii :(—IJ Lpp :(—IJ (Lm + L|p). (665)
Np Np
Moreover, in establishing the mutual inductancesdistinction has to be made between
the four cases considered earlier in (6.15)-(6.T8¢ distinction, instead, is made between

the two cases where both windings are on the sagiand otherwise. In a compact form, the

mutual inductance between any two windings is t@mneniently expressed as

nn;

Lj =Lj =— (Gle + CzL|p)- (6.66)
r]2
p

In the above equation, the coefficiegit is equivalent to&;, &, and the coefficient, is
equivalent to&s, & . Hence, if both windings are on the same leg=1, ¢, <1, and

otherwise:c; =-05, ¢, =0.
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Employing (6.64)-(6.66), the inductance matriceshi@ original model (6.4)-(6.7) may be

written in the following compact form:

2 1+y -05 -05
LXX:[E—XJ L, [-05 1+y -05, (6.67)
P -05 -05 1+y
. l1+c,y -05 -05
Ly=Lyx= —5>Lm| =05 1+cpy =-05|, xzy, (6.68)

Mp 05 -05 1+cyy

where y is the so-called leakage ratio and is definedHs\s,

L
b (6.69)
Lm

y=

It was assumed in deriving the above model forttaesformer that the magnetic core has
a conventional three-leg structure. The magnetig firoduced by an arbitrary winding on
any of these legs is hence divided into two eqoaligns, according to the magnetic path of
the core, resulting in the coefficien} in (6.66) to be equal te- 05 when calculating the
mutual inductance values between the windings andiferent legs.

Let us now consider a fictitious three-phase trammsér with a round cylindrical magnetic
core. This structure has been schematically depiate Figure 6.5. In this figure, the

windings are shown as concentrated ones but in tlaetthree-phase windings are assumed

to be shifted in space by 120 degrees. The tramsfothas one primary set antegq

secondary segments of windings similar to (and withsame number of turns as) the three-
leg transformer described above. In the assumenaqat round transformer, the windings

corresponding to each of the phases, which appeerdide same leg in the original three-leg
transformer, are now wound on top of each otherten the same spatial distribution. The
geometry and magnetic properties of the core inrthmd transformer are assumed to be

such that the value of the magnetizing inductascgean in the primary windings is the same
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as that of the original three-leg transformkeg,. The leakage of the primary winding is also
assumed to be equal tg,. It is also assumed that the portions of leakagelink various

windings in the same way as in the three-leg atrectThe mutual inductance between any

two windingsi and j may then be written as

nnj(, '

Lj =Lji =5 (cilm+chLyp ). (6.70)
Np

where
1 i, j belongto the samephase

= cos(%T) otherwise’ (6.71)

o = Co i, ] belongto thesamephase (6.72)

270 otherwise’ '

Figure6.5 Equivalent round transformer model depicting three-phase primary winding set and the

equivalent secondary segments.

128



Since co{%rj =-05, the inductances defined by (6.70) — (6.72) waelkskmble those

given by (6.66), and the equivalent round trans@@rmodel of Figuré.5 will correspond to
the original three-leg transformer. The mathemaétearesentations of both transformers are
hence identical and given by (6.4) — (6.7), (6-67§.69).

In the round transformer of Figufe5, it is now assumed that the secondary segnaeats

appropriately connected to resultmge; extended sets of the secondary windings. The-three

phase currents in the primary are then assumed to b

iap = mpCOdaut + 6 ), (6.73)
ibp = Impco{a)eHHo,i —2?”) (6.74)

where the peak value is denoted lby,,. If the wiring is correct, regardless of the

configuration, the three-phase currents in #heth set of extended secondary windings,

Sex—k » are then given by

ias,.\ = Ims,., Codert + 60 = (k~1) Byisp). (6.76)
. 21T
Ibseyy = I MSoxk CO{C()et + HO,i - (k —1) Hdisp —?j ) (6.77)
. 27T
esoe = I msuer co{a}et +6p; — (k —1) Buisp +?), (6.78)

wherek =12,...,nset, and the peak value is denoted ys,, | - Recalling the principle of

Rotating Magnetic Field (RMF) in electrical maclhsng¢l32], the equivalent RMF

corresponding to this set of windings may thenXygessed by

Bs,. (1)=Bms,, O (cwt+6; —(k-1)6yisp ) (6.79)
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We then consider a new round transformer identicahe one depicted in Figu@5,

except the following modification: The extended m®tary setsgy_k, including all its

segments, has been replaced by a new set of wid&gg- . This new set of windings,
Seq-k + IS similar to, and has the same number of tusns; abut, as shown in Figu@6, is

spatially displaced with respect to this set by aéimgle J . In this figure, for the sake of
clarity, only the primary set and the two secondsetss; and sqq are shown. Moreover,

only one side of each winding is illustrated. Thiigalent RMF corresponding to this new

set of windings is denoted Hs__, (t) and can be expressed as

Bseqry ()= Brg,qy O (et + 60, - o )- (6.80)
In order for (6.79) and (6.80) to be equal, théotwing conditions should be satisfied:

Brsgk = Bmsey (6.81)

S = (k=1) Gyisp- (6.82)

X
o

Figure6.6 The K —th set of extended secondary windingsisreplaced by its shifted equivalent in the

fictitious round equivalent transfor mer model.
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Since the sebgq- is identical tos;, except the displacement, its resistance and ¢eaka

inductance would be equal to those of 8jeset. Moreover, the spatial shift has no effect on
the magnitude of the RMF, and for the purpose téfyéeng (6.81) it may be assumed that

O is equal to zero. In this case, the new struadfitbe transformer would exactly resemble

the one depicted in Figuré.5, except thatsg-x has different parameters compared to

Sex—k - It is concluded that in order for (6.81) to haldwould suffice that the parameters of

the new shifted sety— are made equal to those of the extended secosdagy,_ . The

resulting RMF is then equal in the two cases, &edeixtended secondary sgf_x may be
replaced by its displaced equivalent set of wingling,— . Therefore, the equivalent set will

have the same resistance and leakage inductandbeasriginal set and is displaced
according to (6.82).

Consequently, all extended secondary sets of wgsdinay be replaced by their equivalent
displaced sets. As shown in Figg, the final round shifted equivalent model foe 8-to-
n-phase transformer is then composeagy; sets of equivalent secondary windings that alll
have the same number of tumg and are evenly displaced by the angle given ih)(®ote
that the values of resistance and leakage induetéorceach of these sets are set equal to
those of the corresponding extended secondarynstiei original configuration, and hence
are not symmetric in general.

The final equivalent model of Figug7, similar to the analytically-derived compacted

transformer model developed in the previous sect®nomposed ohget Secondary sets of

windings. Moreover, the development of the modeddnot significantly rely on the wiring

details at the secondary side. As mentioned betbeenge; is typically smaller than the

number of segmentsggy required in the original transformer. For instarfce the 9-phase
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model of Figures.3, the total number of windings is reduced frdntd 12 in the equivalent

model of Figure6.7. The total number of mutual inductances to éfindd in this case is

C%Z =66, which is significantly smaller than in the prewgcase, i.e.C%8:153. For a
large number of phases, the equivalent model ofirEi§.7 is hence more convenient to
implement in any simulation package and will be pamationally more efficient. Moreover,

the mutual inductance between any two windingand j may be determined using the
following formula:

nnj ,
Lij =Liji :_2J cos@ - &) ('—m+02L|p ) (6.83)

Mp
where & and 8; are the position of these windings’ axes measimede positive direction
with respect to the primary’s phase axis. Once the values of all self and mutual
inductances are established using (6.65) and (6i8)model may be readily implemented in
a suitable software package sucljgsThe great advantages of the round shiftededent
model are: the simplicity of derivation and implertaion; and the significant gain in

numerical efficiency while maintaining the samelaecy.

’\’ . .
¥ ) “

Figure6.7 Fictitiousround shifted equivalent transformer model.
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6.3.4 Compensation for Asymmetric L eakages

Although the asymmetry in the core geometry hasmbmesraged in the above model
making it more symmetric than the original moded ats analytical equivalent, some
asymmetry still exists in the model due to the mgriof the secondary side. In particular,
recall that one of the final extended secondarg settypically composed of only one
secondary segment, while the other sets includeri&ss connection of more than one
segment. Therefore, while replacing the extendedors#ary sets with their shifted
equivalents, the resulting leakage inductancesrasidtances are not symmetric among the
sets. This could be further clarified considering ©-phase transformer example of Figure

6.3. In this case, the leakage inductance of amrarnp segment of the secondary,, can be

represented in terms of the primary winding leakage

2
n
Lis, ={i] Lip- (6.84)
Np

The leakage inductances of the final secondaryasetthen expressed as:

2
n
Liserc :[ﬁ] Lip. (6.85)
ns +n?
—_ _ 2 _
Hsex-z = Lisexs = 2 L =0.7069Ls_ , » (6.86)

p
where Lis_ is used to denote the overall leakage inductarfcéhe final extended

secondary sebey—i, K=12,...,n5et- Equations (6.2) and (6.3) have been employedtaim

(6.86). Similar expressions may be obtained fordherall resistance of the final extended
secondary sets.
The unequal leakage inductances and resistancesgathe secondary sets in the real

transformer will introduce some asymmetry in thetegn performance. As a result, although
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it was intended that the final multi-phase voltagesequal in magnitude and evenly shifted,
this would not normally be the case in practice.niany cases, however, the amount of
asymmetry may be considered negligible. In gendénalsymmetric operation is desired, and
for this purpose, small additional inductors/resistmay be connected in series to several
branches to compensate for the unequal parampt8is This procedure is denoted as
“compensation” [48]. Alternatively, the number of turns may beghlly adjusted to
compensate for this asymmetry.

For the purpose of dynamic average modeling, efvlreiabove compensation techniques
have not been employed in practice, the leakagesemistances may be averaged in order to
obtain single values for the leakage and resistafidbe final extended secondary sets of
windings. Therefore, the compensation is done enttansformer model which will be later

employed in the AVM.

6.4 Detailed Analysis

The detailed switching models of high-pulse-couwmwerter systems may be constructed
in a similar way to the 3-phase (6-pulse) converiar SV-based and NA-based software
packages. However, in addition to the switching tdomplicated multi-phase transformer
module may become the bottleneck in the detailedaimg. The 3-to-9-phase transformer
of Figure6.3, for example, is composed of 18 windings. Battding is characterized by its
resistance and self-inductance. In addition, thetualuinductances between any two

windings have to be specified. For this system,tti@ number of mutual inductances to be

defined is therefore:%8 =153.

It is evident that the detailed transformer moddlpically composed of a large number of
coupled inductors and might be challenging to impat in many simulation software
packages. The standard library components in thebBl#ed software packages such as

PSCAD/EMTDC [11] and EMTP-RV[12] do not provide enough flexibility for such
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detailed modeling. Among the SV-based programs,AB®IG [7] provides a convenient
interface for modeling an arbitrary number of caapinductors, and this tool has been used
for the studies presented in this Section. Oncethedl self- and mutual-inductances are
known, the transformer model may be readily bwing the standard syntax [gf], and the
windings are interconnected according to the tiansér topology, e.g., Figui@3.

In order to verify and compare the models developedhe previous Section, these
methodologies are demonstrated on the example E&-pircraft power system (FiguBe?).
Three distinct transformer models are considerethénstudies. The first and most general
(original) model is based on the original configia of Figure6.3 and defined by (6.4)-
(6.19). This model includes all the details of lot;nected segments at the secondary side as
well as the asymmetry in the core geometry. Theaéufes result in asymmetry among the
winding resistances, leakage inductances, and inutdactances. The second equivalent
model is analytically derived from the above oraimodel as described in Secti6rB.2.
This model is defined by (6.48)-(6.63) and it press all asymmetric features and is
completely equivalent to the original model. Thdyodifference between the two is in the
number of windings (size of the inductance matawyl hence the numerical efficiency. It is
then expected that the results obtained from tih@semodels will be identical. The third
model is the round shifted equivalent model intith in Section6.3.3. This model is
defined by (6.48)-(6.51), (6.64), (6.65), (6.8%.85) and (6.86). The asymmetric properties
of the core geometry are averaged in this modelwdv¥er, the asymmetry among the

resistances and leakage inductances of extendeddsey sets are preserved.

6.4.1 Detailed Analysisusing Uncompensated Transformer Models

For the purpose of verifying the previously devedptransformer models, a simple
computer study is presented in this Section. Heria original leakage inductances and

resistances have been used in all transformer maaeldictated by the configuration of
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Figure6.3. In the following simulation study, the threleage source is switched ontat 0
and a resistive load oR_ =7 Q is directly connected at the dc bus. The simutatesults
are provided in Figuré.8 and Figuré&.9.

As seen in Figuré.8 and Figuré.9, some asymmetry is observed in the seconddey si
current waveforms in all models due to the asymynettransformer core geometry and the
secondary windings resistances and leakage indiegamccording to (6.85), (6.86).
Moreover, this asymmetry also translates into @t fluctuation of the dc bus voltage and
current as can be seen in Fig6t8 (first subplot). It is also observed that thigioal model
and its analytical equivalent lead to essentiadlgntical results — which is expected since
these models are mathematically equivalent. Thmaw side currents are superimposed in
Figure 6.8 (bottom plot). This plot clearly indicates ttetymmetric performance is hardly
observed at the primary side, whereas it is typjigabre visible in the secondary side and dc
bus waveforms as seen in Fig@& (top plot) and Figuré.9. A slight difference between
the round shifted equivalent model is due to thet fhat the asymmetric core has been
replaced with an equivalent symmetric one. Howesi@Ge asymmetry among the secondary
side leakage inductances and resistances arprssient in this model, there still exists some
asymmetry among the secondary currents as webrag $luctuations of the dc bus current

as seen in Figuré.8 (top plot).
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Figure6.8 Initialization and steady state of the 18-pulse example system as seen at the dc busand ac

primary side currents predicted by varioustransfor mer models.
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Initialization and steady state of the 18-pulse example system as seen at the secondary side

currents predicted by varioustransformer models.
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6.4.2 Detailed Analysisusing Compensated Transformer Models

In the previously-defined transformer models, tegnametry among the resistances and
leakage inductances may be compensated by congestirall additional resistors and
inductors, in series with the second and third réel secondary sets, forcing the overall
values to match those of the reference set thatheasargest total resistance and leakage
inductance. Such compensation is commonly done ractipe to achieve symmetric
performance. Alternatively, the average valuesesistances and leakage inductances may
be computed and used for the extended secondaryH-sae, we adopt the former technique.

The resulting currents at the dc side and ac pyiremles as predicted by the original and
round shifted equivalent models are illustratedrigure 6.10. The corresponding 9-phase
secondary currents are illustrated in Fig6rél. The currents predicted by the analytical
equivalent model are identical to those of the inegmodel. In this case, the responses
predicted by the round shifted equivalent model,eren the asymmetry in the core
geometry, leakages and resistances have all besyveel, are the most symmetric of all, as
expected. The other two models include the asynienetire properties responsible for the
difference observed between the responses of thedels and the round shifted equivalent.
Comparing the results of Figu®10 with Figure6.8, the previous observation that the
primary winding currents are hardly affected by &sgmmetric properties is also confirmed.
A visible effect of asymmetry, comparing the toptplin these figures, is the detail of the
superimposed ripple on the dc bus current. Anotisgble effect is the reduced magnitude of
the currents in the first extended secondary seeas in Figuré.9 (top plot).

To better demonstrate the effects of asymmetryrésponses of the system provided by
the two extreme cases, corresponding to the uncoesaped original model and compensated
round shifted equivalent model, are superimposedrigure 6.12 and Figures.13. It is
observed in these figures that the asymmetric gl around the symmetric ripple, which

would imply that the average value of the dc curren also hardly affected by the
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asymmetric properties. Furthermore, the rippled Wwd averaged out in the process of
dynamic average modeling. Therefore, the compesrsatiay be done, while developing the

AVM, to achieve symmetry and facilitate the anadysi

43 : - -
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Figure6.10 Initialization and steady state of the 18-pulse example system as seen in the dc busand ac

primary side currentsas predicted by compensated transformer models.
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Initialization and steady state of the 18-pulse example system as seen in the ac secondary

side currentsaspredicted by compensated transfor mer models.
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Figure6.12 Comparison of the 18-pulse example system response as seen in the dc busand ac primary

side currentsas predicted by symmetric and asymmetric transformer models.
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6.4.3 Operational Mode Analysis

A comprehensive study of the operational modeshferl8-pulse converter system may be
performed in a similar way to the 6-pulse convestgtem. In general, in higher-pulse-count
systems, two types of commutations are presentelyathe inter-phase and inter-bridge
commutations. The inter-phase commutation occuremwtime current switches from one
phase to another within one of the bridges; whertgs inter-bridge commutation
corresponds to the transfer of current from onedaito another. Consequently, in the 9-
phase system of Figufe2, as the dc load is swept on a wide range frorapen-circuit to a
short-circuit on the dc bus, various modes of djp@naare observed which are significantly
more complicated as compared to the conventioqdia®e (6-pulse) case.

The mode analysis presented here assumes thaett@@lnpoints of the 3-phase primary
set and the three secondary sets of the transfof@ed’, O") are not connected to each
other as it is most common practice. If the neup@hts of these sets are connected, the
complexity of the system increases further allowimginteractions between the bridges. For
the most common topological configuration discusabdve, 11 modes of operation are
summarized in Tabl6.1. The corresponding secondary 9-phase curreatshawn in Figure
6.14 and Figures.15 for Modes 1-4 (DCM type modes) and 5-11 (CGMet modes),

respectively. It is evident in these figures theéthin each electrical cycleTg,e), there are

18 equal switching intervalsT{). Depending on the mode, each switching intervay m

include one, two, or four subintervals each cormesiing to a particular topology determined
by the state of all 18 diodes. In these figureBedint line strokes (solid, dashed, and dotted)
have been used to illustrate each of the threeepbets corresponding to one of the bridges.
Within each set, red, green, and blue colors iaastthe current in each of the phasesb,

and c, respectively.
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Figure6.14 Nine-phase ac currents of the 18-pulse converter in DCM-type modes (M odes 1-4).
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Table6.1 Operational modes of the conventional 9-phase (18-pulse) rectifier.

Operational Modes Conduction| Operational Modes Conduction
(DCM-Type) Pattern (CCM-type) Pattern
1 4-2 5 7-6
2 (a) 6-4-2-4 6 7
2 (b) 4 7 8-7
3 6-4 8 8
4 (a) 7-6-4-6 9 9-8
4 (b) 6 10 9
11 10-9

For the first mode of operation, two subintervalg , and ty,, exist within each
switching intervalT, resembling a commutation-conduction pattern (&®e) as shown in
Figure6.14 and Table 6.1. For this lightest mode, dutirgcommutation subintervéd - ,

one pair of diodes is passing the dc bus currenthto next pair. After the current

commutation is complete, in the next subintervabniuction subintervaltg,,), the

minimum possible number of diodes (two) is carryihg dc bus current. In this mode,
observing the top plot in Figu&14, the dotted, dashed, and solid stroke wavef@ppear
sequentially while moving from the left side to thght. This indicates that inter-bridge
commutation is continuously taking place, such #eth bridge participates in carrying the
overall dc bus current for one third of an eleetricycle. All three sets of three-phase ac
currents, corresponding to three bridges, haveleedtpe waveforms that are similar to the
ac waveforms of the six-pulse converter in DCM apien depicted in Figur.3 (a).
Therefore, each bridge will output a discontinudasurrent with a needle-shape waveform.
Since the dc current provided by each bridge isaisBnuous, this mode is categorized as a
DCM-type mode. It should be noted, however, thatdkerall dc bus current is equal to the
sum of the dc currents provided by the three bedgfee sum of the positive halves of the ac
current waveforms in Figuré.14), and will be continuous even at very lighadoThis is a

major difference observed between the 6- and 18epsystems. However, looking at the 9-

147



phase ac currents of Figusel4, the needle shape waveforms are observedl odes 1-4.
In all these modes, each of the three bridges Ha8M-type operation although the overall
dc bus current remains continuous. We may thertloadle modes, the DCM-type modes.

As the load is increased, the inter-bridge comnmutasubinterval becomes longer. The
conduction pattern in the next mode of operatiopedes on the total value of the
commutating inductance at the ac side, i.e., so@acdilter if any, and the winding leakage
inductance. This value determines the time condtgnivhich the current changes. If this
value is large enough, the new diodes will thent staconduct even before there is a chance

for the conduction subinterval. As a result, thadurction subintervat, , , disappears, and
the commutation subinterval 4 spans the whole switching interval. This woulduies

one of the possible Mode 2 operations, i.e., Mo@g 8r 4-valve. In this type of operation,
the inductance smoothes the commutation from teeigus diodes to the new ones.

If the overall inductance value is small enougle, time constant may dictate that, within
each switching interval, there is enough time Fa inter-bridge commutation subinterval to
end, and the current can therefore reach its prerdened maximum value. In this case, it is
impossible to force the points corresponding totthraing on of the new diodes and turning
off of the old diodes to coincide, although thesefs move closer together by increasing the
load. In other words, the conduction subintervahnma disappear completely, and the
commutation cannot occur precisely at one singiatpdhe new diodes will then have to
turn on either after the old diodes have turned\wffich is the 4-2 operation), or before this
(which will be mode 3 or 6-4 valve operation). Hewe in this case, at the boundary
between these two modes, a transitory mode exists,mode 2(a), wherein, for a brief
subinterval, the new diodes turn on shortly betbeeinter-bridge commutation interval ends,
and turn off immediately after that. Such transitorodes have been also documented for the
12-pulse converter systerf&2]. The length of the subinterval during whicleske two diodes

intermittently conduct as well as the peak valueghef current during this subinterval is so
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small and hence not visible in the plots of Figérg4. However, comparing the waveforms
for modes 2(a) and 2(b) in this figure, it is cltaat in the mode 2(a), or 6-4-2-4 operation,
the conduction subinterval exists for a period infet wherein the current has reached the
maximum value pre-determined by system parametiraever, in mode 2(b), the 4-valve
operation, the peak value of the current occumatsingle point, and the waveforms have a
sharp point at which the current starts to decredbis demonstrates that, due to the long
time constant, there has not been enough timehi®rctrrent to reach the predetermined
maximum value corresponding to the conduction gebial.

During the next mode, two bridges simultaneouslyycaurrent in one subinterval , .,

(4-valve) while the current frequently commutesatthird bridge (6 valve) in the new inter-

bridge commutation subintervdl,,,. The 4-valve subintervaty, , is essentially the

remainder of the same inter-bridge commutation rdebval that existed in the previous
modes, whereas the 6-valve subinterval is the re$wd new inter-bridge commutation. As

the load increases, the length of the new intetg@ricommutation interval,,1 increases.
The 4-valve subintervat,,, , becomes shorter, and the two points corresponttintpe

turning on and off of the old and new pairs of éisdavill then approach each other.
A situation, very similar to the transition from e 1 to Mode 3, is faced during the
transition from Mode 3 to Mode 5. If the overaldirctance value is large enough, the 6-

vlave operation is possible whereig,,-q spans the whole switching interval, and all three

bridges carry the dc bus current during the whaeWching interval. Otherwise, the two
points corresponding to the turning on and offtad bld and new pairs of diodes may not
coincide. Since all three bridges are already @a#ting in carrying the dc bus current, the
next commutation has to be an inter-phase oneowlf the trace of the mode 4(b)
waveforms in Figures.14, it is observed that the dotted waveforms,ctvtbelong to the

same bridge, have reached each other from botk tadehe 6-valve operation. The bottom
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waveforms, reaching each other at the end of thengrval, are of the same color, green,
and correspond to the same diode.

Increasing the load further would make the dc busent at each of the bridges
continuous resulting in the occurrence of the IC&M-type mode of operation. During this

Mode (7-6 valve), the subintervalg,,1 and tg,,-» correspond to the inter-phase

commutation and conduction, respectively. Eachderid then in fact operating in the CCM-
1 Mode of operation discussed previously for thepailse converter (SectioR.2). This

situation remains the same for the next four opggatodes until the point where all ac
currents become continuous (Mode 10 or 9-valve Nlddethis Mode, the switching interval

Ts is composed of a single subinterva,,-; wherein three diodes from each bridge are

simultaneously conducting which corresponds tdatiges operating in CCM-2 operation.
The last CCM mode also includes a subinterval whexdourth diode conducts in one of the
bridges, and the dc bus is temporarily short-ctezlias a result. The pattern in this last mode
will hence be 10-9.

It should also be noted that, in the above moddysisa no inter-phase transformer is
considered in the system with the intention to wvallmaximum interaction between the
bridges. An ideal IPT, i.e., the one with infiniteagnetizing inductance, in contrast, would
force the three bridges to operate independentllyleamce would only allow certain modes
of operation. In particular, only three modes oéi@pion, i.e., modes 5, 10, and 11 of Table
6.1, would appear in this case which correspontieadhree modes of operation discussed in
Section2.2 for the 6-pulse system. In other words, sintibathe analysis of 12-pulse systems
with an ideal IPT[62], such an 18-pulse system may be studied blyzing one of the 6-
pulse bridges with one-third of the load currenpe€ation of the system with a non-ideal IPT
may be understood by analyzing the above extrensescaas the characteristics of the

system, in general, would lie between these tweeexes.
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Comparing Table6.1 (for 18-pulse configuration) with Tabl.1 (for 6-pulse
configuration), it is evident how increasing themmher of pulses generally results in much
more complicated switching patterns and a largebmrrof operational modes. These modes
depend on many factors including various topoldgaanfigurations of the system, e.g.,
neutral points, IPT, etc., parameters of the systerg., large or small commutating
inductance, etc. Therefore, for the systems witjh hhiumber of pulses, the operational

modes are generally very difficult (or impractictd)establish analytically.

6.5 Dynamic Average Modeling

6.5.1 Reduced-Order Analytical AVM

For the 9-phase (18-pulse) converter system, tisé leown to us, analytical AVM has
been derived irj65] for one operational mode only, and considetiing simple case of a
voltage-source-fed converter with an ideal phasihsiy transformer. The developed model
is an extension of the previously-proposed 6-pudsaverter AVM which was briefly
reviewed in Sectio.3.1.2 (see AVM-2 therein). In addition to beirgigt for Mode 5 (7-6
valve) operation only, another limitation is thaetmodel has a reduced-order formulation
similar to its three-phase counterpart. Severapkiging assumptions have also been made
to facilitate the derivation of this model. The dymc effects associated with transformer as
well as the effects of magnetizing current are @etgld. The input voltages are assumed to be
a set of nine equally-shifted voltages of the sanagnitude. These 9-phase voltages have
been seen from the secondary side of the transfoasi@ balanced ideal 9-phase voltage
source and its series impedance. The 9-phase wesltag the secondary side are hence
implicitly assumed to be ideal sinusoidal wavefarnigis is normally not the case in

practice. Such assumptions, in addition to removirgtransformer dynamics, remove the
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possibility of including the zero sequence at therse-primary connection. The final model

is described by a first order differential equatmnthe dc bus current:

(6.87)

18 . (m r« pM-sinu) (2m-9u_ 9 j
=sin = |J2E|1-—S - e +— ke + e |igen — €4.
(QJ ( woLe 5 J ( g st Wes dc |!dco ~€&d

The gd components of the ac currents are then calculzdsdd on the system state through

algebraic equationg5]. In this Chapter, this model is referred tots AAVM [65]. The
results obtained by the proposed generalized metbgy introduced in the next Section will
be compared with the results obtained from AAVM avith the detailed switching model of

the system.

6.5.2 Generalized Dynamic Average M odeling M ethodol ogy

It was clarified in Chapter 2 that for the purpagedynamic average modeling, it is
imperative that the ac quantities be representethenappropriate synchronously rotating

qdoO reference frame. In the final implementation, sltesub-system is hence represented in
qdO variables. In the case of a network-fed convesystem (Figuré.1 Case I), on the one
hand, transforming the voltage source-impedancaches intoqd0 reference frame is a

straightforward procedure. On the other hand, noosemodels of the electric machinery are

readily available inqdO variables for three-phagbl], six-phasq125] machines, etc. The
generalized approach will be defined in a way thatqd0 machine model with the desired

level of accuracy may be readily employed for modethe ac subsystem in the case of a
machine-fed converter (Figuéel Cases Il and IlI).
Let us now consider the case of voltage-sourceczteterter (Figures.1 Case 1) with a

multi-phase transformer such as the 3-to-9-phamestormer configuration of Figuré.3.
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Developing the equivalent model for this configioatand similar multi-phase transformers
with a large number of interconnected windingsja0 variables is generally a difficult task,
with the most challenging part being the multi-ghasansformer. The purpose of this
subsection is to develop@l0 equivalent multi-phase transformer model. Oncdsuodel
is developed, the whole ac subsystem for any ofcthdigurations depicted in Figu@1l
may be implemented employing this transformer modeé standard voltage source-

impedance model imd0 variables, and the desiregtl0 electric machine models readily

available in the literature.

6.5.2.1 Generalized Transformer Model in Transformed Variables

The round shifted equivalent transformer model @juFe 6.7 is more convenient to
implement in phase domain compared to the origo@ifiguration and its analytical
equivalent. However, its main advantage is thaait be conveniently transformed ingaO
variables for the purpose of generalized the dynaawerage modeling. To demonstrate this
point, the voltage and flux-linkage equations avasidered for each set of windings in the

round shifted equivalent of Figuée7:

: d
_ Nset _
habep =L pplabep * kZl'- PSeqk ' abGSeqk (6.89)
, d
Vabeseg-k ~ "Seq-k ' abG Seq-k +akabc,seq_k' k=12,...Nset, (6.90)
Nset
i=

In general, the inductance matiix,, may be written as:
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2 1+y, -05 -05
Lyx = [—J Lh| —05 1+y, -05], (6.92)
-05 -05 1+py

where the generalized leakage ratio (asymmetriongnddferent sets) is defined as

2
np ) L
v :(_Pj Lix (6.93)
I—m

for set x. In (6.93), Ly denotes the leakage inductance of any of the wgwdin setx. It
can be shown that

Vp=Vq =V (6.94)

o 2

Yseqx =V [%:] : (6.95)
where ngy—k iS an equivalent number of turns that has to Heutmied for each set of
equivalent secondary windings. Note that all seaonavindings have the same number of
turns equal tang , but in calculating the leakage inductances anmistances of the windings,
the equivalent number of turng,,_k has to be used instead of the actual number o§tur

For each equivalent secondary set, this numbestermiined based on the number of turns in
each of the participating segments in the corredipgnextended secondary set. Typically, if

two segments are used per extended secondary:

Nex—k =+ ngegl + ngegQ - (6.96)

Employing (6.83), the inductance matrlx,, between two different sets may also be

written as
nyn ,
p
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codGrel) co{&rd +2?ﬂj co{&rd —2?”)_
A= co{@rd —2?”) codGel) co{@rd +2?ﬂj : (6.98)
_co{&rd +2?ﬂ) co{@rd —2?”) codGel)
Grel =6x =6y, (6.99)

where 8, and 6, are the position of —phase axes of the setsand y measured in the
positive trigonometric direction with respect t@ thrimary’s a — phase axis. Equation (6.99)
may be re-written in terms of the displacement argl

rel = (Ux - Uy) Buisp: (6.100)

up =1, Usgi = k. (6.101)

In the next step, all ac variables should be t@nséd into qd O variables using the

appropriate transformation matrix. For this purpdke three-phase variables at the primary
side are transformed using the standard transfawmatatrix (2.7). The three-phase set of

variables corresponding to the secondarysggty are then transformed intgd Variables
according to the generalized transformation matrix:
K qoqi (6) =K (8- (k=1) ;). (6.102)

Applying these transformations, after some eff@t88)-(6.91) may be represented in

qdo as
o d
Vqdo,p =p 'qdo, p +a7qu0, pTWhggp: (6.103)
. Nset )
hqdo,p =L ppiqdo,p* kZlL PSaqk 1940, Seqy * (6.104)

Vqd0,Seqk ~ "Seqk ' 400, Seqk +aqu0,seq_k + wxdq,seq_k’ k=12, Nget, (6.105)
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Nset

quo’seq—k =L Seq-k P ICIdO, p + IZL Seq-kSeq-i iqu,qu_i ) k= 1,2,...,nset. (6106)
where
hgx =Pax —Aqx O - (6.107)

The new inductance matrices are now expressed as

2 [15+y O 0
* o= ™
LXX—(n J Lm| O 15+y 0 |, (6.108)
P 0 0 15+,
« NN ,
ny:—:zy 15 (L +chlyp ) 13, (6.109)
p

wherel 3.3 is the identity matrix. For implementation in a-8¥sed simulation package, this

model can now be conveniently written in a standaatle-space form:

d .
akqdo,x =Vqdo,x ~I'x Iqdo,x ~ @Whdg,x: (6.110)
. 1 n
Igdo,x =~ | Aqdox == Aqd,m |» (6.111)
)“qd, p Mset nseq—k )“qdvseq—k
hgd,m=ba| =+ > i , (6.112)
p k=1l Mp ISeqk
1 1 1 Mset Nseq 2 1
= +—+ Z e . (6113)
In the above equations,
hdx =Max Ao O (6.114)

The above transformer model is quite general angleaused to represent an arbitrary 3-
to-n phase multi-phase transformer. This allows ifaplementing the round equivalent

transformer model in transformed variables withvithout any of the previously-discussed
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compensation methods for symmetric performance,additional impedance, adjusting the
number of turns, etc. However, in most cases, thestormer is simpler than the above
model due to symmetry among different secondary. §¢te most common condition is the

symmetry among the number of turns:

nseq_l - nseq_z T nseq_nset

=Ng =Ns. (6.115)

Substituting (6.115) in (6.112) and (6.113) yields

A Nset [ A d,s
hgd.m = La qLd’ Pray | ek || (6.116)
Ip k=1 1Seqk

Nset
R SN S (6.117)

wherein the final turn ratio is defined as= r% .
p

The final model can then be expressed by the elgunvaircuit shown in Figuré.16. In
this figure, all secondary quantities have beemrretl to the primary side using the above
turn ratio. In addition to (6.115), the parametars usually made symmetric among the

secondary windings, which results in

(6.118)

I—Iseq_l = I—Iseq_z == Llseq-nset )

(6.119)

rseq_l - rseq_z i rseq_nset y
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Figure6.16 Equivalent circuit of the generalized transfor mer model in transformed qdO variables.
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6.5.2.2 Generalized Rectifier M ode

The transformer model developed in the previoudi@ecfeedsnge; bridges. The zero

sequence is typically not transferred to the seapnend dc sides because the neutral points
at the secondary are normally floating with resgedhe primary and the bridge. However,
the zero sequence may be present at the ac dige feutral points of the primary windings
and the ac source are connected through grounding.proposed model includes these
effects and may be used for asymmetric fault studgewill be presented later.

Adopting the parametric approach, to develop theMAldr the rectifier sub-circuits, two
sets of functions are defined that relate the atdmvariables at the inputs and outputs of

each rectifier:

- C
\Y
qd, Seqk
wv,k(.):Te“, k=12,....Nget, (6.120)
Ck
¥
Mi,k(-ﬁ%, k=12,...Nget. (6.121)
quyseqk

Also, for the k—th secondary set, the angle between the voltagecan@nt vectors

—C C
Y, ) may be expressed by:
qd,Seqk ' ad,Seqk y P y

i_a oa
-1/ d,s -
Q(.)=tan™ __a—eq’k —~tan 1| —29<

| \Y/
ql Seqk qseqk

(6.122)

Similar to the case of six-pulse converters disedss; the previous Chapters, the
parametric functions (6.120)-(6.122) may be cakadanumerically using the detailed
simulation or experimental results. It is convehignexpress these functions in terms of the

generalized dynamic impedance of the th rectifier block as
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\_/dC, k

i_C
qd, Seqgk

Zy = (6.123)

A transient study may be carried out in which tbad resistance is slowly changed in a

wide range, and the parametric functiongy (.), M;(.), and Q(.), together with the

impedanceZ,, are calculated at each operating point kor 12,...,nge¢ UsSiNg (6.120)-

(6.123), and stored in a look-up table for usénadverage-value model implementation.

6.5.2.3 Implementation in SV-Based Simulators

In a SV-based program, the Generalized AVM (GAVM) & high-pulse-count converter
system, with any of the configurations depicted Figure 6.1, could be conveniently
implemented according to the diagram shown in Edad7. For this purpose, the ac
subsystem is implemented in transformgd vdriables. The three-phase voltage source-
impedance combination and the three- or multi-plmaaehine models igd @ariables are
readily available in the literature. In Case IHetzero sequence is topologically prevented. In
Cases | and IlI, the generalized transformer modefansformed variables developed in
Section6.5.2.1 and depicted in Figuéel6, is adopted. The final output of the ac sutesys

IS Nget Sets of three-phase currentsgd variables. The zero sequence is not transferred to

the bridges and the dc side, although zero sequsmanerally allowed to exist within the ac
subsystem in case of asymmetrical faults. The nesdwdenoted by AVM#1 through
AVM#nse include the parametric functions (6.120) throu§i23). The optional subsystem
including the inter-phase transformer and the dterfiremain intact with respect to the

original detailed model.
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Figure6.17 Block diagram of the generalized AVM implementation in SV-based simulators.

6.5.3 Generalized Model with Collapsed Transformer

In one of the most-commonly-used configurationsnaoiti-pulse rectifiers, the secondary
side windings (with floating neutral points) feeglveral identical bridges that are connected
in parallel at the dc side. In such cases a pesigoimetry is achieved at the secondary side,
and in terms of the transformed variables, theagas and currents of the secondary
branches will be equal. The secondary side branichése equivalent circuit of Figur@.16
are then effectively connected in parallel. As shaw the simplified equivalent circuit of
Figure 6.18, these branches may then be collapsed intcnewnesingle secondary branch,
with the same voltage, but three times the curfEis circuit then represents an equivalent
three-phase transformer circuit which is more comem for implementation.

Using this collapsed equivalent circuit, the se@gdside could be represented by one
single set of transformed variables in generalzmuverter reference frame. For this purpose,
if the ac subsystem is implemented in arbitrargmeice frame, the secondary side variables

are transformed into the generalized convertereefse frame as:
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Figure6.18 Equivalent circuit of the collapsed transformer model in transformed qd0 variables.

e =1 ke nsff d (6.124)
WS nggy o gy 9% Seak”

K S —{ cosé) Sin(%)] (6.125)

27 -sin(@) cos@.)
In (6.124) and (6.125), the angfg is the position of the converter reference fragnexis

with respect to that of the arbitrary referencemiea andf is a vector of any network
variable, i.e., voltage, current, or flux linkagetlae secondary side. Note that, although the

gd variables of all secondary sets are equal in pgyfeymmetric cases, in (6.124), in order

to compute theqd variables of the equivalent set, tlggl variables of these sets are
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averaged instead of simply choosing one of thete By doing so, even if the symmetry
among the sets is not perfectly achieved due toreason, in an average sense, these effects
are taken into account in the average model.

The parametric functions are now defined for tingl&l equivalent secondary set as:

_C
qusequ

— 1 and |v|k(.):i0'—C (6.126)
Vdc

i_C
qdsq

Wv(-):

For the equivalent collapsed secondary set, thke drggween the voltage and current vectors

5C

—C .
quseq, 'queq may be expressed by:

1| d d
Q(.)=tan? i o e (6.127)
ia v
0Sq 0Sq

These functions are represented in terms of thvalgnt dynamic impedance defined as:

Zeq= CV# . (6.128)
quvseq

The high-pulse-count converter system is then coewtly implemented using the
equivalent three-phase model as shown in Figui®. This collapsed model requires one
single AVM subsystem that relates the dc side &edequivalent secondary side through
parametric functions (6.126), (6.127). As seerhis tliagram, if desired, the currents in the
original secondary sets can be obtained by appiagbyi scaling the currents in this

equivalent set, and applying the generalized irevgus transformation:

KL ()= (6-(k-1) Byisp)- (6.129)

The original multi-phase secondary voltages capn bbs readily obtained using the above

transformation.
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Figure6.19 Block diagram of the generalized collapsed AVM implementation in SV-based simulators.

6.5.4 Implementation in EMTP-Type Programs

In EMTP-type simulation tools, the ac and dc sutesys may be conveniently
implemented using the standard circuit elementsateavailable as library components. For
implementation of the generalized AVM in these @ayds, it is therefore beneficial to
develop the transformer model in phase domaibc). The generalized transformer model
depicted in Figuré.16 may be rather challenging to implement forubkers. The collapsed
model of Figures.18, however, represents an equivalent singlettwe-phase transformer.
This model may be implemented using the standamdstormer models available in the
EMTP-type program libraries.

To further facilitate the model implementation, thellapsed single-core three-phase
transformer model may be represented by three atepasingle-phase equivalent
transformers. In the single-core case, differerdsgls are magnetically coupled, whereas in
the multi-core case, each phase winding is onlyplamlito the winding of the same phase.

The inductance matrices are hence diagonal matiicebe latter case. The significant
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difference between the single-core and multi-coases arises in presence of the zero

sequence.

In order to maintain the validity of the model imepence of the zero sequence, the

equivalent diagonalized model for the collapsedchdfarmer may be derived as follows.

Considering that all quantities are referred to ghenary side, the voltage and flux linkage

equations for the collapsed three-phase transfonmagrbe written as

‘VabC’p :_Rp 0 :| _IabC’p +E ;\.abC’p
| Vabes | | 0 RS] |iabgs | dt| Mangs
havbcp | _[Lpp Lps||iabcp
| Mabcs | |Lsp Lss||iabgs

Adding and subtracting 0.5L,, at the right side of (6.131):

L% || 1abes

xabc,p — Lpp
Mabg s Lgp

}— 05Lm [Uexg {

(6.130)

(6.131)

(6.132)

(6.133)

(6.134)

(6.135)

(6.136)
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Ljp +15L 0 0 0

L'pp = 0 Ljp +15L, 0 , (6.137)
0 0 L +15Lp,
Ljs +15L, 0 0
L= 0 Ljs +15Lp, 0 : (6.138)
0 0 Ljs +15L,
Colyp +15Lp, 0 0
L ps = 0 Colyp +15L 0 , (6.139)
0 0 Colyp +15Lp,
LS = 0 CoLis + 150 0 . (6.140)
0 0 colis + 150,

The model defined by (6.130), (6.136)-(6.140) candpresented by the equivalent circuit
depicted in Figuré.20. The advantage of the equivalent circuit gfuFe6.20 is that it can

be readily defined using most conventiofaland L branches that are available in most

simulation packages.

—“MNMNALYY L, Y L/ MW T
L' r'
"y Llp Iseq Seq
. !
lbp 1 bs
——— MAY M Y Y ANV
L' r
I’p Llp lSeq Seq
=1
le ! cs
= NMAY Y — Y Y L/ WA__
L' r'
rp Llp Zseq Seq
~ ~ ~
w N w N L
SN
3 S §h

-0.5L,, §

Figure6.20 Equivalent circuit of the collapsed transformer model in phase (abc) variables.
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For implementation of the generalized AVM in EMTypé packages, the interfacing
techniques discussed in Chapter 3 have to be eexbldyince the model was developed
based on the parametric approach, the indirectfatieg technique depicted in Figude9
may be conveniently adopted for this model.

Snapshots of the dynamic average model for theul€pexample system implemented in
PSCAD/EMTDC][11] are shown in Figuré.21 and Figuré.22. Figure6.21 (a) illustrates
the AVM wherein the look-up tables for parametindtions as well as the transformation
blocks betweerabc and qd variables are shown. The whole subsystem of Figuzé (a)
forms the PAVM Diode Rectifier block depicted irgbre6.22 (a). This module is interfaced
with the ac and dc subsystems at the input andubpiprts according to the implementation
shown in Figure3.9 using the dependent sources.

The complicated multi-phase transformer is convahieepresented in phase domain by
its collapsed three-phase equivalent model depiat&igure6.20. Figures.21 (b) shows the
contents of the transformer module where the magngt branch and leakages are
constructed using standard library components. pgrimary and secondary resistances have
been placed outside of this block in Figér@2 (a) for the mere purpose of avoiding syntax
errors. Finally, the transformer-rectifier combipatis encapsulated into a single subsystem-
module as shown in Figu&22 (b), which can replace the detailed switctsnl-circuit of

the original high-pulse-count converter system.
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Figure6.21 Example of the generalized dynamic AVM implementation in PSCAD: (a) details of the

PAVM module; and (b) details of the equivalent-collapsed transfor mer model.
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Figure6.22 Example of the generalized dynamic AVM implementation in PSCAD: (a) interfacing the

PAVM and transformer blocks; and (b) AVM module with external ac and dc subsystems.
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6.6 Modd Verification in Time Domain

In order to investigate the generalized methodoldgyeloped in the previous Sections,
this methodology is applied to the 18-pulse exangystem depicted in Figuré.2 with
parameters summarized in Appendix B. The resultmagfels have been implemented in
MATLAB/Simulink [4] and PSCAD/EMTD(11]. It is generally observed that the results
obtained by both simulation packages are esseniithtical provided that the time step and
solver properties (time step limits and error tateres) are adjusted appropriately. The
responses of the system as predicted by the dynavei@ge model based on the proposed
methodology are compared against a detailed swgchinplementation of the system
together with the reduced-order Analytical Averagdue Model (AAVM) [65] reviewed in

Section6.5.1. These results are compared in time and émgudomains.

6.6.1 Steady-State Analysis

A suitable measure for comparing the detailed aredleage models in different operational
modes is the regulation characteristic of the 1Betectifier system depicted in Figuee23.
This characteristic may be obtained by varyingltael from open circuit to short circuit and

recording the dc bus voltage and current. In Figu28, these valuesjyc, iqc, have been

normalized by their corresponding maximum values, iopen-circuit and short-circuit, as
predicted by the detailed model. It is evident thatvalues of short-circuit current and open-
circuit voltage are incorrectly predicted by the WA since this model is only valid during
Mode 5 (7-6 valve) operation which lies betweenséhewvo extreme cases (see the boxed
region in Figures.23). As seen in this figure, the characteristedicted by AAVM provides

an acceptable match with those of the detailedprodosed GAVM in the majority of this
region where this model remains valid. The corredptg error is due to idealized
representation of the transformer and the existericether operating modes that are not

considered in this model.
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Figure6.23 Regulation characteristic of the 18-pulserectifier system as predicted by various models.

6.6.2 Transient Analysisunder Balanced Conditions

In order to demonstrate the effect of system dynasmger, time-domain transient studies
are considered for two different topologies of thystem, i.e., without and with the dc filter
capacitor. In the first case, an adjustable residbad is connected directly at the dc bus. The
load is initially set toR. =7 Q. At t = 25ms, the load is stepped t& =14Q. During
this transient, the system operation remains in & dsee Tablé.1) and hence the AAVM
[65] remains valid. The corresponding transienpoeses as observed in the dc bus current
and voltage,a-phase secondarg, current, anda-phase primary current are shown in
Figure6.24. As seen there, while the AAV[@5] also predicts somehow acceptable results
in the first half of the transient, the responsesdjzted by the proposed model provide a
much closer agreement with the detailed model. Xydagned earlier, in AAVM[65], the
dynamics of transformer as well as the magnetibiragnch are essentially neglected and the
model is hence of lower order. Therefore, it isentpd to observe some error compared to
the detailed and proposed average models.

In the next study, the load resistance is initidgt R, =7 Q. Then, att = 35ms, the
load is stepped toR, =0.1Q which forces the system deep into Mode 10 (9-valve

operation (see Tabl6.1). Figure6.25 illustrates the transient responses of all etsods
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observed in the dc bus current and voltage, asagdthe primary and secondary currents. As
seen in this figure, the AAVM fails to predict thensition to Mode 10 and produces
erroneous results. However, the proposed modekaiety predicts the transient response in
the whole region.

For a closer comparison, the three-phase primamets and the nine-phase secondary
voltages and currents as predicted by the detaledl the proposed average model are
illustrated in Figures.26 and Figuré.27. The responses of the AAVM are not superimghose
on these plots will not provide sufficient accuraég observed in Figuré.26 (top plot), the
detailed and average-models essentially providetick results at the primary side. This is
an important observation as it demonstrates tloat ft system-level point of view, the use of
detailed switching model is deemed unnecessary dseis not offer significant additional
information with respect to the average model. Mueg, the average model is more
efficient than the detailed model especially fag thgh-pulse-count converter systems with a
rather high switching frequency. Executing the diedasimulation is a very time-consuming
task in this case as it would require much smaiee steps as the frequency increases. This
becomes even more challenging in system-level esudith multiple converters. Recalling
the results of Figuré.25, such a conclusion also applies when the tesgstem is of
particular interest because the ripple on the de siaveforms is also significantly reduced in
high-pulse-count systems.

The results of Figuré.26 and Figure.27, however, demonstrate that the voltages and
currents at the transformer secondary side are oty places where the additional
information provided by the detailed model is visifin terms of more accurately predicting
the waveform harmonics). The increased simulatitiniency of the average model, in fact,
has come at the price of not thoroughly predictimg switching harmonics present in these

waveforms as compared to the switching model. Hewneas seen in these figures, the
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secondary voltage and current waveforms predictethé detailed and average models are
very close at light load and heavy load operatiespectively.

Next, a small-signal analysis is performed on th@ppsed GAVM and AAVM about the
operating points in Modes 5 and 10, respectivelyic& these AVMs are continuous,
obtaining the linear small-signal state-space dson of the system from these models
becomes an automated and almost instantaneousdprec& many commercial simulation
software packages such as Simul#k The resulting eigenvalues of the AVMs obtairfied
Modes 5 (7-6 valve) and 10 (9-valve) are providedable6.2. The proposed model, in both
cases, contains two pairs of complex conjugatenegees and resembles a fourth-order
system. The AAVM is a reduced-order model with agk real eigenvalue. These

eigenvalues coincide with the transient responbesreed in Figuré.24 -Figures.27.
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Figure6.24 Transient response of the 18-pulserectifier system (without dc filter capacitor) within

Mode5 (7-6 valve) as predicted by various models.
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Figure6.25 Transient response of the 18-pulserectifier system (without dc filter capacitor) during a

transient from Mode 5 (7-6 valve) to M ode 10 (9-valve) predicted by various models.
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Figure6.26 Response of the 18-pulserectifier system (without dc filter capacitor) primary and

secondary currentsduring atransient from Mode 5 (7-6 valve) to M ode 10 (9-valve) as predicted by the

detailed and proposed GAVM models.
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Figure6.27 Response of the 18-pulserectifier system (without dc filter capacitor) secondary voltages
during atransient from Mode 5 (7-6 valve) to M ode 10 (9-valve) as predicted by the detailed and
proposed GAVM models.
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Table6.2 Eigenvaluesof the 18-pulserectifier system (without dc capacitor)

in Mode 5 (7-6-valve) and M ode 10 (9-valve) as predicted by AVMs.

Equivalent _ -
load R . =7Q R =01Q
Proposed -13+25133] - 04+ 25133j
GAVM —-170066+59941 | —12587+ 25297
AAVM [65] -51262 -12220

Next, the behavior of the system is examined inptesence of dc filter capacitor which
results in an increase in the order of the systgrarte. In the following case study, the load
is initially set toR =10Q. The load is then stepped upRp =100Q att =5ms to force
the system into Mode 1 (4-2 valve) operation. Trangient responses of all models as
observed in the dc and ac sides are illustratdéigare 6.28. In Figures.29, the three-phase
primary and nine-phase secondary currents predizyethe detailed and proposed average
model have been illustrated for better comparigmomed-in views of the plots of Figure
6.29 are provided in Figu@30.

Although the AAVM is mathematically valid for Modg operation, the degraded and
reduced-order performance of this model is evidanthe first half of this study. In the
AAVM as seen in Tablé.3 and Tablé.2, in presence and absence of the dc capadiwor, t
fifth- and fourth-order system is approximated tsydecond- and first-order representation,
respectively. Moreover, in Mode 1, the AAVM is nadlid and leads to erroneous results.
The results predicted by the proposed GAVM, howepeovide an excellent match with

those of the detailed model during the whole tramisstudy.
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Figure6.28 Transent response of the 18-pulserectifier system during a transient from Mode 5 (7-6

valve) to Mode 1 (4-2 valve) in th presence of dc filter capacitor aspredicted by various models.
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Figure6.29 Transient response of the 18-pulserectifier system primary and secondary currentsduring

atransition from Mode5 (7-6 valve) to Mode 1 (4-2 valve) in the presence of dc capacitor as predicted by

detailed and proposed GAVM models.
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Figure6.30 Zoomed-in view of the 18-pulse rectifier system primary and secondary currentsduring
Mode 1 (4-2 valve) operation in the presence of dc capacitor as predicted by detailed and proposed
GAVM models.
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Table6.3 Eigenvaluesof the 18-pulserectifier system with dc capacitor
in Mode 5 (7-6 valve) and Mode 1 (4-2 valve) as predicted by different AVMs.

Average Model R.=10Q R. =100Q
—215475
-22903 :
Proposed ~1+ 25133 -12+25133]j
GAVM Caan , -33699
11441+ 2039 13548
—75798 -41401
AAVM [69] -13765 -10121

6.6.3 Transient Analysisunder Unbalanced Conditions

In the following study, the performance of proposgeneralized average model is
investigated under unbalanced excitation and poeseh the zero sequence at the primary
side of the transformer. For this purpose, the naépbints of the three-phase source and the
transformer primary are both grounded, the dcrfit@pacitor is added at the dc bus, and the

system is started under a balanced three-phasetxciwith a load ofR =7 Q connected
at the output. At = 00065s, the asymmetry is introduced when the magnitudenef of the
phase voltages,g is reduced by 30 percent. In practice, such & faaly happen as a result
of a partial short circuit in one of the phaseshat input source. Thereafter, at 0012s,
the load is stepped down t®_= 0.1Q and the simulation is run until= 0018s. The dc

bus current and voltages as well as the secondadypamary currents predicted by all
models are illustrated in Figu@31. As seen in this figure, the responses predlibly the
proposed GAVM provide a close match with those ld tletailed switching model. In
addition to neglecting the dynamics of the transfr and the magnetizing current, the
results provided by the AAVM are significantly daged due to the unbalanced input and
presence of the zero sequence since this moddddeas developed assuming a balanced 9-

phase source, and hence the zero component isdrfritim calculations.
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The three-phase ac currents as predicted by tladetbind proposed average models are
shown in Figures.32 (top plot). As it has been already demondrétat the AAVM does
not provide sufficient accuracy, and this modetassidered in Figuré.32. As seen in this
figure, the asymmetric phase currents are accyrateddicted by the parametric model
during the whole transient. The transformegd@) primary currents are illustrated in Figure
6.33 (left plots), wherein it is seen that the zeeguence current is predicted accurately by
the proposed average model.

The secondary 9-phase currents as predicted byettaded and proposed average models
are also illustrated in Figu&32. This figure shows a close agreement betweenesponses
of these models despite a lower level of detaihtygiredicted in the deformed waveforms of
the proposed model. This is due the fact that tiglhen-frequency dynamics have been

averaged out in this model. In terms of transformadables (inqd domain), as seen in

Figure 6.33 (right plots), these quantities would be cansin steady state under balanced
operating conditions. Under unbalanced excitatiba,bridges only see the line voltages, and

the zero sequence is hence not transferred toabendary side. Thejd components of

these waveforms, however, include some oscillatiofisthe ac line frequency. The
superimposed higher-frequency ripple due to swiighis averaged out in the proposed
model which leads to omission of higher-frequenaynonics of the waveforms. It has been
demonstrated that given the valuable gains in tevimaumerical efficiency, simplicity, and
ease of implementation, such averaging is extrerheheficial. The proposed generalized
dynamic average model hence makes a valuable spHcally for simulation of larger

systems composed of several converters.
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Figure6.31 Transient response of the 18-pulserectifier system to a change in the input voltage leading

to unbalanced operation in ac side as predicted by various models.
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Figure6.32 Response of the 18-pulserectifier system primary and secondary currentsduring a

transient leading to unbalanced operation as predicted by detailed and proposed GAVM models.
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Figure6.33 Response of the 18-pulserectifier system primary and secondary currentsin transfor med
qdO variablesduring a transient leading to unbalanced operation as predicted by detailed and proposed

GAVM models.

The transient study presented in this Section le@s lzarried out using Matlab/Simulink
[4] and PSCAD/EMTDC[11] run on a personal computer (PC) with 2.83 GH&zI®
Core™2Quad processor. To demonstrate how effettie' VM can be, the time steps taken
by the detailed and proposed generalized average-waodels are summarized in Tabld.

In detailed model, the high frequency switching ayics of 7.2 KHz (18 times the line
frequency of 400 Hz) are present even in steadg-steor accurate sampling of these
dynamics (using 10 times the frequency rule of thyi&}), the upper limit 0f139 s must

be applied on the time step. Furthermore, to atelyracapture the fast transients
corresponding to the system startup, the asymmietwit, and changes in the load, the time
step has to be decreased further at least in tnaityi of these transients. In order to achieve
accurate results in Matlab/Simulinjd], where the variable-step integration is readily

available, it was found that the ODE45 solver carubed with a maximum allowable time
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step of139 us and the absolute and relative error tolerant@g-4. To obtain the results of

Figure6.31, the detailed simulation required a total df68 time-steps. Dividing the length
of study (L8 ms) by the total number of time steps, on averdye model is therefore run
with the time step ofAt = 43us. This relatively small step size is required irdenr to
capture all the discontinuity events due to highqgférency switching of the 18-pulse
converter.

The high-frequency switching does not exist in /@M, and the upper limit on the time
step is solely imposed by the ac line frequency@d Hz. For accurate sampling of these
dynamics (using the approximate 10 times rule)upyeer limit of 250 us is applied on the
time step. Using the variable-step solver ODE23th velative and absolute error tolerances
of 0.001 and 0.01, respectively, the GAVM requitedy 169 time-steps. As seen in Table
6.4, on average, the proposed GAVM runs with=10654s. This time step is about 25
times larger than what was possible in the detaiediching model. In PSCAD, the GAVM
would typically require more time steps since tiTEP-type solution uses a fixed time step.
Also, the indirect method of interfacing used inG2A® implementation of the GAVM
allows less increase in the time step as compaveithe direct interface achieved in the
Simulink implementation. It is observed, howevegttAt = 40 s can be easily achieved in
this case, which demonstrates the improvement ofitaén order of magnitude compared to

the detailed model (precisely 9.3 times).
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Table6.4 Comparison of simulation time stepsfor different models.

Models Total Time Steps RequiredAt (us)

13.9 (max)

Detailed Model-Simulink 4,163
4.3 (average)

Proposed GAVM-Simulink
(Directly Interfaced)

250 (max)

169 106.5 (average)

Proposed GAVM-PSCAD

(Indirectly-Interfaced) 451 40 (fixed)

6.7 Modéd Verification in Frequency Domain

In this Section, the detailed and average model€@ampared in predicting the frequency-
domain characteristics of the considered conveststem, i.e., the input (ac) and output (dc)
impedances. For this purpose, the system is ilyitedsumed to operate in a steady-state
defined by a certain fixed load. A small-signal lgees is then considered around this
operating point. Based on the discussions in Seib, the small-signal impedance of the

system looking into the dc bus is then consideeed a

Zge =—dc. (6.141)
~ldc

This impedance is in fact the impedance of theetmigase ac network and the 3-to-9-phase
transformer module as mapped through the 18-pwgeltsng converter to the dc side.

The small-signal output impedance characteristtained from the detailed and proposed
average models, as well as the AAVM for Mode 5 (¥dve), corresponding to the

quiescent operating poirR,. =7 Q (see Tables.2), are superimposed in Figued4. It is

seen that, although the AAVM is mathematically ddbr this mode of operation, it cannot

accurately capture the impedance characteristicshef system. At the same time, the
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proposed model provides an excellent match withdégiled model in portraying these
characteristics. This is due to the fact that dyisarof the ac side have been represented in
full detail in the proposed GAVM; whereas in the ¥ these dynamics are partly
neglected. The impedance characteristics of Fi§L84 are shown for a range of frequencies
below 10 kHz since for the 18-pulse converter wit#h00 Hz ac line frequency the switching
frequency is 7.2 kHz. As the switching frequencgpproached, it is normal to observe some
deviation between the detailed and AVM responses. tke whole range of frequencies
depicted in Figures.34, however, the results demonstrate an excetath between the
detailed and proposed average models.

Evaluating the input impedance of the system logkiom the ac side requires special
consideration as discussed in Secoh Adopting the approach discussed therein, dl-sma

signal perturbation has been injected in thexis around the operating point defined by
R. =01Q (see Table&.2), which corresponds to Mode 10 (9-valve). THeats of this

perturbation is the impedan(‘}qq, i.e., the first element of the transfer matrix3(®. The

other elements of the impedance characteristicsbaaybtained in a similar way. The results
obtained from the detailed and proposed averageelm@ie superimposed in Figue35.
The AAVM results are not been shown in this figgmece this model is not valid for this
mode of operation. It is seen that the resultshef proposed GAVM match those of the
detailed model with great accuracy.

To demonstrate the effects of adding the dc capatit the system, the small-signal ac
impedance characteristics in presence of this dapaare illustrated in Figur&.36. The

impedanceZgq, obtained from the models by means of lineariraicound the operating

point defined by R =10Q, corresponding to Mode 5 (7-6 valve) (see Tabl8) is

illustrated in Figures.36. It is seen that the proposed model provideese match with the

detailed model as compared to the AAVM. It is adsadent that the detailed and proposed
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models represent a higher-order transfer funct®rc@ampared to the AAVM wherein the

dynamics of the ac side are partly neglected.
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Figure6.34 Impedance Zq. of the 18-pulserectifier at dc sidein Mode 5 (7-6 valve) without dc

capacitor aspredicted by various models.
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capacitor aspredicted by the detailed and proposed GAVM models.

190



30

Z4q, Magnitude (dB)

100
- X X X Detailed

Proposed GAVM
— — — AAVM [65]

Z4q, Phase (deg.)
[\
(e

o
S

102 10*
f(Hz)

—
S
=]

Figure6.36 Impedance qu of the 18-pulserectifier at theac sidein M ode 5 (7-6 valve) in presence of

the dc capacitor as predicted by various models.
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Chapter 7. Conclusionsand Future Work

7.1 Conclusionsand Contributions

The research presented in this thesis leads to effgetive modeling of power electronic
converter systems. The methodology of developimgdb-called dynamic average models
(AVMs) for such converters is based on averaging Vthariables (currents and voltages)
within a switching interval and deriving the retaiships that govern the dynamics of the
system in terms of these averaged variables. Theltieg dynamic average models are
numerically more efficient compared to the detaikaitching models, and hence can
execute much faster. This characteristic makesibaels suitable for system-level studies of
large systems concerned with a large number of p@&heetronic converters. Furthermore,
the developed AVMs are suitable for numerical Inestion and the respective small-signal
analysis.

In particular, a generalized methodology was dgyadian this thesis that can be applied to
an arbitrary high-pulse-count line-commutated coteresystem in order to develop an
average-value model suitable for implementationb@th classes of transient simulation
programs, i.e., SV-based and NA-based. In Chapténel motivations behind the research
and the benefits of dynamics average-value modeiliage presented, followed by an in-
depth literature review on the dynamic average nsodeailable for six-pulse and higher-
pulse-count line-commutated converters. The lindtet of the available AVMs were then

explained, and the goals of the research wereneutli
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Chapter 2 presented implementations of analyticdl@arametric AVMs in state-variable-
based simulators. The analysis started with a ligtéiled analysis that helped clarify the
challenges in developing the AVMSs, such as thetemte of various operational modes.
Since the available AVMs are formulated based om s$kate variable approach, their
implementation in this class of programs is showhe straightforward.

The contribution of Chapter 3 is the extensionyfamic average modeling approaches to
the EMTP-type simulation packages, wherein thergudiand direct methods of interfacing
the dynamic average modes are defined. This Chamenly addresseSbjective 1 stated in
Introduction of this thesis. As the EMTP-type pramis are widely used for simulation of
large power systems, the dynamic AVMs developethis Chapter can be utilized in order
to achieve significant gains in the simulation tifiee results indicate that both indirect and
direct methods of interfacing the dynamic averagel@s with the external circuit-networks
provide acceptable results for much larger tim@stihan were ever possible with detailed
model. The indirect interfacing method is generailyppler to implement and requires less
analytical derivations. This advantage, howeveme® at the price of degraded initialization
transient response of the model, and less accuabdgrger time steps (beyond several

hundreds of microsecond for typiceD  Hime frequency). At the same time, the direct

interfacing method is shown to remain more accunmata wide range of time step sizes.
Using the time-step oAt =1000us, which is 20 times larger than the typical EMTpay
time step of50us , the direct method of interfacing still providesuperior level of accuracy
as demonstrated by the results of Chapter 3. Howelies method requires significant
analytical effort to establish the respective Tmewequivalent circuit.

In Chapter 4, the validity and effectiveness of deeeloped average models is verified in
both classes of simulation software packages. Rerfirst time, it is demonstrated that
appropriately-formulated dynamic AVMs can preditie tsystem performance in DCM

operation and under unbalanced excitation. Theiqgusely-developed models have been
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derived assuming only balanced conditions, whetleeneffects of asymmetric faults were
not investigated. Extensive simulation studies bafer 4, carried out on an example six-
pulse front-end line-commutated converters systaicate that all AVMs may provide
acceptable results in one mode (CCM-1). The reslitained by various models are also
shown to be independent of the software packadmngsas the respective time step and error
tolerances are appropriately chosen. Using theraotdi method of interfacing, in
PSCAD/EMTDC and EMTP-RYV, the increase in the timepssize of 4 and 6 times is
achieved, respectively. However, using the direethod of interfacing in Matlab/Simulink

allows for further improvement (8 times) comparedhe typical50us time step.

The contribution of Chapter 5 is the new dynamic M\\or the six-pulse machine-
converter system that can accurately predict thieegmower conversion chain in the system,
as outlined inObjective 2 of the thesis. The effects of machine and bridgsés are taken
into account. The experimental results and simutastudies carried out on an example
vehicular power system demonstrate the effectieradsthe developed methodology in
predicting the losses and complete power conversio@in in the system, wherein a
significant improvement compared to the previouyeloped model is also demonstrated.
The increase in simulation speed of 73 times iseael with respect to the detailed model.

The contributions of Chapter 6 include developiig tgeneralized dynamic AVM
methodology that can be applied to high-pulse cdrveystems of various configurations as
was the focus oDbjective 3 of this thesis. Such generalized dynamic AVM médtilogy is
developed for the first time and can be appliedrt@rbitrary voltage source- or machine-fed
high-pulse-count converter system. Moreover, akvpusly-developed AVMs in the
literature employ an oversimplified representatadrthe multi-phase transformer model. In
contrast, a novel high-order representation of rthéti-phase transformer is developed in
Chapter 6 for use in AVMs, as was needed for aamge®bjective 3(a). The original

transformer model developed in Chapter 6 is capabtepresenting all the details including
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asymmetric properties of the magnetic core and dge& and resistances due to the
interconnected configuration. The round shifted iegjent transformer model is more
efficient and preserves the model generality ancuracy. A simplified, but effective,
collapsed transformer model is also formulated Wwhassentially represents the multi-phase
transformer by an equivalent three-phase transformghout loss of accuracy for
implementation of generalized dynamic AVMs in tHd BP-type programs.

The generalized AVM developed in Chapter 6 is vétid all operational modes unlike
most of the previously-developed models that assaicestain single mode of operation. The
developed model also includes the necessary zepesee and hence remains valid even
under unbalanced excitation, which achie@gective 3(b). Extensive simulation studies
are carried out on an 18-pulse high-frequency exarapcraft power system in time- and
frequency-domains. The presented studies compargetheralized AVM against the detailed
switching model of the system as well as the presiigdeveloped analytical AVM for 18-
pulse systems. The results demonstrate an exceflatth between the responses predicted
by proposed generalized AVM and the detailed switghmodel, wherein a significant
improvement in accuracy and range of applicatiooampared to the previously-developed
state-of-the-art model is also achieved. The studierify that the proposed generalized
AVM remains valid for all modes of operation, anader balanced and unbalanced

excitation.
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7.2 FutureWork

The research presented in this thesis may be eeaim several directions. The following

three particular directions are currently under stderation and investigation by other

members of the Electric Power and Energy Systerssareh group at the University of

British Columbia, with promising results as outhineelow:

1-

Formulating the proposed GAVM using the direct interfacing method:

The developed GAVM uses an indirect and less ateunathod of interfacing. This
method, although simpler, has some accuracy limitatas described in Chapter 3.
Extending the approach employing the direct methiomterfacing is considered as a
future research that would further improve the nhodemerical efficiency while
preserving the good accuracy. This extension magde similar to the analytical
approach formulated in Chapter 3 for direct integfaFor this purpose, the dc and ac
side equations must be discretized and linearigadh that the final model may be
formulated in a Norton or Thevenin equivalent dwue similar to Figure3.8. As
demonstrated by the results of Chapter 6, the tijréaterfaced model in Simulink
provides 25 times improvement in time step size maned to about 10 times achieved
by indirectly-interfaced model implemented in PASTAL is therefore expected that
another factor of two to three improvement may ti@ieved upon accomplishment of

this research task.

Extending the proposed GAVM to controlled line-commutated converter systems:
Despite the great popularity and range of applcesti the uncontrolled

converters/rectifiers do not allow bi-directionahrisfer of power. Extending the

approach to the controlled line-commutated converiee., thyristor converters would

be of great benefit since this would allow dynaraierage modeling of the much
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larger class of systems including the HVDC systelmssuch converters, the firing

angle should be included in the model formulatisraa additional control variable.

Extending the approach to include the effects of lower frequency harmonics:

In traditional AVMs, the switching harmonics areesaged out and removed from
the model. As a result, under balanced excitatioe respective ac variables predicted
by the average models appear as purely sinusoidakefarms. Depending on the
application, further accuracy may be desired irdjgteng the harmonics injected by
the converter at the ac side. Such accuracy, &tamte, is desired in the system-level
analysis concerned with the harmonic filters presehe ac power system. Including
the effects of these harmonics into the proposed/KBAwill be considered in the
future research. Such generalization may be caoigdusing the multiple reference
frame theory[134]. Using this approach, each harmonic may bewed in the
corresponding synchronously rotating reference é&aiend the averaging may be
carried out for each harmonic term, respectivelye Generalized parametric functions
may then be defined and evaluated in order to ftateuthe final desired model.
Including a few significant lower-frequency harmasie.g., fifth and seventh, may be

sufficient for typical power quality and power syisis applications.

197



References

[1]

(2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

“ACSLX, Advanced Continuous Simulation Language,r#Js€uide, Version 2.4 The AEgis
Technologies Group Inc., 2008. Availablgtp://www.acslsim.com
EASY5 Engineering Software for the Design, Analysis and SitimnaMSC SimEnterprise, Inc., 2008.

Available: http://www.mscsoftware.com

EUROSTAG: Software for simulation of large electriower systems, Tractebel Energy Engineering,

2008. Availablehttp://www.eurostag.bandwww.tractebel-engineering.com

“Simulink Dynamic System Simulation Software, Udéamual, MathWorks Inc., 2008. Available:

http://www.mathworks.com

“SimPowerSystems: Model and simulate electrical paystems, User's GuigdeThe MathWorks Inc.,
2006. Availablehttp://www.mathworks.com

“Piecewise Linear Electrical Circuit Simulation (PCBE), User Manual, Version 174Plexim GmbH,

2008. Availablehttp://www.plexim.com

“Automated State Model Generator (ASMG), Referenapulsl, Version 2 P C Krause & Associates

Inc., 2003. Availablehttp://www.pcka.com

H. W. Dommel EMTP Theory BoakMicroTran Power System Analysis Corp., Vancouver, Banatia,
1992.

“MicroTran Reference Manual MicroTran Power System Analysis Corp., 1997. Avaiabl
http://www.microtran.com

Alternative Transients Programs, ATP-EMTP, ATP Userupr®007. Availablehttp://www.emtp.org
PSCAD/EMTDC V4.0 On-Line Help, Manitoba HVDC Reseaféntre and RTDS Technologies Inc.,
2005.

Electromagnetic Transient Program, EMTP RV, CEA Technelgilnc.,, 2007. Available:

http://www.emtp.com

R. D. Middlebrook, “Input filter considerations in designd application of switching regulators,” in
Proc. IEEE Industrial Applications Society ConferenChicago, USA, Oct. 1976, pp. 91-107.

M. Belkhayat, “Stability criteria for ac power systemvith regulated loads,” PhD Dissertation, Purdue
University, 1997.

M. B. Harris, A.W. Kelley, J. P. Rhode, and M. E. &ay “Instrumentation for measurement of line
impedance,” inProc. 9" IEEE Applied Power Electronics Conference (APEG;%@rlando, USA, Feb.
1994,

B. Palethorpe, M. Sumner, and D. W. Thomas, “Power sy$tepedance measurement using a power
electronic converter,” ifProc. 9" International Conference on Harmonics and QuatityPower (ICHQP
'00), Orlando, USA, Oct. 2000.

198



[17] A. Emadi, A. Khaligh, C. H. Rivetta, and G. A WilliamsofConstant power loads and negative
impedance instability in automotive systems: definitionpdeling, stability, and control of power
electronic converters and motor driveEPEE Trans. on Vehicular Technolagyol. 55, no. 4, pp. 1112—
1125, Jul. 2006.

[18] Tara, E., Filizadeh, S., Jatskevich, J., et al.: “Dyrmafwerage Modeling of Hybrid-Electric Vehicular
Power Systems,” To appearlBEE Trans. on Power Delivery2011, 8 pages, (Manuscript ID: TPWRD-
00707-2011).

[19] J. Jatskevich, O. Wasynczuk, E. A. Walters, E. C. Lucad Bl Zivi, “Real-Time Distributed Simulation
of a DC Zonal Electrical Distribution System,” presentgdhe SAE Power Systems Conference, Coral
Springs, FL, USA, Oct. 2002.

[20] T. L. Skvareniana, S. Pekarek, O. Wasynczuk, P. C. Krause]. Rhibodeaux, and J. Weimer,
“Simulation of a more electric aircraft power systegsing an automated state model approachPrivc.

31" Intersociety Energy Conversion Engineering Cosriee Washington, USA, Aug. 1996, pp. 133-
136.

[21] C. E. Lucas, E. A. Walters, J. Jatskevich, O. WasynczukParl. Lamm, “A Distributed Heterogeneous
Simulation of a Representative Aircraft Power Systepng'sented at the SAE Power Systems Conference,
Coral Springs, FL, Oct. 2002.

[22] B. R. Needham, P. H. Eckerling, and K. Siri, “Simulatiminlarge distributed DC power systems using
averaged modelling techniques and the Saber simulatorPrac. IEEE Applied Power Electronics
Conference and Exposition (APEC'9Qrlando, USA, Feb. 1994, vol. 2, pp. 801-807.

[23] K. S. Tam and L. Yang, “Functional models for space powlectronic circuits,”IEEE Trans. on
Aerospace and Electronic Systemal. 31, no. 1, pp. 288-296, Jan. 1995.

[24] J. R. Lee, H. H. Cho, S. J. Kim, and F. C. Lee, “Modeand simulation of spacecraft power systems,”
IEEE Trans. on Aerospace and Electronics Systenis24, no. 3, pp. 295-303, May 1988.

[25] J. Morren, S. W. H. de Haan, P. Bauer, J. Pierik, argbdelie, “Comparison of complete and reduced
models of a wind turbine with Doubly-Fed Induction Generator Proc. 10th European Conference on
Power Electronics and Application§oulouse, France, Sep. 2003.

[26] J. G. Slootweg, S. W. H. de Haan, H. Polinder, and VKling, “General model for representing variable
speed wind turbines in power system dynamics simulatidBEE Trans. on Power Systenvsl. 18, no.

1, pp. 144-151, Feb. 2003.

[27] J. G. Slootweg, S. W. H. de Haan, H. Polinder, and WKling, “Modeling new generation and storage
technologies in power system dynamics simulations,Piac. IEEE 2002 Power Engineering Society
Summer MeetingChicago, USA, vol. 2, Jul. 2002, pp. 868—-873.

[28] J. G. Slootweg, H. Polinder, and W. L. Kling, “Represenivind turbine electrical generating systems in
fundamental frequency simulationdEEE Trans. on Energy Conversiowol. 18, no. 4, pp. 516-524,
Dec. 2003.

199



[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

C. Abbey, J. Morneau, J. Mahseredjian, and G. Joos, 8ty Requirements for Transient Stability
Studies for Wind Parks,” ifProc. IEEE 2006 Power Engineering Society Genéfakting Montreal,
Canada, Jun. 2006.

Hee-Sang Ko, J. Jatskevich, G. Dumont and Gi-Gap Yoon, ddvanced LMI-based-LQR design for
voltage control of grid-connected wind farnhiit. J. Electric Power Systems Researabl. 78, no. 4, pp.
539-546, Apr. 2008.

Hee-Sang Ko and J. Jatskevich, “Power Quality Controlydifrid Wind Power Generation System Using
Fuzzy-LQR Controller,1EEE Trans. on Energy Conversiorol. 22, no. 2, pp. 516-527, Jun. 2007.

A. Tabesh and R. Iravani, “Small-signal dynamic model amalyais of a fixed-speed wind farm - a
frequency response approaclEEE Trans. on Power Deliveryol. 21, no. 2, pp. 778-787, Apr. 2006.

B. Wu, High-Power Converters and AC driveRiscataway, NJ: IEEE Press/Wiley, 2006.

K. Lee, V. Blasko, T. M. Jahns, and T. A. Lipo, “Inputrimanic estimation and control methods in active
filters,” IEEE Trans. on Power Deliveryol. 25, no. 2, pp. 953-960, Apr. 2010.

M. E. Villablanca and J. I. Nadal, “Current distorticeduction in six-phase parallel-connected AC/DC
rectifiers,”|[EEE Trans. on Power Deliveryol. 23, no. 2, pp. 953-959, Apr. 2008.

K. Lee, G. Venkataramanan, and T. M. Jahns, “Source cunamionic analysis of adjustable speed
drives under input voltage unbalance and sag conditidBEE Trans. on Power Deliverypl. 21, no. 2,
pp. 567-576, Apr. 2006.

B. Singh, G. Bhuvaneswari, and V. Garg, “Power-quality ompments in vector-controlled induction
motor drive employing pulse multiplication in ac-dc conees,”|IEEE Trans. on Power Deliveryol. 21,
no. 3, pp. 1578-1586, Jul. 2006.

G. W. Chang and S. K. Chen, “An analytical approach for cieniaing harmonic and interharmonic
currents generated by VSI-fed adjustable speed driVEEE Trans. on Power Deliveryol. 20, no. 4,
pp. 2585-2593, Oct. 2005.

M. B. Rifai, T. H. Ortmeyer, and W. J. McQuillan, “Evakion of current interharmonics from AC
drives,”|IEEE Trans. on Power Deliveryol. 15, no. 3, pp. 1094-1098, Jul. 2000.

J. Jiang and J. Holtz, “An efficient braking method for colfed ac drives with a diode rectifier front
end,”|EEE Trans. on Industry Applicationgol. 37, no. 5, pp. 1299-1305, Sep. 2001.

F. Wang,et al, “Analysis and design optimization of diode front-endtifiex passive components for
voltage source inverterslEEE Trans. on Power Electronicgol. 23, no. 5, pp. 2278-2289, Sep. 2008.
J. G. Hwang, P. W. Lehn, and M. Winkelnkemper, “A geneedlizlass of stationary frame-current
controllers for grid-connected ac-dc convertetEEE Trans. on Power Deliveryol. 25, no. 4, pp. 2742-
2751, Oct. 2010.

M. E. Haque, M. Negnevitsky, and K. M. Muttagi, “A novel cahtstrategy for a variable-speed wind
turbine with a permanent-magnet synchronous generdEfFE Trans. on Industry Applicationgol. 46,
no. 1, pp. 331-339, Jan./Feb. 2010.

200



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

A. Emadi, M. Ehsani, and J. M. MilleNehicular Electric Power Systems: Land, Sea, A &pace
Vehicles Marcel Dekker, Inc., New York, NY, USA, 2004.

G. W. Chang, H. Wang, G. Chuang, and S. Chu, “Passive harfileriplanning in a power system with
considering probabilistic constraintdEZEE Trans. on Power Deliveryol. 24, no. 1, pp. 208-218, Jan.
2009.

H. M. Zubi, R. W. Dunn, and F. V. P. Robinson, “Companisaf different common passive filter
topologies for harmonic mitigation,” irProc. 43" International Universities Power Engineering
Conference (UPEC '10)Cardiff, UK, Aug.-Sep. 2010.

G. Gong, U. Drofenik, and J. W. Kolar, “12-pulse rectifier more electric aircraft applications,” Rroc.

3 International Conference on Industrial Technolplyiaribor, Slovenia, Dec. 2003.

F. J. Chivite-Zabalza, A. J. Forsyth, D. R. Trainernéddysis and practical evaluation of an 18-pulse
rectifier for aerospace applications,” Broc. 2 International Conference on Power Electronics,
Machines and Drives€Edinburgh, UK, Mar.-Apr. 2004, vol. 1, pp. 338-343.

E. Walters, O. Wasynczuk, and H. J. Hegner, “Computerefiraglof a high-pulse-count ac/dc converter
with interconnected multi-legged core transformersPinc. the Naval Symposium on Electric Machines,
Annapolis, USA, Oct. 1998.

S. D. Sudhoff, “Analysis and average-value modeling of dum-dommutated converter- 6-phase
synchronous machine system;EE Trans. on Energy Conversiorol. 8, no. 3, pp. 411-417, Sep. 1993.
P. C. Krause, O. Wasynczuk, and S. D. Sudhffalysis of Electric Machinery and Drive Systeiisd
ed., IEEE Press/Wiley, Piscataway, NJ, USA, 2002.

D. Aliprantis, S. D. Sudhoff, and B. T. Kuhn, “A brushlessiter model incorporating multiple rectifier
modes and Preisach’s hysteresis thedyEE Trans. on Energy Conversiovrol. 21, no. 1, pp. 136-147,
Mar. 2006.

S. D. Sudhoff and O. Wasynczuk, “Analysis and average-valueslingdof line-commutated converter-
synchronous machine system;EE Trans. on Energy Conversiorol. 8, no. 1, pp. 92-99, Mar. 1993.

S. D. Sudhoff, K. A. Corzine, H. J. Hegner, D. E. DelistTransient and dynamic average-value
modeling of synchronous machine fed load-commutated comygriEEE Trans. on Energy Conversion
vol. 11, no. 3, pp. 508-514, Sep. 1996.

J. T. Alt, S. D. Sudhoff, B. E. Ladd, “Analysis and awymaalue modeling of an inductorless
synchronous machine load commutated converter syst&®E Trans. on Energy Conversiovol. 14,
no. 1, pp. 37-43, Mar. 1999.

M. A. Shrud, A. Bousbaine, A. Elazrag, and N. Benamrouthealysis and simulation of a 42V power
system for automotive applications,” iRroc. 44" International Universities Power Engineering
Conference (UPEC'09)Glasgow, UK, Sep. 2009.

V. Caliskan, D. J. Perreault, T. M. Jahns, and J. G. &des, “Analysis of three-phase rectifiers with
constant-voltage loadsJEEE Trans. on Circuits and Systems |: Fundamemtaory and Applications
vol. 50, no. 9, pp. 1220-1226, Sep. 2003.

201



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

V. Caliskan, D. J. Perreault, T. M. Jahns, and J. G. &des, “Analysis of three-phase rectifiers with
constant-voltage loads,” iRroc. 30th Annual IEEE Power Electronics Spectali€onference (PESC
'99), Charleston, USA, Jul. 1999.

P. Pejovic” and J. W. Kolar, “Exact analysis of three-phastifiers with constant voltage load$£EE
Trans. on Circuits and Systems Il: Express Bried$, 55, no. 8, pp. 743—-747, Aug. 2008.

B. Zhang, “Modeling and analysis of source-commutated fivese diode rectifier systems,” PhD
Dissertation, University of Missouri-Rolla, 2004.

B. Zhang and S. D. Pekarek, “Analysis and average valueelntdda source-commutated 5-phase
rectifier,” in Proc. 353" Annual IEEE Power Electronics Specialists ConfeeerfPESC’04) Aachen,
Germany, Jun. 2004.

Y. Tzeng, N. Chen, and R. Wu, “Modes of operation in pelratbnnected 12-pulse uncontrolled bridge
rectifiers without an interphase transformdEEE Trans. on Industrial Electronicsol. 44, no. 3, pp.
344-355, Jun. 1997.

A. Cross, A. Baghramian, and A. Forsyth, “Approximate,rage, dynamic models of uncontrolled
rectifiers for aircraft applications)ET Power Electronicsvol. 2, no. 4, pp. 398-409, Jul. 2009.

A. Baghramian, A. J. Forsyth, “Averaged-value models of lue#pulse rectifiers for aerospace
applications,” inProc. 2" International Conference on Power Electronics, kiaes, and Drives (PEMD
‘04, Edinburgh, UK, Mar.-Apr. 2004.

H. Zhu, “New multi-pulse diode rectifier average modfids ac and dc power systems studies,” PhD
Dissertation, Virginia Polytechnic Institute and State Ursitgr 2005.

H. Zhu, R. P. Burgos, F. Lacaux, A. Uan-zo-li, D. K. direr, F. Wang, and D. Boroyevich, “Average
modeling of three-phase and nine-phase diode rectifietls improved ac current and dc voltage
dynamics,” inProc. 3f' Annual Conference of the IEEE Industrial ElectosnSociety (IECON’05)
Raleigh, USA, Nov. 2005.

H. Zhu, R. P. Burgos, F. Lacaux, A. Uan-zo-li, D. K. LiednF. Wang, and D. Boroyevich, “Evaluation
of Average models for nine-phase diode rectifiers witiproved ac and dc dynamics,” Proc. 2£'
Annual Power Electronics Conference and Exposi(iiREC’06) Dallas, USA, Mar. 2006.

S. Rosado, R. Burgos, F. Wang, and D. Boroyevich, “Large- small-signal evaluation of average
models for multi-pulse diode rectifiers,” roc. IEEE Workshops on Computers in Power Eledti®n
(COMPEL '06) Troy, USA, Jul. 2006.

I. Jadric, D. Borojevic, and M. Jadric, “Modeling and cohwof a synchronous generator with an active
DC load,”|IEEE Trans. on Power Electronicgol. 15, no. 2, pp. 303-311, Mar. 2000.

J. Jatskevich, S. D. Pekarek, and A. Davoudi, “Parameterage-value model of synchronous machine-
rectifier systems,1EEE Trans. on Energy Conversiorol. 21, no. 1, pp. 9-18, Mar. 2006.

J. Jatskevich, S. D. Pekarek, and A. Davoudi, “Fast proeefitur constructing an accurate dynamic
average-value model of synchronous machine-rectifier systéBtSE Trans. on Energy Conversiovol.

21, no. 2, pp. 435-441, Jun. 2006.

202



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

J. Jatskevich and S. D. Pekarek, “Numerical validation afametric average-value modeling of
synchronous machine-rectifier systems for variable frequen@ratpn,” IEEE Trans. on Energy
Conversionvol. 22, no. 4, pp. 1-2, Dec. 2007.

J. Jatskevich, E. Walters, C. Lucas, and P. T. Lamm, ragevalue model of a high-frequency six-phase
generation system3AE Trans., Journal of Aerospae®l. 113, no. 1, pp. 1854-1861, Nov. 2004.

J. Jatskevich, and S. D. Pekarek, “ Six-phase synchronous men@metifier parametric average value
modeling considering operational modeBIAIT Journal of Science and Engineering\®l. 2, no. 3-4,
pp. 365-385, Dec. 2005.

J. Jatskevich, O. Wasynczuk, E. A. Walters, C. E. Lucaf). ekarek, and P. T. Lamm, “Automated
identification of the operational modes of switched ®lecircuits,” SAE Trans. Journal of Aerospace
vol. 109, no. 1, pp. 955-961, Oct. 2000.

J. Biela, D. Hassler, J. Schonberger, and J. W. Kt&@losed loop input current control of a hybrid 12-
pulse rectifier,” inProc. Power Electronics Specialists Conference (@BS8), Rhodes, Greece, Jun.
2008.

S. Choi, A. R. von Jouanne, P. N. Enjeti, and I. J. PiRdlyphase transformer arrangements with
reduced kVA capacities for harmonic current reductioneictifier type utility interface,” inProc. 26"
Annual IEEE Power Electronics Specialists ConfeesfRESC’95) Atlanta, USA, Jun. 1995.

S. Choi, P. N. Enjeti, I. J. Pitel, “Polyphase transfer arrangements with reduced kVA capacities for
harmonic current reduction in rectifier-type utility intexég” IEEE Trans. on Power Electronicsgol. 11,
pp. 680-690, Sep. 1996.

J. Jatskevich, O. Wasynczuk, E. A. Walters, and C. E. 4.ut@ontinuous state-space modeling of
switched electric networks,” iRroc. 2000 IEEE International Conference on Contpiplications (CCA
'00), Anchorage, USA, Sep. 2000.

J. Pedra, F. Corcoles, and F. J. Suelves, “Effectsaténced and unbalanced voltage sags on VSlI-fed
adjustable-speed drivedEEE Trans. on Power Deliverypl. 20, no. 1, pp. 224-233, Jan. 2005.

M. O. Faruque, Y. Zhang, and V. Dinavahi, “Detailed ModelirigCIGRE HVDC Benchmark System
Using PSCAD/EMTDC and PSB/SIMULINK,[EEE Trans. on Power Deliveryol. 21, no. 1, pp. 378-
387, Jan. 2006.

S. D. Pekarek, O. Wasynczuk, and H. J. Hegner, “An effi@adtaccurate model for the simulation and
analysis of synchronous machine/converter systetB&§E Trans. on Energy Conversiovol. 13, no. 1,
pp. 42—48, Mar. 1998.

S. D. Pekarek and E. A. Walters, “An accurate method gfenéng dynamic saliency of synchronous
machines in power electronic based systenttSEE Trans. on Energy Conversiowol. 14, no. 4, pp.
1177-1183, Dec. 1999.

L. Wang and J. Jatskevich, “A voltage-behind-reactance synchronacisine model for the EMTP-type
solution,”|[EEE Trans. on Power Systemsl. 21, no. 4, pp. 1539-1549, Nov. 2006.

203



[85] N. Mohan, T. M. Undeland, and W. P. RobbiRswer Electronics: Converters, Applications and Das
2nd ed., Wiley, Inc., New York, NY, USA, 1995.

[86] A. M. De Broe, S. Drouilhet, and V. Gevorgian, “A peakvgo tracker for small wind turbines in battery
charging applicationsfEEE Trans. on Energy Conversiorol. 14, no. 4, pp. 1630-1635, Dec. 1999.

[87] K. L. Lian, B. K. Perkins, and P. W. Lehn, “Harmonic Bs#& of a three-phase diode bridge rectifier
based on sampled-data modéEEE Trans. on Power Deliveryol. 23, no. 2, pp. 1088-1096, Apr. 2008.

[88] M. Grotzbach and R. Reiner, “Line current harmonics of-f¢8l adjustable-speed drivesEEE Trans.
on Industry Applicationsvol. 36, no. 2, pp. 683-690, Mar. 2000.

[89] G. Carpinelli,et al, “Analytical modeling for harmonic analysis of line curref VSI-fed drives,"IEEE
Trans. on Power Deliveryol. 19, no. 3, pp. 1212-1224, Jul. 2004.

[90] B. Pilvelait, T. Ortmeyer, and M. Grizer, “Harmonigatuation of inductor location in a variable speed
drive,” in Proc. ICHPS V International Conference on Harmonit®ower SystemsSep. 1992, pp. 267-
271.

[91] R. M. Davis,Power Diode and Thyristor CircuitsCambridge University Press, Cambridge, MA, USA,
1971.

[92] S. D. Sudhoff, B. P. Loop, J. Byoun, and A. M. Craniérnew procedure for calculating immittance
characteristics using detailed computer simulatioris,Proc. IEEE 38 Annual Power Electronics
Specialists Conferenc®rlando, USA, Jun. 2007, pp. 901-908.

[93] Z. Bing, K. J. Karimi, and J. Sun, “Input impedance madgknd analysis of line-commutated rectifiers,”
in Proc. IEEE 38 Annual Power Electronics Specialists Conferer@gando, USA, Jun. 2007, pp. 1981-
1987.

[94] J. Sun and K. Karimi, “Small-signal input impedance maugbf line-frequency rectifiersfEEE Trans.
on Aerospace and Electronic Systend. 44, no. 4, pp. 1489-1497, Oct. 2008.

[95] J. Huang, K. A. Corzine, and M. Belkhayat, “Small-signal éatgnce measurement of power-electronics-
based ac power systems using line-to-line current infeéti&EE Trans. on Power Electronicsol. 24,
no. 2, pp. 445-455, Feb. 2009.

[96] Y. A. Familiant, J. Huang, K. Corzine, and M. Belkhaydew techniques for measuring impedance
characteristics of three-phase ac power systetB&EE Trans. on Power Electronicsol. 24, no. 7, pp.
1802-1810, Jul. 2009.

[97] Z. Bing, K. J. Karimi, and J. Sun, “Input impedance modghnd analysis of line-commutated rectifiers,”
IEEE Trans. on Power Electronicgol. 24, no. 10, pp. 2338-2346, Oct. 2009.

[98] H. W. Dommel, “Digital computer solution of electromagaetransients in single- and multiphase
networks,”IEEE Trans. on Power Apparatus and Systemak,PAS-88, no. 4, pp. 388—-399, Apr. 1969.

[99] J. Mahseredjian, V. Dinavahi and J.A. Martinez, “Simulatimols for electromagnetic transients in power
systems: Overview and challengeEEEE Trans. on Power Deliveryol. 24, no. 3, pp. 1657-1669, Jul.
2009.

204



[100] H. W. Dommel, “Nonlinear and time-varying elements imgitdli simulation of electromagnetic
transients,"lEEE Trans. on Power Apparatus and Systarak,PAS-90, pp. 2561-2567, Nov./Dec. 1971.

[101] S. M. Chan and V. Brandwajn, “Partial Matrix Refactation,” IEEE Trans. on Power Apparatus and
Systemsyol. PWRS-1, no. 1, pp. 193-200, Feb. 1986.

[102] K. Strunz, L. Linares, J. R. Marti, O. Huet, and Xmlmard, “Efficient and accurate representation of
asynchronous network structure changing phenomena in digital mealstmulators,”IEEE Trans. on
Power Systemsol. 15, no. 2, pp. 586-592, May 2000.

[103] L. R. Linares and J. R. Marti, “A resynchronization aigpon for topological changes in real time fast
transients simulation,” ifProc. 14" Power Systems Computation Conference (PSCC®®illa, Spain,
June 2002.

[104] K. Strunz, “Flexible numerical integration for effictemepresentation of switching in real time
electromagnetic transients simulatiolEEE Trans. on Power Deliveryol. 19, no. 3, pp. 1276-1283, Jul.
2004.

[105] M. O. Farugque, V. Dinavahi, and W. Xu, “Algorithms for #hecounting of multiple switching events in
digital simulation of power-electronic systemHEE Trans. on Power Deliveryol. 20, no. 2, pp. 1157-
1167, Apr. 2005.

[106] C. Dufour and J. Belanger “Discrete time compensatibiswatching events for accurate real-time
simulation of power systems,” iroc. 27" Annual Conference of the IEEE Industrial ElectamnSociety
(IECON’01), Denver, USA, Nov.-Dec. 2001.

[107] V. Dinavahi, M. R. Iravani, and R. Bonert, “Real-timigithl simulation of power electronic apparatus
interfaced with digital controllers,JEEE Trans. on Power Deliverywol. 16, no. 4, pp. 775-781, Oct.
2001.

[108] J. R. Marti and J. Lin, “Suppression of numericatiltetions in the EMTP,”IEEE Trans. on Power
Systemsvol. 4, no. 2, pp. 739-747, May 1989.

[109] J. Lin and J. R. Marti, “Implementation of the CDA gedure in the EMTP,JIEEE Trans. on Power
Systemsvol. 5, no. 2, pp. 394-402, May 1990.

[110] D.A. Woodford, A.M. Gole, and R.W. Menzies, “Digit8imulation of DC Links and AC Machines,”
IEEE Trans. on Power Apparatus and Systeros PAS-102, no. 6, pp. 1616-1623, Jun. 1983.

[111] A.M. Gole, R.W. Menzies, H.M. Turanli, and D.A. Woodf, “Improved interfacing of electrical
machine models to electromagnetic transients progrdiBEE Trans. on Power Apparatus and Systems
vol. PAS-103, no. 9, pp. 2446-2451, Sep. 1984.

[112] L. Wang, J. Jatskevich, V. Dinavahi, H. W. Dommel, JMartinez, K. Strunz, M. Rioual, G. W. Chang,
and R. Iravani, “Methods of interfacing rotating machinedels in transient simulation programtiEEE
Trans. on Power Deliveryol. 25, no. 2, pp. 891-903, Apr. 2010.

[113] J. J. Grainger and W. D. Stevenson, Bower System AnalysidMcGraw-Hill, New York, NY, USA,
1994.

205



[114] M. Heidari, S. Filizadeh, and A. M. Gole, “Supparbls for simulation-based optimal design of power
networks with embedded power electronid§EE Trans. on Power Deliveryol. 23, no. 3, pp.1561 —
1570, Jul. 2008.

[115] D. J. Perreault and V. Caliskan, “Automotive power gatien and control,"EEE Trans. on Power
Electronics vol. 19, no. 3, pp. 618-630, May 2004.

[116] S. C. Tang, T. A. Keim, and D. J. Perreault, “Thermateling of Lundell alternatorsJEEE Trans. on
Energy Conversianvol. 20, no. 1, pp. 25-36, Mar. 2005.

[117] S. M. Lukic, J. Cao, R. C. Bansal, F. Rodriguez, an&wadi, “Energy storage systems for automotive
applications,” JEEE Trans. on Industrial Electronicspl. 55, no. 6, pp. 2258-2267, Jun. 2008.

[118] I. Ramesohl, G. Henneberger, S. Kuppers, and W. Hatifisee dimensional calculation of magnetic
forces and displacements of a claw-pole generatBEE Trans. on Magneticvol. 32, no. 3, pp. 1685—
1688, May 1996.

[119] S. Kuppers and G. Henneberger, “Numerical proceduneshé calculation and design of automotive
alternators,"lEEE Trans. on Magneti¢csol. 33, no. 2, pp. 2022-2025, Mar. 1997.

[120] H. Bai, “Alternator finite element simulation,” Tlegical Presentation at Delphi Automotive Systems,
Troy, MI, USA, Aug. 2000.

[121] V. Ostovic, J. M. Miller, V. K. Garg, R. D. Schultand S. H. Swales, “A magnetic-equivalent-circuit-
based performance computation of a Lundell alternat&fE Trans. on Industry Applicationsol. 35,
no. 4, pp. 825-830, Jul./Aug. 1999.

[122] M. Hecquet and P. Brochet, “Modeling of a claw-pdteraator using permeance network coupled with
electric circuits,”IEEE Trans. on Magneticsol. 31, no. 3, pp. 2131-2134, May 1995.

[123] H. Bai, S. Pekarek, J. Tichenor, W. Eversman, D. Buening;idrook, M. Hull, R. Krefta, and S.
Shields, “Analytical derivation of a coupled-circuit modsl a claw-pole alternator with concentrated
stator windings,lEEE Trans. on Energy Conversiorol. 7, no. 1, pp. 32-38, Mar. 2002.

[124] H. Bai, S. Pekarek, J. Tichenor, W. Eversman, D. Bue®@ngjolbrook, and R. Krefta, “Incorporating
the effects of magnetic saturation in a coupled-circuit ehod a claw-pole alternatorfEEE Trans. on
Energy Conversianvol. 22, no. 2, pp. 290-298, Jun. 2007.

[125] R. F. Schniferl and C. M. Ong, “Six phase synchronous machith AC and DC stator connections,
Part I: Equivalent circuit representation and steady-staddysis,”IEEE Trans. on Power Apparatus and
Systemsvol. PAS-102, no. 8, pp. 2685-2693, Aug. 1983.

[126] J. G. Zhu, S. Y. R. Hui, and V. S. Ramsden “A genegdlidynamic circuit model of magnetic cores for
low- and high-frequency applications-Part |: Theoreticalcaation of the equivalent core loss
resistance,1IEEE Trans. on Power Electronicgol. 11, no. 2, pp. 246-250, Mar. 1996.

[127] O. Magdun, A. Binder, and Y. Gemeinder, “Representatibriron core and dielectric losses for
calculation of common mode stator ground currents in inwgterac machines,” inProc. 12"
International Conference on Optimization of Elecati and Electronic Equipment (OPTIMBrasov,
Romania, May. 2010, pp. 371-376.

206



[128] A. Szumanowski and Y. Chang “Battery management systemdbas battery nonlinear dynamic
modeling,”IEEE Trans. on Vehicular Technolggyol. 57, no. 3, pp. 1425-1432, May 2008.

[129] F. E. Wicks and D. Marchionne, “Development of a madgiredict electric vehicle performance over a
variety of driving conditions,” inProc. Intersociety Energy Conversion Engineeringhfécence New
York, USA, Aug. 1992, vol. 3, pp. 151-158.

[130] V. Michael, F. E. Wicks, D. Robertson, and S. RudineVBlopment and application of an improved
equivalent circuit model of a lead acid battery, Piroc. 3f' Intersociety Energy Conversion Engineering
ConferenceWashington, USAAug. 1996, vol. 2, pp. 1159-1163.

[131] G. SeguirPower Electronic Converters: AC-DC ConversidacGraw Hill, Inc., New York, NY, USA,

1986.

[132] S. J. ChapmarElectric Machinery Fundamental€™ ed., McGraw Hill, Inc., New York, NY, USA,
1991.

[133] R. W. Erickson and D. MaksimayiFundamentals of Power Electronjcand ed., Kluwer, Norwell,
MA, USA, 2001.

[134] P. C. Krause, “Method of multiple reference framppli@d to the analysis of symmetrical induction

machinery,”IEEE Trans. on Power Apparatus and Systeros PAS-87, no. 1, pp. 218-227, Jan. 1968.

207



Appendices

Appendix A Parameters of the Six-Pulse Converter Example Systems

A.1l  Parametersof the 6-Pulse Converter System Considered in Section 3.5

JBE =208V, 1y, =ryc = 005Q, Ly =45uH, Lye =50 4H, rge =05 Q, Lge = 133mH.

A.2 Parametersof the Micro-Wind Turbine System Considered in Chapter 4

PM Synchronous Machine:

3-phase, 2000 rpm, 8-polg; = 022Q, Lg = 037 mH, A, =21mV.s.
DC Filter: C¢ =1004F, Ly =0mH.

Boost Converteriy, =11 mHC, =4 mF.

Controller:kp =2, kj =65, Viet =28V .

Pulse-Width ModulatorV,, =15 V fg—pwm =8 KHz.

A.3 Parametersof the Front-End Rectifier System Considered in Chapter 4

Parameters of the 3-Phase (6-Pulse) front-endisgdystem considered Dhapter 4:

J3E =480V, fg=60Hz, fy = 001Q, Ly =5004H , rye = 00910, Lye = 9545mH,

ri5=01Q,Ls=431mH,Cs = 6534F , rs7 = 005Q,L¢7 = 269mH,Cy- = 5344F

fge =0, Lgc =0, C =500uF.

208



A.4 Parametersof the Vehicular Power System Considered in Chapter 5

Car Alternator:

3-phase, 14-po|e',\'%\l = 0159,r5 = 0110, Lig = 017 mH, Ly, = 145mH,

Lig = 036mH, rfy = 012Q, . = 364Q.

Alternator Loss Characteristic:

Speed (rpm),  500| 700 900/ 1100 1300 1500 1700 2100
Pot_loss (W)| 9.95 | 16.86 26.39 | 35.71 46.29| 59.69 71.2198.96

Battery: Optima 800SQax =55 Ahvy. =136V, 1, =0.019X2, G, =10 mF.

Voltage Regulatorry =le-4, 7, =2e-3, k, =5, kj = 500.

Parametric Functions for the Non-ldeal Rectifier MV

0.1 0.5 1 2.5 5 10 20 40 90
1.964 | 0.9147 0.7882 | 0.72110.6935| 0.674 | 0.662] 0.65560.652
0.9547| 0.9537 0.9508 | 0.93080.9165| 0.9094| 0.9065/0.9056 0.9053
0.0115| 0.030% 0.0662 | 0.18280.2021| 0.1786|0.1391/0.1020 0.0685

Q(RI]N
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Appendix B Parametersof the 18-Pulse Example System Considered in Chapter 6

3-Phase ac source and dc filter network:

Vims =225V, fo = 400Hz, rs = 01Q, Ly =100H , C = 5004F.

Original 3-to-9-phase transformer parameters:

rp =rg =01Q,
rsp =rs5 =0.0551Q,
rs3 =rsq =0.0156Q,

85825 - 64286 - 17143
Lpp=Lgs =|- 64286 128649 - 64286/ mH,
- 17143 - 64286 85825

[ 47281 - 35415 - 9444
Lgs, =L g5 =|- 35415 70873 - 35415/mH,
| - 9444 -35415 47281

[ 13386 -—10027 - 2674
s =L gs, =|— 10027 20065 - 10027 |mH,
| - 2674 -10027 13386

L

85714 - 64286 -17143
L pg =| — 64286 128571 - 64286 mH,
- 17143 -64286 85714

63619 -47715 -12724
gs, L gs =|~ 47715 95429 - 47715 mH,
-12724 - 47715 63619
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33851 -25388 -6770

Lps, =L ps, =L g5, =L g5, =| ~ 25388 50777 - 25388 mH,
- 6770 - 25388 33851
25125 -18844 -5025
Les, =L gsy =L g5, =L g, =| 18844 37688 - 18844|mH,

- 5025 -18844 25125

[ 47220 - 35415 - 9444
L s =|— 35415 70830 - 35415/mH,
| - 9444 -35415 47220

[ 13369 -10027 - 2674
L s, =| —10027 20053 -10027|mH.
| — 2674 -10027 13369

Parameters of the analytical equivalent modelHer3-to-9-phase transformer:

Mo =Tspy = 01Q,

MSorco = Tsops = 00707,

85825 - 64286 - 17143
Lpp=Ls, s, =|~ 64286 128649 - 64286/ mH,
~17143 - 64286 85825

60678 -19477 - 38095
- 19477 67385 - 45474/mH,

Sex-2Sex-2
- 38095 - 45474 84297
67385 —19477 - 45474
s a5 —| — 19477 60678 - 38095|mH,
ex—3ex-3

- 45474 - 38095 84297
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857143 - 64286 -17143
Py — |~ 64286 1285714 - 64286\ mH,
-17143 -64286 857143

L

[ 46575 -—89008 40944 |
L pse,p =| 22326 98491 -120818 mH,
|- 70390 -12665 81566

[-12664 - 70390 81566 |
L pse,.3 =| 98491 22326 -120818 mH,
- 89008 46575 40944

[ 33864 - 25452 - 6723

Le o . =|-25341 50825 - 25484|mH,
ex—1°ex-2

| — 6834 -25376 33899

[— 25376 - 6834 33899 |

Ls s =| 50825 -25341 - 25484\mH,
ex—1°ex-3

|- 25452 33864 - 6723

61062 - 62368 1823
Ls s =| 48297 61062 -108255/mH.
ex—2°ex-3
-108255 1823 105844

Additional resistors and inductors required for pemsation (for both above models):

reomp=0.0293Q,
Lcompa = Lcompe = 32602pH ,

Leompb = 22822pH .
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Parameters of the round shifted equivalent modeahi® 3-to-9-phase transformer:

Mo =Tspy = 01Q,

=15, =00707Q,

r
Sex-2

1001 -50 -50
Lpp=Ls, 45, =| -50 1001 -50|mH,
-50 -50 1001

100 -50 -50
L ps,,, =|~50 100 —-50|mH,
-50 -50 100
100071 -50  -50
Sn5ers =L Sgsong =| —50 100071 -50 |mH,
-50 -50 100071

76604 -93969 17365

L pss =L ssSs =L supsoes| 17365 76604 - 93969| mH,

- 93969 17365 76604

17365 —93969 76604
L PSex-3 =L Sex-15ex-3 =| 76604 17365 —93969| mH,
- 93969 76604 17365

Additional resistors and inductors required for pemsation (round shifted equivalent

model):

leomp = 0.0293Q,

Leomp= 29342uH .
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