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Abstract

Design of a Switched Reluctance Machine
Drive for Automotive Applications

Anthony Murphy

Automotive electrical systems are currently 12Vdc supplied from an engine driven
alternator. In an effort to meet electrical system demands of the future this voltage will
be increased to a 42V dc standard.

Operating at this increased voltage level will facilitate numerous electronic systems to
be incorporated into the vehicle in order to improve safety, increase fuel efficiency and
reduce emissions. As part of the initiative the starter and aternator will be integrated
into a single unit. The 42-volt bus will alow for a more powerful integrated starter
aternator (1SA).

The switched reluctance motor (SRM) could be considered as a viable solution for
implementing integrated starter alternator. The SRM is a low maintenance, low cost,
rugged, brushless motor without permanent magnets. It has a rugged construction that is
ideally suited for automotive applications with its harsh under-bonnet environment. It
provides high torque and power relative to motor volume. The principal disadvantages
of this type of motor include the motor design and control difficulties Modern motor
design software and lower cost digital signal processing chips for motor control have
overcome these difficulties.

This thesis discusses the automotive electrical systems, switched reluctance motors
(SRM), converter configurations. The operation and the design of a 3.5kW full bridge
converter and its associated control circuitry to facilitate the SRM to operate in starter

and aternator modes are described in detail.
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Chapter 1 — Introduction

Energy efficiency has become increasingly importanthe 2% century due to the
increased cost of fossil fuel resources combinati ¥ie need to reduce the levels of
greenhouse gases. Combining the capabilities dlectric machine to act as a motor
and a generator in a system significantly redubescarbon footprint of that system by
eliminating the need for an extra machine. In otdemaximise the advantage of this
system integration, the electrical machine mustvbeey efficient and require drive

circuitry of limited complexity while providing e@lior better levels of efficiency.

In the automotive environment, the increase in feiéiciency and the reduction in
greenhouse gas emissions have become criticallgriaqt issues. The reduction in the
number of motors used, together with providing nemportunities to harness their
regenerative capabilities, is an area under cootiguinvestigation. The integrated
starter-generator (ISG) is an immediate applicaftorthe electric machine to operate as
a motor and a generator in the automotive environn¥his has expanded into the area
of mild hybrid through to a fullhybrid electric vehicle (HEV) that provides varying

degrees of propulsion assistance and regeneratkenl.

Vehicles with an ISG and a 42V electrical system @efined as anild hybrid (Jones
2003). The ISG allows fastart-stop mode of operation, where the engine can be shut
down when the car is braking or stopped but whepired it can be restarted quickly
and cleanly. At start up the large motor allows ¢hgine to spin up to operating speed
before commencing the engine combustion procesantalso provide some levels of
propulsion assistance and, when the car is slowimgn, energy can be recovered
through regenerative braking. All these capabdientribute to improving the vehicle

fuel efficiency and reducing emissions.

The HEV uses an internal combustion engine (ICEgtioer with batteries and electric
motors as propulsion sources (Sreedhar 2006). Hiterles and machine in this
application can provide some or all vehicle projuscapabilities and the motor also
provides regenerative braking capabilities whenwvleicle is slowing. The ICE that is
currently fuelled by petroleum products (petroksdl, etc) is transitioning so that it can

also operate with various forms of biofuels (bi@etbl, biodiesel, etc) in order to reduce

1



the dependency on crude oil. The increasing poipylaf hybrid vehicles, for example
the Toyota Prius, together with the sharp increaseost of petroleum in recent years
has led to intense interest in the application lettec machines for the purpose of

vehicle propulsion assistance and regenerativarigatapabilities.

1.1 Motivation

The switched reluctance machine (SRM) is partitylanitable for use in automobiles
(where there is a harsh environment of high tentperaand vibration) as it has a
rugged construction and is a brushless motor witlpmrmanent magnets (DiRenzo
2000). The SRM is one of the oldest electric malesigns having been used in
industrial applications as far back as the 1830sspile its advantages, it has been

largely unused for many years because of desigrcamitol difficulties.

The SRM has a very simple construction as showfigare 1.1(a). Only the stator has
windings, while the rotor has no conductors or @Eeremt magnets. The windings on
two opposing stator poles are connected to cresiiegée phase winding. Both the rotor
and stator poles are salient in order for the nmecho produce reluctance torque. A
magnetic field is created when the stator phasehwinis energized and reluctance

torque is produced by the movement of the rotatstminimum reluctance position.

Phase__p>
Winding

Stator

Figure 1.1: The SRM Layout



The saliency of both the stator and rotor polesatei® non-linear magnetic
characteristics which complicate the analysis aadtrol of the SRM. The control
problem arises because phase to phase switchitinge afrive current must be precisely
synchronised with rotor position for optimal op@atunder motoring and generating
conditions. Magnetic circuit analysis software hedguced the problems associated with
SRM design, while the arrival of powerful, yet maoately priced, digital signal
processors (DSP) has enabled the control to beesslell in a cost effective manner.
These advances have fuelled a new interest in R r a wide range of consumer

and industrial applications.

The work presented in this thesis was undertakepasatsof a larger research project
entitled “Switched Reluctance Design for Automotiépplications”. The project was
carried out by three PEI Technologies (PEI) centteg University of Limerick
Analogue Centre (ULA), University College Dublin @D) centre and the Dublin City
University (DCU) centre. The Dublin City UniversifpCU) centre was the principal

investigator and had overall management respoitgifol the project.

The DCU centre was responsible for selection anglgdeof a prototype machine
controller. This involved the selection and desijrgeneric models for the SRM as a
motor and as a generator, the simulation and imgh¢ation of closed-loop control of
the SRM under motoring and generating conditions, the design and construction of
a suitable power converter for the SRM and the ttooson of a laboratory test

apparatus. The key sections are illustrated inreigLe.

SRM

Power Converter bsp PC

J ﬂﬂ Generator Controller Control strategy and
“ algorithyms

Figure 1.2: Key project sections for the Switched Reluctanesign for Automotive

Motor Model

Current Controller
N Generator Model
g Motor Controller

Develop and Simulate

( Phase 2]
(Phase N}

Applications



The specific part discussed in this thesis is tesigh and construction of the power
converter, the closed-loop current control stratexg the laboratory test apparatus. The
main purpose of the power converter design andaohéol scheme for the SRM was to
maximise efficiency when operating as a motor @eaerator in low voltage, battery
powered applications. The development of the cdawvas divided into five stages:
converter selection, preliminary analysis, convedesign, experimental setup and

converter control implementation.

The converter is targeted for operation under @ dutomotive specification in order
to maximise the capabilities of automotive powanisenductors. In order to meet the
additional requirements of future electrical systemtme automotive industry has
established a new 42V voltage standard (42V Powgrtdereplace the current 14V
system (Kassakian 1996) and (Kassakian 2000). wepnents in fuel economy and

reduction in emissions are the main argumentshiirttroduction of the 42V standard.

A number of converter topologies were reviewed, deéails of which are discussed.
The asymmetrical half bridge and full bridge conees were selected for preliminary
analysis. The analysis includes the evaluation mfimber of semiconductor devices to
determine component efficiency, based on a rangepefating conditions that are
discussed in detail and to verify reverse recoviengs. The full-bridge converter using
synchronous rectifier operation proved to be thestmefficient solution for both

motoring and generation over a wide range of opmarat

Configuring of semiconductors in parallel was cahto the implementation of the full-
bridge converter design and this required particaléention to power and thermal
analysis, layout of the printed circuit board ahd implementation of specific control
strategies in order to achieve an efficient desaperation. Discrete MOSFET
semiconductors mounted in parallel significantlycrease the current handling
capability of the circuit but numerous design isshad to be addressed, including stray

inductances, circuit layout and thermal coupling.

Control strategies were designed to coordinatefuldoridge circuit switching signals

for both motoring and generating modes with syncbus rectifier capability, to



employ blanking time capability and to implementw@aate proportional-integral pulse
width modulated (PI-PWM) current control.

Two pieces of laboratory test apparatus were coctstd as part of this project. The first
apparatus consisted of the inductive load, the B&Ruation board (to implement the
switching and current control strategies), low ag#é# and high voltage power supplies
to power the converter. It was constructed in otdegvaluate the converter operation,
to develop the switching strategies for motoringl a;enerating and, from there, the
development of the current control strategy. Thaosd laboratory apparatus consisted
of an SRM coupled with a load/drive machine andjuer measurement system. This
apparatus was constructed for the integration efdbnverter with the SRM control

algorithms for motoring and generating.

The contribution of this work is to illustrate thiis converter configuration together
with the control strategy would improve the effiudy of the switched reluctance drive
system operating in both motoring and generatingditmns. This topology allows
independent operation of each SRM phase to maxicaistol flexibility and to enable
the converter to be applied to an SRM with any neimbf phases. The laboratory
apparatus facilitates evaluation of SRM controlatsgies under motoring and

generating conditions to further enhance this nreghiapplication potential.

1.2 Overview of thesis

The fundamental principles of operation of the shad reluctance machine under
motoring and generating conditions are discussedhiapter 2. The essential concepts,
modes of operation and benefits and limitations @esented for the machine. The
mathematical model for torque production is invgsied for both motoring and
generating modes and a review of the dynamic operaf the machine under motoring
and generating conditions is presented for the machThe chapter also includes a

historical review of the SRM.

Chapter 3 reviews a variety of converter topologresorder to determine the most
suitable selection for this application. The comeetopologies are classified according

to a predominant feature and a description of deraand main advantages and



restrictions are then presented for each conveftee. selection of the most suitable

converter topologies for preliminary analysis isritpresented.

The preliminary analysis of semiconductor composi@atdetermine the most efficient
converter configuration is discussed in ChapteFhe operating conditions are defined
in order to set limits of converter operation ahese include: SRM specifications,
operating environment and electrical requiremems.detailed component power
analysis to determine the most efficient semicotatusolution is then presented. The
simulation analysis and electrical tests on thetnafficient components to determine
the final semiconductor selection together withriast suitable converter configuration

are then examined.

Chapter 5 discusses the final converter desigriudimy a review of the issues that
needed to be addressed when implementing MOSFETgaiallel: the design of
heatsinks, gate drive circuitry, the determinatmihthe dc-link capacitor, bus bar
configuration, the current sensing circuit and #pecific printed circuit board layout

considerations.

The experimental setup is described in Chapter 6deAcription is given of the
laboratory apparatus consisting of an SRM coupléith & load/drive machine and
torque measurement system for the purpose of mtiegrthe converter and the SRM
control algorithms for motoring and generating @pien. The laboratory apparatus to
evaluate the converter under various load conditeord to implement the switching and
current control strategies is then discussed. Téye ¢omponents in this apparatus
include the inductive load, the DSP evaluation daard low voltage and high voltage
power supplies. A detailed description is providefl the converter prototyping
including the circuit board layout and the mechahiayout of the converter through to

final assembly of the complete converter.

Chapter 7 describes the development and impleniemtat the current control strategy
implemented with the converter. A detailed deswmiptis given of the converter
switching sequence including experimental resultBe current control strategy,
including the implementation of the proportionateigral controller, is outlined and

experimental results presented to illustrate carveperation at low and high current.



Finally, a summary of the thesis, conclusions andgsstions for possible future

research are given in chapter 8.



Chapter 2 — Operating principles and features of
the SRM

In order to design a power converter for the SRMoperate as both a motor and a
generator a detailed understanding of the machsneequired. Knowledge of the
dynamic modes of operation of the SRM as a motdraagenerator is central in order to
define the current and voltage waveforms applieded@h machine phase. These
waveforms are used to implement a detailed powalysais for each of the switching
components in the converter. To understand the rdygnaperation of the SRM, the
fundamental principles of the machine are firstcdssed and this is followed by a
detailed mathematical analysis. A historical revigwvides a chronological history of

the SRM up to the present day.

2.1 Historical review

Developments in the switched reluctance machinebeadivided into different periods
and under specific categories. Early evolutionhils thachine would be defined as the
period up to the 1960s and modern developmentsdvbal defined thereafter. The
specific categories would include: the developmentshe machine design from its
early beginnings through to its present day comégaon implemented as both a motor
and a generator; the progress in converter degiigngrowth in control strategies for
motoring, generating and sensorless control omeratind, finally, applications of the

SRM both past and present and possibly in the dutur

Early switched reluctance machines were known &ct®magnetic engines”, due to
the strong influence of steam engine design, ance veeme of the first machines
developed in the 1830's and 1850’'s (Miller 2001i).bkgan with the horseshoe
electromagnet of William Sturgeon in 1824 and waproved upon by Joseph Henry in
1831. A model for the electromagnetic behaviour wasally developed by Rev.

William Richie in 1833. It was not until John Hopkbn’s work on magnetic circuits
that the electric machine could be designed sydieatig. These early machine designs
were largely by trial and error and some examptetide machines by Rev. Nicholas
Callan in the late 1830’s, a number of his machiress still be seen in Saint Patrick’s
College, Maynooth [(Miller 2001) and (IEEE 2006)he machines built for Charles
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Wheatstone by William Healey in 1842, examplestiu Taylor and others built by
Davidson (Miller 2001). They all had very poor matja circuits due to the use of solid
instead of laminated iron for the rotor and staidrey also had no means to recover the
stored inductive energy and the pulsating forceddgid structural problems. These
machines were superseded by the ring wound armdtumraotor by Pacinotti (1864)
and Gramme (1869) and the polyphase induction moftdresla (Keville 1994) that

provided vastly superior performance.

The transition to the modern era of what is nowmtst the ‘switched reluctance
machine’ occurred in the mid 1960s and it was bhbugbout by four parallel
advancements in industry: developments in powetctimg devices (thyristors and
power transistors); the evolutions of microprocessmd digital circuitry to implement
control algorithms; the development of high speeshputers to analyse and design the
machine using advanced programming languages;fiaatly, the general expansion in
the application of the machine and the controlepst According to (Miller 2001),
some of the key features of modern reluctance mashiand their drives were
developed at Queen’s College, Dundee, in the €880s, specifically in the area of
motor design, electric switching circuits usingribtors and open-loop and closed-loop

control.

In the late 1960s through the early 1970s, ProfnByand his colleagues at University
College Dublin published significant material o tinfluence of saturation to improve
energy conversion efficiency of the machine [(Byr®¥3) and (Byrne 1976)] that was
verified by [(Miller 1985) and (Stephenson 1989)hey also did valuable original work

on machines with low phase numbers (Byrne 1978%tednic drives with fewer power

switches (Byrne 1985) and addressed the issue wE&rtuimbalance on machine
performance (Devitt et al 1981). Burnice Bedfordtieé General Electric Company,
USA, published two patents in 1972 describingladl key features of the modern SRM
and the controlled switching circuits [(Bedford 28] and (Bedford 1972b)].

Around this period, Lawrenson and Stephenson aUttieersity of Leeds, began work
on the switched reluctance machine and their rebeafforts culminated in the
landmark paper published in 1980 (Lawrenson 1980addressed the many design

issues regarding number of poles, pole arcs antelod phase numbers and described



the favourable static and dynamic performance efrttachine in four quadrants when
compared to an induction motor of equivalent sizg@s paper marked the beginning of
renewed interest in the switched reluctance mactiiae continues to this day. Their
research work lead to the formation of SR Drives. [(bought out by Emerson in 1994)
and produced about half the commercial applicationthe machines in the early 1980s
(Miller 2001). Since 1987 Professor Miller and baleagues of the Speed Consortium
at the University of Glasgow have made significdavelopments in the design and
analysis of the SRM and developed a widely used Q#Bgram called PC-SRD
[(Miller 1990) and (Fuengwarodsakul 2005)].

Up until the 1930s, electronic switching betweerag#s in electrical machines was
controlled using a commutator (Miller 2001). Eamectronic switching circuits

consisted of mercury arc rectifiers or thyratrons dffered poor reliability at a high cost
and this severely limited the application of theswices. The advent of thyristors and
power transistors in the early 1960s allowed fer dievelopment of reliable (but still at
a relatively high cost) electronics switching citsuto be developed for electrical
machines. Dr. Cruickshank and his colleagues atfé€ollege, Dundee, developed
some of the first switching circuits using thyristdfor the SRM and also developed

some of the fundamental switching techniques fes¢hmachines (Miller 2001).

Burnice Bedford of General Electric (GE) CompanySA) developed all the key

features of the modern controlled electronic ciscdor the SRM by exploiting new

power semiconductors being developed by GE and cthrapany’s capability to

manufacture a wide range of speciality motors. hgaily developed the asymmetric
half-bridge converter (Bedford 1972b) which wadHer refined and developed by Ray
(Ray 1979) and Lawrence (Lawrence 1980). He algginaily developed the split-dc

converter (Bedford 1972a) that was further refirgd Graseby Controls Ltd. UK

(Miller 1993). Early work on the C-dump topology svamplemented by Prof. J.V.

Byrne (Byrne 1985) and further developed in ddigil.T. Bass (Bass 1987).

During the 1980s through the 1990s, significanteflgyments took place in electronic
switching circuits for the SRM due mainly to thevadces in semiconductor
technologies from the development and advancesdroprocessor design. This led to

greater power handling capabilities for the powansistor beginning with the bipolar
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junction transistor (BJT) but more significantlyetiMOSFET and the IGBT. These
devices allowed for forced commutation and curreggulation using pulse-width
modulation working at switching frequencies hightan was possible with the
thyristors. Numerous topologies facilitating diffet circuit configurations and
component count were realized during this period @m to the present day. Examples
of these converters include: the R-dump conveKeisfinan 2001), the Sood converter
(Sood 1992), the series resonant converter (Pa®R)18nd the full-bridge converter
(Krishnamurthy 2005). A useful comparison of matiffedent converter topologies are
included in both (Vukosavic 1990) and (Barnes 1998)letailed review of a number of

converter topologies is presented in chapter three.

The development of microprocessors and microcdetsland related digital circuits
during the late 1970s and the early 1980s alloveedHe implementation of complex
control algorithms and ushered in a new era ofrcbrapability for the SRM (Chappell
1984). Reduction in the torque ripple that is immérin SR motor operation was a key
area that was targeted using these complex algwitih comprehensive review of the

different control approaches to torque ripple reiduncis provided by (Husain 2002).

Since the 1990s, the operation of the SRM as argemehas received considerable
attention. Radun emphasised the need for closgddontrol of the switched reluctance
generator (SRG) when he discussed the instabifitth® open loop operation of the
SRG with fixed turn-on and turn-off angles in anportant paper from 1994 (Radun
1994). The SRG has been under investigation forliGgion as an automotive

starter/generator [(Kokernak 1999), (Mese 2000) @rahimi 2001)], wind power

generation [(Torrey 1993) and (Cardenas 1995)] \eaibus aero space applications
[(MacMinn 1989), (Radun 1994), (Radun 1998) and s&o 2004). A thorough

overview of the development of SRG control is pdexd by (Miller 2001) and (Torrey

2002).

In recent years, significant research has beingctid towards the operation of the
SRM without a position sensor. A number of diffarerethods of indirectly estimating
the rotor position have been proposed but theynake use of the inductance variation

in one way or another. The aim of these ‘sensdrfessition estimation schemes is to
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reduce system cost while also increasing systeiabiltly. A detailed review of the

various approaches is provided by both (Husain 1886 (Ehsani 2002).

Products Company

Air-handler A.O Smith

EV drives Aisin Seiki

High-speed motors and controllers AMC NEC/Densei
Commercial vacumm products Ametek Lamb Electric
High speed centrifuge systems Beckman Instruments
Electric doors Besam A/b

Mining drives British Jeffrey Diamond
Energy saving screw air compressor JCompaAir Ltd.
Automotive cruise control DANA Corp.

High air flow-rate hand-dryer Dyson UK

250kW low-speed drive Elektro Magnetix Ltd
Washer drive Emerson/SRDL
Pumps,HVAC motion control Emotron A/b

Plotter drive Hewlett-Packard
Several Mavrik Motors

Train air conditioning Normalair Garrett
Megatorque direct-drive NSK Ltd

General purpose industrial drives Oulton, Tasc Brive
Weaving machine servos Picanol

Fork lift/pallet truck drive Radio Energie
Starter/Generator for articulated vehicje SR drivies

Mild hybrid-electric powertrain SR drives Ltd.

3kW 12V belt-drive starter-generator SR drives Ltd.
Industrial drives Sicmemotori

VSR high pressure pumps Weir Group Plc.

Table 2.1: Switched reluctance applications

While a significant number of developments haveuosd with the SRM over the past
number of decades, it has yet to receive signifieaoeptance in industry. Some of the
most popular applications for the SRM include thaykdg Neptune washing machine
and vacuum cleaners by Ametek, LG and Dyson (Rie2®5). In addition Dyson
introduced a new hand dryer in October 2006 thatlus SRM operating at 100,000
rpm to generate a 180thsir flow-rate that is claimed to dry hands in IB&than
2006). A number of current and previous applicatiohthe SRM are provided in Table
2.1 [(Krishnan 2001), (Miller 1993), (Miller 2002)SR drives Ltd 2007a), (SR drives
Ltd 2007b) and (Dyson UK 2007)].
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2.2 Fundamentals

Electrical machines can be broadly defined into tvategories by how they produce
torque: either electromagnetically or by varialuctance (DiRenzo 2000). With the
first type, motion occurs due to the interactionvad mutually coupled magnetic fields,
one generated by the stator and the other by tioe. rdhis produces electromagnetic
torque, which tends to bring the magnetic field® ialignment. DC and induction
motors operate on this principle. In the secone ty motion is produced by variable
reluctance in the air gap between the rotor andthi®r. Switched reluctance machines

fall into this second group.

The switched reluctance machine is an extremelyplsinelectrical machine. The
machine is doubly salient in that it has both saliotor and stator poles made of
magnetically soft, low loss steel laminations. To®®r pole does not contain magnets or
windings, while the stator pole has windings onhejaale, with one phase consisting of
two diametrically opposite poles wound in seriesfaom a single phase winding.
Numerous combinations of phase, rotor pole anarsgaile combinations are available
to yield different SRM geometries. The phase wigdamd the cross section of a four
phase,eight stator pole andix rotor pole arrangement of an 8/6 four-phase SRM is

illustrated in Figure 2.1 (a). A typical conversarangement is shown in Figure 2.1 (b).

Q'JH} y O
—

Phase A

-
D1 X {HLQZ
-

|||—

Stator
(@ (b)
Figure 2.1: (a) Cross-section of an 8/6 four-phase SRM. (las€it converter.
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Magnetic flux is generated when current flows iphase winding and results in torque
being produced due to the tendency of the rotoe polalign with the stator pole in
order to yield a minimum reluctance path. In Fig@ré (a), the rotor and stator pole
pairs, R and S illustrate an unaligned position ang Bnd $ illustrate the aligned
position. The flux-linkage and therefore the phaskictance varies with rotor position
where it is at the minimum value (fLat the unaligned position8,and6,) and rises to a
maximum value (L) at the aligned position®4 and 63) as illustrated in Figure 2.2.
Physically, positiort; corresponds to the start of overlap where theingagdge of the
rotor pole is aligned with the leading edge of st@or pole and, corresponds to the

end of rotor and stator pole overlap.

Single Stator Pole S S S S
 ———
Single Rotor Pole R R R R Direction of
rotor rotation
Inductance 4
La
L,

0, 0, 0 0,4 Rotor Angle

Figure 2.2: The variation of idealised phase inductance watbirposition

The rotor angle at which the voltage is appliedssrthe phase winding is called the
turn-on angleand it is removed at thtarn-on angle while the difference in these angles
is defined as thewell angle or firing angle The complete cycle from the start of one
variation in inductance cycle until it repeats agai called thepole pitch The region
where the phase inductance remains constant isedkefis alead zoneThe rotor speed
at which the back-emf and the applied voltage actbhe phase winding are equal in

magnitude is defined as thase speed
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Inductance

A

Rotor

0 0 0 )
1 2 3 4 01 0, 6 04 Angle

Torque

»

'Rotor
Angle

Figure 2.3: The idealised phase inductance, current and tdoquaotoring operation

The SRM can operate either as a motor or as a @enatepending on the range of
rotor angles at which the voltage is applied to gimse winding. The machine’s
operation is independent of the direction of currenthe phase windings but is a
function of rotor position with respect to the ayised phase. Accurate rotor position
information is essential to ensure smooth operatibthe SRM when motoring and
generating. The term “switched reluctance” refershie switching of sequential phase

excitations that achieve the rotor rotation (MilR£01).

Figure 2.3 shows the variation in idealised phadg@étance and torque with rotor angle
for a constant phase current. For motoring opearatioe firing angles are selected so
that current flows in the phase winding when th&omrand stator poles approach
alignment which is when the phase inductance ireesing and this produces a positive
motoring torque in the direction of rotation. Thieatrical energy consumed in the
alignment of the rotor pole and stator pole paicasverted to mechanical energy in
driving a load attached to the rotor shaft. Foragating operation, the firing angles are
selected so that the current flows in the phaselwinimmediately after the rotor and

stator poles have passed alignment when the phdaetance is decreasing. The rotor
produces negative or braking torque opposing thmection of rotation. Generating

occurs when the mechanical energy expended byreepriover in pulling the rotor pole

away from the excited stator pole is converteddotgcal energy.
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To illustrate the fundamental operation of the SB#4a motor and as a generator, only

motoring operation at low speed, and generatinfpesbase speed, are discussed here.
The SRM operation as a motor and a generator at gfheeds is discussed in Section

2.3.

Under motoring operation it is clear that negatwmgue is undesirable. For this reason,
the phase current must be reduced to zero befer tho, interval when the poles are
separating (The operation in the intervals— 6, and 6, — 6; are discussed in the
following paragraphs).Therefore, the ideal motoricigrent waveform should be a
series of pulses where the position of the puls#scrdes with the rising inductance
interval. Thus, the ideal motoring torque wavefdion a single-phase SRM has the

shape shown in Figure 2.4.

Inductance

A

0, 0, 0 0, 0, 0, 0 0, Rotor
Angle

Current

Rotor
A Angle

Torque

Rotor
Angle

Figure 2.4: The idealised phase inductance, current and tdayuaotoring operation

The inductance at the unaligned positiéy) (ends to be a very small value resulting in
the value of current in the phase winding incregsiery quickly. The rectangular
current waveform (current pulse) can then be apprated by chopping the current
along0; — 0,. To avoid production of negative torque the curm@ast be reduced to
zero before alignment &t and this can be achieved by reversing the voléagess the

phase before alignment.
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As can be seen in Figure 2.4, the single-phase $Riduces regions of discontinuous
torque. Continuous rotation of a single-phase nmechtlies on either the momentum of
the machine when motoring or on the prime moverwgenerating. Similarly, the

machine cannot start from every position, as astldao phases are required to
guarantee starting and at least three phases quira® to ensure starting direction
(DiRenzo 2000). It is shown in Section 2.3 that theque can only be produced in
regions of increasing and decreasing inductancecéjeno torque is produced in the
‘dead zones’ betweef, and6; at the aligned position and in the unaligned parsit

betweerb, ando;.

To produce continuous positive motoring torque smeénsure self-starting capability
from all positions, the full 360 degrees of rotatimust have areas of increasing
inductance so that appropriate placed current pyiseduce continuous torque output.
Figure 2.5 shows the idealised inductance, cumedttorque waveforms for the four-
phase 8/4 SRM of Figure 2.1. The energy converfiorque production) that takes
place in discrete cycles through the interactionrod rotor and stator pole pair is called
a stroke The number of strokes per revoluti@,,is related to the rotor poleNg, and
the number of phaseB, by S = N;P. Hence, for the 8/6 four-phase machine in Figure
2.1(a),S=6(4) = 24.

Phase Phase Phase Phase Phase Phase Phase Phase Phase

Inductance

Current - —r___ | o —I:____ |
& Phase | Phase: Phase: Phase | Phase | Phase|: Phase: Phase | Phase
Torque A | B : C ¢ D A | B ! C ¢ D A
[] I I: I >
0° 60° 120° Rotor

Angle
Figure 2.5: The idealised phase inductance, current and tosgweforms for a four-

phase 8/6 SRM under motoring conditions

Under generating operation, the ideal generatorentirshould be a series of pulses
where the position of the pulses coincides withfghiéng inductance interval as shown
17



in Figure 2.6. The rectangular current waveform bamapproximated when the back-
emf and the applied voltage balance and the custys constant until pole overlap
ends. Current pulses must be applied at areascodéaking inductance over the full 360
degrees of rotor rotation to produce continuousegging torque as illustrated in Figure
2.7.

Inductance

Rotor

0 0 0 0 0 0 0 0
1 2 3 4 1 2 3 4 Angle

Current

A

Rotor
Angle

Rotor

Angl
Torque nele

Figure 2.6: The idealised phase inductance, current and tdaqugenerating operation

Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase

Inductance

0° 60° 120° Rotor Angle

__ _ ___ S —
[ T [ —II [
Current hase: Phase | Phase | Phasel Phase: Phase | Phase | Phase|: Phase: Phase
C§ D A | B : C ¢ D A | B ! C ¢ D
[ [ | [
[] I} »
0° 60° 120° Rotor Angle
0° “ 60° : 120° >
[ | || [ : [ Rotor Angle
Tordue hase: Phase { Phase Phase: Phase : Phase | Phase | Phase! Phase : Phase
q Ci D Al BI ci D A Bl c i D
[ | [ [
- N T R T

Figure 2.7: The idealised phase inductance, current and tosgweforms for a four-

phase 8/6 SRM under generating conditions
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Like other motors, the machine torque is restridigdnaximum allowed current, and
the speed by the available bus voltage. The cumamngt be maintained within a
maximum allowable limit until the rotor reaches thesse speed. At this speed the back-
emf of the machine is equal to the applied voltigthe phase winding and the current
will not increase further. Above the base speedbiek-emf continues to increase so
the conduction angles can be enlarged to maintaistant power output. At very high
speeds, when the conduction angle cannot be irexteasy further, the torque decays
rapidly. The SRM can still operate at very highespédut only under light loads. The
torque/speed characteristic for motoring in a paldr direction is illustrated in Figure
2.8. The characteristic for generating in the satirection of rotation would be
achieved by reflecting the waveform in the speeis,axhile that for motoring and

generating in the opposite direction is achieveddblgction in the torque axis.

Constant Torque
| Constant Power

Falling Power
Base Speed

Speed

A

Torque

\

Figure 2.8: Torque/speed characteristic of the SRM

The main benefits of the switched reluctance machiolude:

» Simple construction in that only the stator polasehwindings and the rotor has
no windings or magnets but is constructed of dtarinates stacked on a shatft.

» Simplicity of the rotor construction which meansattiit is suitable for extremely
high-speed operation as it has a low moment ofimer

» Ease in cooling as the stators are located netimeshachines outer casing and
only the stators have windings which are the mairree of heat generation.

* Extremely robust machine primarily due to is simptenstruction and
additionally due to the electrical independencéhef phases, which enables the
SRM to remain operational even with a failure o¢ @ the phases.

» Lower maintenance requirements than a dc machirieeaSRM is a brushless

machine
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Good starting torque like a dc series motor astéhgue is proportional to the
square of the current (explained in Section 2.3).

Power density equivalent to, or better than, inidicimachines but less than
permanent magnet synchronous, and brushless ddjimeacfor speeds up to
20,000rpm, while above this speed, power densigoimparable to, or greater
than, these other machines (Krishnan 2001).

A number of sensorless position estimation schearespossible using the
principle that the phase inductance variation ef #8RM is uniquely dependent
on rotor position and the phase current. This alaie elimination of the

position sensor to further improve reliability amedluce cost.

Independence of torque with respect to currentctioe which means that the
converter only needs to facilitate unidirectionakrent. Converter topologies

can use less than two switches per phase, leadliagdduction in cost.

The main limitations of the switched reluctance hiae include

Complex control algorithms are required to elimintiie torque ripple produced
due to the strong non-linear magnetic charactesistf the SRM.

Radial magnetic forces that act on the stator stracduring rotor shaft rotation
produce acoustic noise levels higher than otherhinas. The noise can be
reduced by using complex torque control strategrasthrough careful design of
the SRM structure.

Need for electronic commutation for its operatiord dact that it cannot work
directly from a dc or ac line. Additionally, a segt& path must be provided for
current in the phase winding to flow at the endhaf commutation cycle. This
requires additional components that contribute e bverall cost of the
converter.

Precise rotor position information is required inder to synchronise the
excitation of the phase windings with rotor position order to implement

effective control strategies. The method of obtajnihe position feedback
information has a significant bearing on the comipyeand the reliability of the

SRM drive. If a position sensor is used it can havegnificant effect on the
reliability and robustness of the drive while setess position schemes

contribute significantly to the complexity of thew.
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2.3 Mathematical Modeling of the SRM

Because each phase is identical and energisedguesee, the analysis is confined
initially to a single phase. Firstly it is assunmiiét no saturation occurs and a linear
approach is taken. Later, saturation is taken agtmount using non-linear analysis. The
following discussion on linear and non-linear opierss is from the analysis by (Miller

2001). The linear and nonlinear analysis discusszd for motoring can be applied to

generating.

2.3.1 Analysis of magnetically linear operation

Linear analysis is centred on the voltage and ®rgquations. The terminal voltage
generated across one phase is related to the chlangagnetic flux in the winding
according to Faraday’s law. The following simplifgiassumptions are made:
» hysteresis and eddy current losses are neglectdtk innalysis of the magnetic
circuit
» there is negligible mutual coupling between phases
» the winding resistance is constant and indepenaofethie current waveform and

frequency

The terminal voltage generated across one phase is:

Von =1 onRon + Vipn (2.1)
Where:
Von = the applied phase voltage
Ioh = the phase current
Ron = the phase winding resistance
Viph = the induced voltage on the phase inductance

Subscript ph’ is left out for clarity, from here on.

The induced voltage is defined by the magnetic flux linkage, that varies as a

function of the phase curremt,and the rotor positior§
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_dy(i.6) _oy(i,0) di  9y(i,0) dd

- 2.2
- dt di dt 90  dt (2.2)

Therefore

0w(i.0) di , 3y(,6) 6
o dt 06 dt

ViR +

(2.3)

Where, d4dt is the angular velocity,w, in rad/s, andow(i,0)/0i represents the
instantaneous inductantgi,d). For simplicity, it is assumed that there is no netgn
saturation, which means that the phase inductano@affected by variations in phase
current, therL(d) = w(0)/i. Equation (2.3) can be further expanded usinglirmalysis
to yield:

4L@)

" (2.4)

. di
=iR+ L(O)— +
()Olt

Thus, the applied phase voltage is equal to the guthe voltage drops on the right
hand side of Equation (2.4), the resistive voltdgep, the inductive voltage, and the

induced emf or ‘back-emf’. The back-eref,is equivalent to:

e= iaJM (2.5)
dé
The instantaneous electrical powér,is
vi =i’R+ L(6’)iﬂ + iza)M (2.6)
dt dé
The time derivative of magnetic stored energy gtiastant is given by
1..due) . 1,048 ,
+L = + ()i — 2.7
((@jZdt (@ Ty (@I (2.7)
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Assuming no losses other th&R and in order to agree with the law of conservatibn
energy, the mechanical power must equal to thdraakinput power less the resistive
power lossesi{R) and the rate of change in the magnetic storecggn@herefore, the
instantaneous mechanical power, which is equivalentoT, where T is the

instantaneous electromagnetic torque, can be wigtte

Wl = 1iza)—dL(g) (2.8)
2 déa
Therefore the expression for electromagnetic to(queés:
T= liz—dL(g) (2.9)
2 déo

Equation (2.9) indicates that the torque is indé€lean of the sign of the phase current
and is instead determined by the sign of dhédd, where the absolute value of/dd
contributes to the amount of torque produced. ks teason, SRMs are generally
designed to have a large ratio between the aligneldunaligned inductance in order to
attain high torque levels. Large air gaps betwden stator and rotor pole at the
unaligned position increases the inductance radider 1993). Typically, an SRM with

a low phase number and therefore a low rotor amtdrspole count has larger air gaps.

4 :

Figure 2.9: Equivalent circuit for a single phase of the SRM

From the perspective of the phase winding termiohthe SRM, equation (2.4) appears
to indicate the equivalent circuit shown in Fig@r® comprising of a resistandg)( an
inductance l() and a back-emfg] that is proportional to speed. However, witlande

varying with both rotor position and current, tleguue cannot be calculated from a

23



simple equivalent circuit but requires direct smintof equations (2.1) and (2.9). A

method to directly solve these equations requiosslimear analysis of the SRM.

2.3.2 Analysis of magnetically nonlinear region

The practical SRM operates most effectively andciefiitly in the magnetically
saturated region. Operating the machine in the etagaily linear region leads to
inefficient operation of the drive. Nonlinear argfytakes into account the saturation of
the magnetic circuit in the SRM and this allows @l funderstanding of the
electromechanical energy conversion for both motpand generating operation. One
type of analysis is based on the magnetizationecshown in Figure 2.10; this is a

sample of the flux linkagey versus phase curren} €haracteristic at a particular rotor

position.
A

v _
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i Current (A)

Figure 2.10: Magnetization curve indicating magnetic field stbenergy\(4) and the

magnetic field co-energy\()

The energy stored in a magnetic field is
w.
W, = [i(y.6)dy (2.10)
0

It is more desirable to express torque in termsusfent instead of magnetic flux and
this is achieved using the term of co-energ¥)(instead of energy. Magnetic field co-

energy is defined as

W, = ijgz/(i,.sr)oli (2.11)
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The relationship between field energy and co-enésgylustrated in Figure 2.10 and
defined as
W, +W, =iy (2.12)

H S ‘| 4
o |
S |
) AW, |
g I
-2 I
QS |
3 |
3 |
= |

|' >
0 Current (A) 1

Figure 2.11: Magnetization curve showing the effect of the ratmving from position

A to position B
A rotor movement from its original position at A ;onew position at B through an
angular displacemert6 yields the magnetization curves for both positishewn in

Figure 2.11. Assuming that the current remains tamisduring this rotor rotation, the

electrical energyW,) exchanged with the supply is
AW, = [ivdt = jid—‘/’dt = [idy = ABCD (2.13)
° dt

The change in stored field energy is

AW;= OBC — OAD (2.14)
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Therefore, the mechanical work is the change intetal energy minus the change in

magnetic field energy is expressed as:

AW = AW, — AW (2.15)
AW, = ABCD - (OBC-OAD)

AW;,, = OABCD - OBC

AW, = OAB (shaded in Figure 2.11)

(2.16)

This value corresponds to the increase in the ngined co-energyAW,, = AW,. The

mechanical work done during the displacentghtfrom A to B, can be expressed as:

AWy, = TAO = AW, (2.17)

Therefore, in the limit, whem6 — 0, the instantaneous torqué) (is the partial

derivative in co-energy with respect to angulapisement.

T = [a;/\ﬂ (2.18)
i = constant

In a motor with no saturation all the magnetizatoamves would be straight lines and
the stored magnetic field energy would equal thgmeéc field co-energy at all times to

yield:

W, =W, :% L(6)i2 (2.19)

This expression fo¥\, implies that equation (2.18) for electromagneticjtie reduces

to:

_1,duo)
2 dé

T (2.20)

This is identical to equation (2.9) from linear kysés.
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For a multi-phase SRM, the instantaneous torqueatexubecomes the summation of

the individual torque values for each phase amd ike form:

T=>T, (2.21)

whereT, is the torque produced by th8 phase ané is the total number of phases.

2.3.3 Analysis of generator operation

In the description of the generating operation mted earlier, the firing angles are
selected so that the current flows in the phaselwinimmediately after the rotor and
stator poles have passed alignment when the phdaetance is decreasing. The rotor
produces negative or braking torque opposing tmectibn of rotation. A negative
voltage is then applied to the phase winding ardntiechanical energy expended by a
prime mover in pulling the rotor pole away from #vecited stator pole is converted to

electrical energy to yield a generating current.

The circuit diagram for the SRM to operate as aegaor is shown in Figure 2.12. An

example of the generator current and the idealisduactance is shown in Figure 2.13

i, i
VS (o, . 4 > . 4 -
w e
lin
|_
Ql (I D2
— . C= T V, Load
Phase A Lout
rYYY\
lph —l
D1 A | Q2
| —

Figure 2.12: Switched reluctance generator for single phase

27



>
Rotor Angle

Figure 2.13: Switched reluctance generator phase currentsceadised inductance

The instantaneous current flowing in the phase inmds defined as,, As illustrated
in Figure 2.12 and 2.13 at the anglg the voltage\s) is applied to the phase winding
and currentig, = ij,) begins to flow. Negative voltageMg) is applied at and current
(iph = louy continues to flow due to the generating actiotil whe end of the rotor and
stator pole overlap at which point the currentha phase winding decays to zer@at
The current flow in the phase winding betwe#p and 6 is called the excitation
current (i), while the current flowing betweeh; andd.,; is defined as the generated

current {pyy)-

The average of the excitation currdg, over a single stroke is determined as follows:

6,

1 T
l, =—— |i,dé 2.22
in eoff _Hon g_!:n ph ( )

The average of the generated currept, over a single stroke is determined as follows:

1 ext
out =
g,

ext

de (2.23)

ph
off goff

The net generated average curréptover a single stroke is expressed as:

lo = lout— lin (2.24)
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The power conversion in the SRM when operating gereerator can be characterized

by theexcitation penalty&, (Miller 2001) and is expressed as:

g: ext — _in — in (225)

wherePg, is the mean electrical excitation power dhg; is the mean electrical output
power. An excitation penalty that is as small assiae is desired in order to minimise

losses.

2.4 Dynamic operation of SRM

The continuous operation of the SRM requires théckimg of current pulses from
phase to phase during shaft rotation. For motasjgration, this can be defined for low
speed and high speed ranges. The generating modpeoétion is analysed at low
speed, base speed and high speed. The classicyromagric half-bridge converter
shown in Figure 2.14 is the converter topology useassist in the description of all the

dynamic modes of operation of the SRM.

V?c LS

T

o] ,

D, L o

(@)

(®) (d)

Figure 2.14:(a) Static view of the convertefb) Magnetization mod€c) Freewheeling

mode.(d) Forced demagnetization mode
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2.4.1 Low speed motoring

The current pulses must be regulated at low spebdadek-emf is insufficient to limit the
current. There are two main methods of current leggun at low speedvoltage-PWM
andcurrent hysteresisThe regulation of the phase current is implemeitychopping
which is the switching on and off the power switle Figure 2.14 at a frequency that
is much higher than the fundamental frequency efdiwrrent waveform (Miller 1993).

There are two types of chopping schensedt choppingandhard chopping

The soft-switchingstrategy has three modes of operation as illestrat Figure 2.14b, ¢
and d. The first mode is called thenergizationmode ormagnetizationmode or
positive-voltage loogPVL) as indicated in Figure 2.14b. During thiméi both switches
(Q. and Q) are on and the current rises rapidly in the phaiseling as indicated in
Figure 2.15a (I). During the second mode, filrewheelingstate orzero-voltage loop
only one switch and one diode{@nd D) are on as illustrated in Figure 2.14c. There is
zero volts applied across the phase winding andctineent continues to flow through
the switch and the diode, although it is gradudbigaying as indicated in Figure 2.15a
(1. No energy is transferred to or from the sypguring this period. The third mode,
the demagnetizatiorstate or the negatiwltage loop occurs when both switches are
off and the energy returned to the supply via tieewheeling diodes (Dand D) as
shown in Figure 2.14c. Both diodes are forwarddiaand a negative voltage is applied
across the phase winding, forcing the current mdig decay to zero as indicated in
Figure 2.15a (llI).

The hard-switchingstrategy has only two modes of operation, rieggnetizationrand
demagnetizatiorstates. The magnetization and demagnetizationsefaam for the
hard-switching scheme is illustrated in Figure §.18V) and Figure 2.15b (V)
respectively. During demagnetization, the decaythi@ current waveform is greater

leading to greater current ripple but reduced dyinaasponse time.

During the zero-volt period of the soft choppingemdion the change in the phase
current is very small, which allows for a reducedtshing frequency and current ripple
rating for the converter filter capacitor (Mille0@1). Additionally the soft chopping

scheme produces lower acoustic noise and lowerl&kéls (Miller 1993).
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Figure 2.15:Low speed motor of operation for both (a) softtehing — (1)

energization, (Il) freewheeling and (Ill) demagmation and (b) hard

switching - (IV) Energization and (V) Demagnetipati

The energy conversion process starts when the pamigghes are turned on and current

begins to flow in the phase windingtgt, the current increases rapidly to the required

value before rotor and stator pole overlapatTorque production begins as the rotor

and stator poles approach overlap and it then napslly to the required value. By

maintaining a constant current value between tiggnbeng @,) and end of overla®{),
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a constant torque value can be maintained overpdiiedd. The power switches are
turned off a9, and the phase voltage has a negative polaritychwleads to the current
freewheeling through the diodes. The current fadlsidly to zero and must be at zero
before 63, in order to prevent the production of a negatiegjue. The process is
illustrated in what is called thenergy conversion loofiustrated in Figure 2.16 for low
speed operation. The maximum energy conversion #e& bounded by the aligned
and unaligned magnetization curves and is traveirsed counter clockwise direction

from the unaligned to the aligned position. A singjcle of the loop is achieved during

each stroke.

A
W
Aligned
=
S tizaion
Eo Demag"e
-~
S
N w
=
=
R
Magne!Z4
Unaligned
-
o Current (A) i

Figure 2.16:Low speed motoring energy conversion loop

As noted previously, there are two main methodswfent regulation at low speed:
voltage-PWMandcurrent hysteresid/oltage-PWMmplementation requires that one or
both of the power switches are turned on and o# fiked frequency, while the duty
cycle varies depending on the current requireméltiss method can be implemented
with either hard or soft chopping switching schenigsder soft chopping operation,
one of the power switches are turned on and offthadther power switch remains on
during the conduction period, while with hard chimgpboth of the power switches are

turned on and off together.

Current hysteresisecessitates that one of the power switches betsd off when the
current exceeds a particular set point value arittlsgs back on again the current fall
below a second level. The range between the cutnentls is referred to as the
hysteresis-bandThe switching frequency varies, which can leadinavanted audible
noise and current harmonics. Both soft and hargging switching are possible with
this type of current regulatiomelta modulationis a variation of current hysteresis in
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which the current is sampled at a fixed frequentren the phase current exceeds a
reference current value one of the power switcBetsiined off and when the current
drops below the reference value, the power swictuined on again. The switching
frequency can vary up to the fixed sampling freqyewalue. Soft and hard chopping

schemes are also possible with this type of cunegnilation.

2.4.2 High speed motoring

At high speed, no current regulation is requiredhasback-emf is large enough to limit
the current. The torque is controlled only by vagythe firing angles of a single pulse
of current to yield what is called tlengle pulse modef operation. The single pulse
mode waveforms for the idealised inductance profiie phase voltage, the single pulse

current and the resultant torque are provided guife 2.17

7 4
Lmax
Lmin 1
Rotor >
Oon 10 o 05 o, Angle
A
+Vpe
Phase
Voltage Rotor
Angle
-Vbc
v
A
Current
Rotor >
4+ Angle
Torque
Oon 0O, o 0; o, Rotor™
Angle

Figure 2.17:Single pulse control for single phase motoringigh speed
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The energy conversion process starts when both mpewiches are turned on after
passing the unaligned position of the previouskstratf, and current rises rapidly in
the phase winding due to the low value of induataaad no back-emf. Af; the
inductance begins to increase and the back-emkiguéxceeds the supply voltage and
forces thedi/dt to become negative. The greater the speed, ther fdee drop off in
current in this region and only an increase in sheply voltage can counteract this
effect. The dwell angle must be increased lineaith speed above the base speed in
order to maintain a reasonable torque output atthauwill be decaying in value. The
energy conversion loop for high speed operatioillustrated in Figure 2.18 and is

traversed in the counter clockwise direction.
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Current (A)

Figure 2.18:High speed motoring energy conversion loop

2.4.3 Low speed generating

Generating at low speed is similar to motoringost kpeed except the firing angles are
retarded in order for the current pulse to coincwliéh the region of decreasing
inductance. Current regulation is required duthmglow speed generating cycle, as the
magnitude of the back-emf is smaller than the coeibimagnitude of the applied
voltage and the resistive voltage drop. Hard chapys the preferred switching strategy
as energy is returned every switching cycle whereagnergy is returned during the
zero-voltage cycle of the soft switching strategpltage-PWM control can be used to
regulate the current when generating at low spdsdsarying the average applied

voltage in the SRM (Miller 2001). The excitationdageneration waveform at low speed
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is illustrated in Figure 2.19. It is assumed tHa tnductance is linear and that the

current reaches its set point befégeand the conduction cycle end9at

LA

\4

)

v

Figure 2.19:Voltage-PWM current regulation at low speed

In one PWM period the excitation current corresotwdthe ared,; and the generated
current corresponds to the arBain Figure 2.19. Assuming that the duty cydas
constant over a conduction period and the currgpier due to PWM is negligible

compared to its average peak valyehen

Al = Dltpwnjp
A2 = thpwnjp (226)

WhereD; = d andD, = 1 —d andt,,n, is the PWM periodtfym = 1fum). The net

generated current in one PWM peridglyfn) is:

Io,pwm = A2 - Al

= (DZ - Dl)tpwnjp (227)

In the analysis, the initial excitation currenttie area indicated (1) in Figure 2.19 and

the generated current after the turn-off angléy & the area indicated (2) are neglected.
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The ratio between excitation power and the gengrgiewer yields the excitation
penalty,&, (Miller 2001) for the current regulated with PW§Idefined as:

= (2.28)

During the excitation period, the terminal voltagfethe phase winding is expressed as

follows:

di
Vo = L(O) e (2.29)

where the voltage dropR) due to the resistance of the coil is neglectedl the back-

emf, e, is equivalent to:
e= %M (2.30)

wherew is the rotor speediL/dd is always negative under generating operationtad
negative sign is placed alongsieéor clarity. For effective PWM control at low sk
the condition d| < |V must always be true, otherwise the generatingentris

uncontrollable and increases during the demagtietizgeriod. During the excitation

period the equation is:
di
L(H)ﬁ =V, +e>0 (2.31)

During the generating period, the equation is:

d gen

L(6) ('jt

= -V, +e<0 (2.32)

Assuming that the change inover the PWM period is small and can be negledted,

order to keep the average current constant ov&Yle Period, then
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di
LDt

= Datiun (2.33)

pwm

‘dlexc Dlt
dt

Vs +e[D, = |Vs -e|D,

Rearranging the above equation and substitubag= d andD, = 1 —d yields the

expression:

g :%(1\% (2.34)

From equation (2.28), in order to generate net g@nevhich is greater than the
excitation power, the condition of d < 0.333 mu& &atisfied. Substituting this
condition into equation (2.34) gives the conditi@yuired in order to generate net
power greater than the power consumed during thigagion of the phase winding with

voltage-PWM is:

0.333\bc < e <Mpc (235)

and
0.33%, < e <y, (2.36)

wherey, is the base speed. It therefore can be concluniedet power generation at
low speed using voltage-PWM is possible betweentbind of the base speed and the
base speed. The energy conversion loop for lowdsgeeerating operation is illustrated

in Figure 2.20 and is traversed in the clockwisedation.
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Figure 2.20: Low speed generating energy conversion loop
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2.4.4 High speed generating

Generating at high speed can be defined for twimneg (a) at the base speed and (b)
above the base speed. The power switches turntppatd excitation power is applied
to the phase winding and magnetic energy is bpilinuthe air gap and 8ty the power
switches are turned off and regenerated curremisflthrough the freewheeling path

until the current goes to zero@gi..

A

L
Lmax / \
Lmin // \\
Rotor >
A 0, 0,, 0, 0;0,5 0, 0. Angle
Current
@ el =|Vs - iR|
Rotor g
A
Angle
Current
(b) le] > |Vs - iR|
01 00,, 02 03 00ff 04 0ext Rotor
Angle

Figure 2.21:Single pulse control for single phase generatirtgygh speed

At the base speed, the magnitude of the back-enhfttsen combined magnitude of the
applied voltage plus the resistive voltage drophm phase winding are in balance and
this yields current that remains constant withdwet meed for current regulation (Torrey
2002) until the overlap of the poles@atand then decays to zero &y as indicated in

Figure 2.21 (a). Above the base speed, the backrethe phase winding has a larger

magnitude than the combined magnitude of the aghpiddtage plus the resistive voltage
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drop of the phase winding, and the current increaser the power switches turn off at
0ot and the current increases until pole overlaf,athere it decays to zero @i,; as

indicated in Figure 2.21(b).

On method of implementing generator operation gh Isipeed is to regulate the applied
voltage with speed in order to use the conditejrn>| Vs - IR|, as indicated in Figure

2.21(b), to allow the generating current to readepoint value, and then implement
and regulate the conditior||= |Vs - iR|, as indicated in Figure 2.21(a), to maintain

constant generator current (Miller 2001).

The energy conversion loop for high speed geneyaiperation is illustrated in Figure

2.22 and is traversed in the clockwise direction.
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Figure 2.22: High speed generating energy conversion loop

2.5 Summary

The SRM has gone through significant developmeinisesits beginnings in the early
1800s to the present day. The evolution in higledpmmputers and magnetic analysis
software has allowed significant developments ia tesign of the SRM. Since the
1980s, significant developments in semiconductahrielogies have led to greater
power handling capabilities for power switching es, particularly the MOSFET and

the IGBT. These devices have allowed for convexparation with forced commutating
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schemes and for current regulation schemes to @patanuch higher frequencies. The
development of powerful microprocessors and inigaer low cost digital signal
processors (DSP) in recent years has allowed éomtiplementation of complex control
algorithms for the SRM. This has increased the iegibn potential of the SRM in
many commercial arenas from starter/generator fisutated vehicle and mild hybrid-

electric powertrain to washing machines and hagdrdr

For the implementation of the SRM in an automotpplication as both a motor and a
generator, it is desirable to have high torque biipato drive loads (starting an engine
or actual propulsion assistance) or to operate agererator, particularly under
regenerative conditions where high braking torqueey e beneficial. A two-phase
SRM would be the most suitable for these applicatiaf operating in only one
direction. This SRM configuration would minimiseethcomplexity of the power
converter. The larger areas around the stator pdlagwo-phase SRM allow for phase
windings with copper of larger cross section. Ténsbles lower copper losses at higher
current operation. The larger iron sections ofrtiter and stator poles keep core losses
low and maintain good mechanical stiffness whichmportant in minimising acoustic
noise (Miller 1993). The core losses are also reduby the lower commutation
frequency of the two-phase SRM. The larger air dgagher current handling capability
and reduced core losses all contribute to the as&@ torque capability of the two-phase

SRM as discussed in Section 2.3.

From the review and the analysis of the SRM, thaveder in this application should
operate under voltage-PWM for both low speed motpand generating conditions and
single-pulse operation under high speed conditideiation in the source voltage
would be desirable under high speed generatingaiotain the conditiore| = |Vs - IR|,

in order to maintain constant generator current.
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Chapter 3 Converter topologies

Significant research effort has been invested ia tiesign of electronic power
converters for the SRM. A review of a cross sect@nthe numerous converter
topologies that are available is presented in tthspter before finalizing the
configuration that is most suitable for this apalion. The general requirements are
defined for the converter in order to determinertiast suitable choice. The converters
are grouped into various classifications, which laaeed on the predominant feature of
the converter. Each converter from a topology grisugescribed under the heading of
its predominant features, the modes of operati@hthe main benefits and limitations.
On review of all the groups, the most suitable @vter configuration is selected for

preliminary analysis.

3.1 Selection criteria and topology groups

The fundamental selection criteria to determine itin@st suitable converter for this
application include the following:

* Independent phase operation with respect to theatipg modes for the
energization or magnetization, freewheeling and atpmatisation for both
motoring and generating modes of operation.

» Soft chopping switching capability or the abilityr fthe application to implement
freewheeling operation.

» Unidirectional current and bidirectional voltage &l phases.

« Maximum efficiency capability in both motoring anmgkneration modes of
operation.

e Minimum complexity in order to minimise convertarsts

The converter topologies are divided into two prynelassificationshard- switching
and soft-switching. The fundamental converter configurations aresitiated in Figure
3.1. The hard-switching classification containsefigubgroups:bridge, capacitive
energy recovery, magnetic, dissipative and single phase. The soft-switching
classification contains a single subgroupelf-commutating There are fourbridge
converters topologies: the asymmetrical half-bridpe shared winding converter, the
shared switch converter and the full-bridge corererThecapacitive energy recovery
group has five fundamental configurations but thame variations within each
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configuration. The configurations are: C-dump catefe voltage boosting converter,
the split dc converteand the Sood converter. Thegnetic energy recovery group have
two basic converter schemes: the bifilar convedad the auxiliary commutation
winding converter. Thelissipative group has a single elementary configuration called
the R-dump but there are variations defined as dheay converters. Theelf-
commutating group has four essential configurations but theme some derivatives.
They are: series resonant, zero-voltage transi{igviT) PWM converter, auxiliary
quasi-resonant dc-link (AQRDCL) converter and théoridlge converter. The single
phase converter topology is included here for cetepless but is not discussed here as
the application requires a minimum of a two phaBM3o implement unidirectional

starting capability.

Converter Configurations
For SRM

Hard-Switched
Converters

Soft-Switched
Converters

Bridge Capacitive Magnetic Disipative Single-Phase Self-Commutating
Converters Converters Converters Converters Converters Converters
Series
Resonant
ZVT PWM
Pollock

Single
Controllable
Switch

Assymetric
Half-Bridge

Shared phase Auxthar)')
indi) Commutation

winding Winding

Miller
Shared-Switch

AQRDCL

Figure 3.1: Classification of power converters for switchelliceance motor
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3.2 Bridge Converters

Four fundamental bridge converter topologies atregbed in this section and these are
the asymmetrical half-bridge converter, the shanlealse winding converter, the shared
switch converter and the full-bridge converter. #ebdescription is provided for each
converter topology that includes a discussion oa plossible modes of operation

together with an illustration. The main benefitsdldmitations are outlined for each

topology.

3.2.1 Asymmetrical Half-Bridge Converter

This converter is also known as the classic corvesnd is a widely documented
(Lawrenson 1980), (Ray 1979), (Vukosavic 1990) ester topology using a single rail
power supply as shown in Figure 3.2a. It is defias@ 2N active switch configuration,

where N is the number of phases.

Vso—e
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QIJ
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(b) (© (d)
Figure 3.2: The asymmetrical half-bridge or classic conver{@). Static view of

converter.(b) Energization modegc) Freewheeling moddd) Forced demagnetization

mode
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This converter has two possible switching strategt-switching andhard-switching.
The soft-switching strategy has three modes of operation as illestriat Figure 3.2 b, ¢
and d. The first mode is called themergization mode ormagnetization mode as
indicated in Figure 3.2b. During this time both ®hes (Q and Q) are on and the
current rises rapidly in the phase winding as iatid in Figure 3.3a (I). During the
second mode, thfeeewheeling state, only one switch and one diode are on astidited
in Figure 3.2c. There is zero volts applied acrbss phase winding and the current
continues to flow through one switch and one diaithough it is gradually decaying
as indicated in Figure 3.3a (lI). No energy is $farred to or from the supply. The third
mode,demagnetization, occurs when both switches are off and the enirdlye phase
winding is returned to the supply via the freewheediodes as shown in Figure 3.2c.
The voltage is reversed across the phase windirighwforces the current to rapidly

decay to zero as indicated in Figure 3.3a (llI).
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Figure 3.3: Half-bridge converter modes of operation for b@hsoft switching — (1)
energization, (ll) freewheeling and (Ill) demagmation and (b) hard switching - (1V)

energization and (V) demagnetization
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The hard-switching strategy has only two modes of operation, riegnetization state
and thedemagnetization states. The magnetization and demagnetizationgfaam for
the hard-switching scheme is illustrated in Fig®8&b (IV) and Figure 3.3b (V)
respectively. During demagnetization, the decaythie current waveform is greater

leading to greater current ripple but reduced dyinaasponse time.

The most significant advantages of this circuit @yehe possibility to independently
control the upper and lower switched for maximuexithility, (ii) all possible firing
angles can be implemented with soft-switching ailhgvfor maximum regenerative
braking capability and (iii) equal performance orward and reverse directions. The
main limitation is the high power semiconductor mbper phase, which can become
expensive with switched reluctance drives withrgdanumber of phase windings. Other
disadvantages are the relatively low demagnetizatmitage at high speeds due to the
fixed voltage supply and the requirement for adatgpacitor on the supply voltage in
order to filter the voltage ripple associated wiie magnetization and demagnetization
of the phase winding. Demagnetization during gdanenm@ode of operation could yield
significant power losses through the freewheelingdels due to the large forward

voltage drop across the diode coupled with theclaqgerating current.

3.2.2 Shared phase winding converter

This scheme allows for two phase winding to be esthian a modified asymmetrical
half-bridge converter (Krishnan, 2001) as shownFigure 3.4a. This increases the
utilization of the power devices by increasing teenponent duty cycles. An SRM with
an even number of phases is required to take aalyandf this scheme. A silicon-
controlled rectifier (SCR) is used to steer theentr through the desired phase winding.
Only one power switch and one diode are requiregdppase winding compared to two
power switches and two diodes in the asymmetricalerter. Alternate phase windings
are grouped together to allow for independent obntith overlapping currents that do

not exceed one phase cycle duration.

This converter can also be operated veift-switching and hard-switching strategies.
Soft-switching again has three modes of operatioagnetization, freewheeling and
demagnetization, while hard-switching has onlyagnetization and demagnetization as

discussed previously with the asymmetrical converf@e main difference is that the
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desired phase winding becomes active when the S@Rried on (Phase 1 by SCahd
Phase 2 by SCRas illustrated in Figure 3.4). The operation ob&h1 is illustrated
graphically in Figure 3.4 and Phase 2 operatedrsame manner when S£secomes

active.

VSC

| i,
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Phase 1 SCR;

Phase 2

(b) (© (@

Figure 3.4: The shared-phase winding conver{aj.Static view of converte(b)

Energization mod€c) Freewheeling mod€d) Forced demagnetization mode

The main advantages of this configuration include:
* Only one power switch, one SCR and one diode apeined per phase winding.
» Greater utilization of power switches and diodeshia modified asymmetrical
converter as the power devices are now used foptvase windings instead of
one thereby reducing cost in the SRM drive.
» The converter is capable of positive, negative ame voltage output, which
allows for greater current control flexibility.
* Independent control of phase current is possibie this configuration
The main disadvantages of this configuration are:
 The SCR is always in the conduction path, which lead to significant losses
during high power applications. This would requartarger heat sink for cooling

thereby reducing the efficiency of the system anmldasing system costs.
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* SCR gate drive circuits would increase the compboeunt and therefore drive
costs, while also increasing complexity with theuieement for gate drive
circuit isolation.

e Current overlap is not possible between phase winavithin the same half-

bridge.

3.2.3 Shared switch converter

This converter is also known as the Miller convemtden implemented with a three
phase SRM (Pollock 1990) and (Vukosavic 1990). A tphase implementation is
illustrated in Figure 3.5a. The switches and diodes shared between more than one
phase-winding that yields an N+1 active switch @unfation. This is particularly useful
when the SRM has two or more phase windings aseditiades the number of power

device.

®) © (@

Figure 3.5: The shared switch convertéa) Static view of convertefb) Energization

mode.(c) Freewheeling modéd) Forced demagnetization mode

This converter can also implemesuft-switching and hard-switching strategies in the
same fashion as with the asymmetrical half-bridgeverter. The operation of phase 1
is illustrated in Figure 3.5, while phase 2 opeatatethe same way except thg &d D

are now active devices instead of&aphd D.

The benefits of this converter are greater utigratof the power switches due to the
shared switch operation and the topology is apiplécéo two or more phases and has

fewer constraints on phase current overlap wherpli@se number is greater than four.
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The main limitations of this topology are that #hare restrictions on the current control
options during current overlap conditions. For ghasunt greater than or equal to four,
two or more phases can be operated independerithyoball the phases can be operated

independently.

3.2.4 Full-bridge synchronousrectifier converter

This configuration offers the potential to reducaduction and switching losses during
freewheeling and demagnetization mode of operaiprreplacing the diodes in the

half-bridge circuit with MOSFETs power switchesimgicated in Figure 3.6a.
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Figure 3.6: The full-bridge convertea) Static view of converte(b) Energization

mode.(c) Freewheeling modé¢d) Forced demagnetization mode

It also provides utmost flexibility in motoring angenerating modes of operation
(Krishnamurthy 2005). This converter also has theability to operate in either soft or
hard switching strategy. Thseft-switching incorporates the two modes of operation of
hard-switching, so only soft-switching is discussed here. Thagnetization mode
begins when both Qand Q turn on and both Qand Q are off as illustrated in
Figure3.6b. Throughout freewheeling; @hd Q turn on and both Qand Q are off as
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indicated in Figure 3.6¢. Durirdpmagnetization, Q; and Q turn on and both Qand Q
are off as shown in Figure 3.6d. During magnetimatand freewheeling modes;z Q
operates as gynchronous rectifier, (Mohan 1995c) while both Qand Q operate as
synchronous rectifiers during demagnetization cyofe operation. The idealized
waveforms of control signals for all the switch@smagnetization, freewheeling and
demagnetization modes of operation and phase wgndiftage and current waveforms
are illustrated in Figure 3.7a for soft-switchingdaFigure 3.7b for hard-switching

strategies.
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Figure 3.7: Full-bridge converter modes of operation for b@thsoft switching — (1)
energization, (Il) freewheeling and (Ill) demagmation and (b) hard switching - (IV)

energization and (V) demagnetization

A delay period, calletlanking time, is required between the switching on and off of Q
and Q pair and Q and Q pair in order to prevent a short circuit of the gowsupply.
During the blanking period the diode in parallelttwihe switch conducts until the

power switch turns on.
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The main advantages are the same as with the hadfeboconverter but with improved
operational efficiency during freewheeling and dgretization modes of operation
using synchronous rectification scheme, which eemlly beneficial during generator
mode of operation. The mail limitation is again #@ne as with the half-bridge with
under utilization of the power switches being fertexacerbated in the full-bridge with
the additional power switches. The additional afshe extra gate drive circuits for the

additional power switches must be taken into actoun

3.3 Capacitive energy recovery converters

Four capacitive energy recovery converters areesmsed in this section and they are the
C-dump converter, the split dc converter, the Soomaverter and the voltage boosting
(buck-boost) converter. A brief description is po®d for each converter topology that
includes a discussion on the possible modes ofatipartogether with illustration and
the main benefits and limitations of the circuialtage boosting can be achieved by a
number of different schemes, some of which are liggted briefly. A detailed

discussion is provided on the buck-boost converter.

3.3.1 C-dump converter

The defining characteristic of the C-dump conversethe sharing of the freewheeling
circuit with the SRM phase (Bass 1985) and (Mill&03) as indicated in Figure 3.8a.
During freewheeling the charge builds up in the durapacitor, ¢ and is typically
controlled by a step down circuit, consisting of Q; and L, to maintain an average
value of 2\ across the capacitor. This defines the convedexdaal-rail circuit. The

step down circuit operates like a large snubbehn etitergy recovery to the supply.
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Figure 3.8: The parallel C-dump convertégn) Static view of convertefb)
Magnetization modéc) and(d) Freewheeling with energy recovery mo¢&.and(f)

Demagnetization with energy recovery mode

There are three distinct mode of operatiomgnetization, freewheeling with energy
recovery and demagnetization with energy recovery. During magnetization, the supply
voltage is applied to the phase winding wheni®Qturned on as indicated in Figure
3.8b. When the phase winding current exceeds aetgadined threshold, switch,Q
turns off and forward biasing diode, b allow the current téreewheel and charge the
capacitor, @ as indicated in Figure 3.8c. This has the effdcteducing the phase
winding current below the reference value. Durihg hext magnetization cycle of the
switch, Q, a feedback control circuit varies the duty cyofethe energy recovery
switch, Q, to regulate the voltage across the dump capdnytdransferring energy from
the capacitor to the dc source and the inductgrad indicated Figure 3.8d. This cycle
of energization, freewheeling and energy recoveryepeated during the conduction
period of the phase winding. At commutation, thenagnetization begins when the
switch, Q, turns off and the energy in the machine is piytteansferred to the dump
capacitor as indicated in Figure 3.8e and the geli@cross the capacitor increases. The
voltage difference between,\and \f is impressed across the phase winding and the
current decays rapidly to zero. The voltage actbesdump capacitor is regulated by
controlling the duty cycle of the energy recoventsh, Q, as indicated in Figure 3.8f.
The waveforms for the C-dump converter during tbenglete cycle of operation are

shown in Figure 3.9.
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Figure 3.9: Waveforms for the C-dump converter with energyweey circuit

The main advantage of this converter is the abitithave independent phase control
with the minimum number of switches. The main disadage is that demagnetization
voltage is limited due to it being the differencethe voltage across the dump capacitor
and the supply voltage. Additional losses are iremiin the energy recovery circuit
resulting in a decrease in the efficiency of thetonarive. Failure of the energy
recovery circuit can lead to uncontrollable chagginf the dump capacitor yielding
catastrophic results. The circuit shown in Figur® 8 a parallel C-dump converter,
while it is also possible to have a series C-dunomverter as illustrated in Figure 3.10a
and this circuit allows for the dump capacitor torhted at the demagnetization voltage
and not the demagnetization voltage plus the suppliage as is the case with the
parallel C-dump. A further modification of the Crdp circuit is provided in Figure
3.10b (Mir 1997). This revised circuit reduces Y& rating of the power switches and
the voltage rating of the dump capacitor. A freeglimg mode of operation is possible

with this revised configuration.
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converter(b) the modified C-dump converter

3.3.2 Buck-boost converter

For a buck-boost converter,, (D, and Ly and the output capacitor,, @rm a buck-
boost front end stage (Barnes 1998), (Krishnan,1p0fnd (Vukosavic 1990) as
illustrated in Figure 3.11a. This dual-rail voltag@osting circuit offers added flexibility

in the SRM control capabilities by separating thagmetization and demagnetizing

voltage and providing a variable supply voltage.e Téonverters operation can be

divided into four possible states.

Magnetization commences when the switchy,Qurns on and impresses the
voltage, &y, across the phase winding as indicated in Figur&ls3

The second state i®rced demagnetization: it occurs when Qis off and the
diode, O, conducts transferring the energy from the phasading to the
capacitor, G as indicated in Figure 3.11c.

The third stage is theharging of capacitor, C, with Q, turned on. When the
switch, Q, turns on, and assuming the voltage drop acr@ss egligible, then
the voltage across the inductog, Is equal to the source voltage as indicated in
Figure 3.11d.

The fourth and final stage is tlvbarging of capacitor, C, with Q, turned off.
During this stage, Qturns off and the diode, ;P conducts transferring the

energy stored in Jto G, as indicated in Figure 3.11e.
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Figure 3.11: The buck-boost convertga) Static view of converte(b) Magnetization
(c) Demagnetizatiofd) Charging of G with Q, turned on(e) Charging of G with Q,

turned off

The most significant advantage of the buck frord eltows for the input voltage to be
greater than the dc source voltage to acceleraterdubuildup in the phase winding,
which is especially useful in generator mode a&gdraprrent build up is required in the
phase winding near rotor and stator pole alignm@ndther advantage is the each phase
can be controlled independently of the other eveugh there is only one switch per
machine phase. The main disadvantages are extraitcaomplexity and the higher
voltage rating requirement for the power switchés, voltage across @ V¢, while

the voltage across @ Vcs plus Vep.

There are a number of other voltage boosting dscimcluding: (a)parallel dc-link
voltage-boosting converter (top) asaies dc-link voltage-boosting converter (bottom),
are shown in Figure 3.12a (Barnes 1998). The boaséacitor in the dc-link voltage-
boosting converters increases the turn on anddfirmeltage applied for part of the
motoring stroke. Thewxiliary rail boost converter is shown in Figure 3.12b (Hava
1992), parallel (top) and series (bottom). In theseuit the auxiliary voltage boost
capacitor, G, is switched in and out of the energization cyddeng the switch,  and
diode, . The sequential boost converter is shown in Figure 3.12c (Le-H@@Q).
This circuit is similar to the series auxiliary Irddoost converter but has a boost
capacitor and blocking diode per phase winding. Vaeable dc-link converter is
illustrated in Figure 3.12d (Krishnan, 2001). Héne switch, Q the diode, I the
inductor, L, and the capacitor, £form a step-down switching power stage. Thisestag
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varies the input dc source voltage to obtain thardble input voltage to the machine

windings.
Vs o—4—pt QJ'J ., CDJ_ QIJI—I
“TOT I:LQ'"
!
Vs 04—t |_] =
- ¢ S " 1 L
t !

(@ () (d)
Figure 3.12: (a) Parallel dc-link voltage-boosting converter(topfiaeries dc-link

voltage-boosting converter (botton) Auxiliary rail boost converter, parallel (top)

and series (botton{f) Sequential boost convertgl) Variable dc-link converter

3.3.3 Split DC Converter

In this circuit, the single dc link capacitor iplaced with two capacitors connected in
series as illustrated in Figure 3.13a. This comvers also known as the Oulton
converter circuit (Miller 1993). This circuit hasvd possible modes of operation:
magnetization and demagnetization, which fundamentally is &ard-switching format.
The operation for a single phase is as follows:

* Magnetization commences when Qs closed. Current circulates through, Q
phase 1, and the capacitoy. The voltage across the capacitor is applied ¢o th
winding as shown in Figure 3.13b.

* When the switch, Q is open atlemagnetization, the current freewheels through
the diode, B, and the voltage across the capacitat, i€ applied to the phase
winding. The charging of the capacitor,, Quickly depletes the phase winding

current as illustrated in Figure 3.13c.
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Figure 3.13: The Split dc converte(a) Static view of convertefb) Magnetization

mode.(c) Demagnetization mode

The waveforms illustrating the magnetization anchdgnetization modes of operation

are illustrated in Figure 3.14.
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Figure 3.14: Waveforms for the split dc converter circuit
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The main advantage is this circuit achieves thealodity of having one switch per
phase without adding extraneous passive comporardsstill achieves significant
control flexibility and efficiency. The main limiti@n is the requirement for balancing
the charge across the dc link capacitorsa@d G, which requires an even number of
machine phases. Additionally, the balancing of gndlow in the capacitors results in
some loss in the independent control of the phasdimgs. Another disadvantage to
this configuration is that only half of the supplgitage is applied to the phase winding
during magnetization and demagnetization, decrgagymamic response of the current

control loop and reducing the maximum motoring sipeggability.

3.3.4 Sood converter

This converter does without a dc-link capacitor arslead uses the boost capacitor as a
dump capacitor as indicated in Figure 3.15a. lal® considered to be a dual rall
topology and its configuration is similar to thedGmp and buck-boost circuits but the
Sood converter has primarily different modes of rapjen (Vukosavic 1990). This
converter has four possible operating states:

» The first state isnagnetization from dc supply, Vs. The switch, @ turns on and
the phase winding is connected to the supply veltag indicated in Figure
3.15b

» Themagnetization from the capacitor, G,, is the second state. Here bothapd
Q. are on, the capacitor voltage,, Vs larger than the supply voltage, &hd the
energy flows from the capacitor to the phase wigdis shown in Figure 3.15c.
If the capacitor voltage is smaller than the suppbtage the magnetization
reverts to the first state.

» Demagnetization through freewheeling is defined as the third state. In this state,
Qs is on and B and D, are on providing a freewheeling path for the phase
winding current as indicated in Figure 3.15d. Tdlisws the phase winding to
demagnetize slowly.;Snust withstand the boost voltage,, during this period.

» Demagnetization by charging the boost capacitor, G, is defined as the fourth
and final state. During this period, both @1d Q are off and the diode, D1,
turns on and the phase winding is demagnetizedigfr®,, the boost capacitor,
Cy, and the supply voltage as shown in Figure 3.T%® boost capacitor is
charged by the demagnetization energy for the phasding and the supply

voltage.
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The boost capacitor voltage must be kept withirmaaw band. The minimum voltage
is determined by the demagnetization requirementsthis value also determines all
switch and boost capacitor voltage ratings. Loeespoperation requires PWM current
control and alternates between state one andfstateState three is only implemented
at very low speed when time is not critical. Durisigte four, the switch, Qmust

remain off until the phase winding current has gledato zero. The main advantage of
this configuration is the low component count ahdttthe four possible states allow
additional motor control freedom. The main limitatiis the complex control required to
implement the four states. There are also additippwer losses through the energy

recovery circuit.
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Figure 3.15: The Sood convertefa) Static view of converte(b) Magnetization from
Vs. (c) Magnetization from boost capacit@) Demagnetization through freewheeling

(e) Demagnetization by charging the boost capacitor

3.4 Magnetic Energy Recovery Converters

These circuits exploit the fact that the energyextdn the magnetic field of the phase
winding can be transferred to a closely coupledosécwinding that can be either
returned to the voltage supply or used to energimgher phase winding (Barnes 1998)
and (Miller 1993). Two converter configurations as@amined in this section: th#ilar
converter and thauxiliary winding converter. A brief description is provided for kac
converter topology that includes a discussion oa plossible modes of operation

together with illustration and the main benefitsl éimitations of the circuits.
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3.4.1 Bifilar Converter

This configuration uses one switch and one diodeppase and using a bifilar-wound
SRM with closely coupled primary and secondary wigd to regenerate the stored
magnetic energy to the source [(Krishnan 2001)(&ay 1979)]. The switch is in series
with the primary winding, while the diode is in & with the secondary winding as

illustrated in Figure 3.16a.
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D, QIJ D,

(b) (©

Figure 3.16: The bifilar converter(a) Static view of convertefb) Magnetization state

(c) Demagnetization state

There are two operating statesgnetization anddemagneti zation.

» Magnetization commences with the switch,; Qurns on allowing currenty, to
build up in the primary phase winding; during thiriod the diode is reversed
biased as illustrated in Figure 3.16b.

* At commutation the switch turns off and the polaof the induced emf in the
secondary winding is such to forward bias the di@je This allows the current,
Iseo tO circulate through the diode, the secondarydimigp and the source, which

leads to thelemagnetization of the primary as illustrated in Figure 3.16c.

The waveforms illustrating the magnetization anchagnetization modes of operation

are illustrated in Figure 3.17.
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Figure 3.17: Waveforms for the bifilar converter circuit

The main advantage is the component count is |losvtlde use of the magnetic recovery
winding. The main drawback is that the bifilar wimgl is not economical for large

motors. The voltage across, @t turn off is \§ + aVs, where ‘a’ is the turns ratio

between the primary and secondary winding, reggitime switch to have a higher
voltage rating that consequently results in greptewer losses. Another limitation is

that the coupling is never perfect and snubbeutsare required to limit the transient
voltages. This adds cost and complexity to whattierwise a simple configuration.

The bifilar winding also decreases the efficienéyth® system due to the poor copper
utilization from the reduced winding area availatoethe main windingSoft-switching

IS not possible as there is freewheeling condition.

3.4.2 Auxiliary Commutation Winding Converter

This converter also requires that the motor musge tzan auxiliary winding (Liang 1994)
as illustrated in Figure 3.18a. This circuit hasirfpossible states: energization and
freewheeling of the main winding are the first twtates. The next state is the

demagnetization of the main winding to the auxfiavinding and the final state is
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demagnetization of the excess energy in the mainding to the source. The
magnetization and freewheeling of the main windirsy implemented using a

conventional converter like an asymmetrical hald@pe, which facilitates switching

between positive and zero voltage loops as illtestrén Figure 3.18b and Figure 3.18c
respectively. The demagnetization of the main wigdto the auxiliary winding is

implemented through magnetic coupling as illusttabe Figure 3.18d. During the

negative voltage loop the diode;, s forward biased, which allows current to cietel

in the auxiliary winding. The demagnetization of thixcess energy the main winding to
the source is illustrated in Figure 3.18d, whileing this period the current freewheels
in the auxiliary winding. During the magnetizatiafi the next phase winding, the
positive voltage loop allows the magnetic energyhef auxiliary winding to couple to

the main winding to allow the current to build @pidly.
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Figure 3.18: The auxiliary winding converte(a) Static view of converte(b)

Vso—»

|

Auxiliar]
D, Y D, Q’J D, D,

Magnetization staté) Freewheeling state YdDemagnetization to auxiliary winding

and to dc-link

The main advantages are that the magnetic enermggasered in the auxiliary winding
and therefore increases the performance of themmydnother benefit is that current is
allowed to rapidly build up in the phase windingngsthe stored magnetic energy of the
auxiliary winding. This circuit also allows fosoft-switching capability. The main

disadvantage is the extra cost for an SRM withatlndliary winding.
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3.5 Dissipative Converters

As the name suggests, these converters do noteettte magnetic stored energy in the
phase winding, but instead dispel all the energlge Thost fundamental type of
dissipative converter is the R-dump converter (Bart998) (Krishnan, 1990). It has
two variants known as the decay type converter amdodified version of the decay

converter.

3.5.1 R dump converter

This converter configuration consists of a singhdtch and single diode per phase
winding in the SRM as indicated in Figure 3.19aigknan 1990). It can only operate in
hard-switching mode with the capability for only awstates: magnetization and

demagnetization.

V;fhtlse Phase

(@) (b) (0
Figure 3.19: The R-dump converte¢a) Static view of convertefb) Magnetization

state(c) Demagnetization to the dump resistog, R

During magnetization, the switch,; Qurns on and current flows in the phase winding
as illustrated in Figure 3.19b. The demagnetizatiommences when ;Qurns off and
the phase current freewheels through the diodeclitarging the capacitor,Cand later
flows through the dump resistory Bs shown in Figure 3.19c. The detailed waveforms

for the circuit operation are provided in Figur2@.
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Figure 3.20: Waveforms for the R-dump converter circuit

At low power levels, the simplicity, low cost anaid semiconductor component count
of the converter may outweigh the loss in drivacefficy. Another advantage is that
only grounded gate drive circuits are required,chfurther reducing converter costs.
The main limitation is that this type of convertesr impractical for high power
applications as the dissipation of stored energylévsubstantially reduce the drive
efficiency. Other limitations are that the negatwatage drop tends to decrease as
current decreases, and the inability to apply zefts across the voltage winding during

current conduction.

There are two variations on the R-dump circuit; finst provides a switch, Q in

parallel the dump resistor as illustrated in FigBr2la (Barnes 1998). This circuit is
called the decay converter and it provides for e-x®eltage loop and therefore the
possibility of soft-switching operation. Another rgmn of the decay circuit adds

another switch, @ and diode, B and this allows for one voltage loop to operate i
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freewheeling mode, while another phase is in demiation mode as shown in Figure
3.21b (Barnes 1998).
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Figure 3.21: (a) Static view of the decay convertén) The modified version of a dual

decay converter

3.6 Self-Commutating Converters

These converters use various techniques to comenb&ttveen the phase-windings of
the SRM. There are a number of different convedelnemes to implement self
commutation that include: the series resonant abewnethe zero-voltage transition
(ZVT) PWM converter, thauxiliary quasi-resonant dc-link (AQRDCL) converter, the
current source converter and the H-bridge convelieen though these designs are old

they are included for completeness of this review.

3.6.1 Seriesresonant converter

The semiconductor devices switch at zero in thisveder due to the partially
resonating nature of the circuit (Park 1992) assitlated in Figure 3.22a. This circuit
has two fundamental modes of operatio@gnetization and demagnetization. During
energization of the phase winding, SCRCR, and S are turned on and this causes the
capacitor, G, to overcharge, which in turn forces the currenthie inductor, |, to zero

as illustrated in Figure 3.22b. Then SCBCR and S turn off and the phase current
continues to flow, until € is negatively charged. Then; Surns on and the
demagnetization current flows via the diodegabdd D, to return energy to the dc link.
The main advantage is that switching at zero veltsices the losses and the stresses in
the switching components. The main limitation isttthe component count is high,

increasing overall system cost.
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Figure 3.22: The series resonant converi@). Static view of convertefb)
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Additional resonant converters include tlzero-voltage transition (ZVT) PWM
converter (Park 1992) illustrated in Figure 3.28a gheauxiliary quasi-resonant dc-
link (AQRDCL) (De Doncker 1991) illustrated in Figure23b. The dc link voltage in
the ZVT PWM converter is regulated using a chopgwitch, S, that is commutated at
zero voltage through the action of a sub circurhpdsing of a resonant tank, &nd G,
and an auxiliary switch,Sthat is hard switched. There are conduction ksse to the
chopping switch and some limitations on independantent control of the phase

windings.
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)

Figure 3.23: (a) The ZVT PWM converterib) and the AQRDCL converter
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The AQRDCL converter uses a resonant circuit tovalfor the transition of the main
switches to occur at zero volts to further redusdching losses. The main limitations
are the additional conduction losses in the resoaiacuit switches and limitations in

independent control of the phases due to the zg@tage switching.

3.6.2 H-Bridge Converter

In the H-bridge circuit, two phases must alwaysycaurrent. The circuit is configured
as illustrated in Figure 3.24a (Corda 1991). Treeethree stages of operation. In the
first state, the top left switch, ;Qand the bottom-left switch, Qturn on and current
conducts through the top-left (phase 1) and bot&ftmphase 3) phase windings as seen
in Figure 3.24b. In the second stage, whernuins off, the bottom-left diode,Pand
the top-right switch,  turns on so that the sum of the current flowimdhie top two
phase winding remains at a constant value as itatida Figure 3.24c. The third stage
consists of the @turning off and Qturning on to maintain a constant current through
phase 2 and phase 4, while; &nd B, becomes forward bias to demagnetize phase 1
and phase 3 as illustrated in Figure 3.24d. Thetliostage consists of ,Qurning off,
while the diode, [ and the switch, Qturns on so that the sum of the currents flowing
in the top two phase winding remains at a constahte as indicated in Figure 3.24e.
The final stage consists of,@rning off and Q turning on again to maintain a constant
current through phase 1 and phase 3, while abd O becomes forward bias to
demagnetize phase 2 and phase 4 as illustratedjumeF3.24f. The main advantage is
this configuration allows for one switch and oned# per phase and thereby reducing
converter component costs. The main limitatiorhet turrent cannot flow in only one
phase and therefore prevents independent phaseolcdrttis converter configuration

requires that the machine design must consist dtiptas of four phases.

66



Vs ©

D; 4

Vs o

D, A

Figure 3.24: The H-bridge convertefa) Static view of converte(b) Stagel
(c) Stage 4d) Stage3e) Stage 4f) Stageb

3.7 Converter sdlection

In this application where the SRM is implementingamotive starter and alternator
functions, there is a requirement for maximum iy of converter topology design
to achieve those key objectives, converter efficyers of critical importance, as is
independence of converter phase operation in otdemaximise control strategy

options. Circuit complexity and consequently cestmother key consideration.

The magnetic energy recovery converters that reqnrSRM with a bifilar or auxiliary
winding can be eliminated as the SRM that is usettlis application is not of this type.
As efficiency is of critical importance, the disaimn converter topologies are not
suitable as the power requirements for the SRMyarte large. Of the bridge converter
topologies, the shared switch converter is alswitedsle as the conduction losses in the
switching device in series with the phase windinguld have a significant effect on

efficiency. Independent control of phase windingsir motoring and generating
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modes of operation prohibits the use of the shaieding, the shared switch, the split-

dc, and the H-bridge converters.

Minimising circuit complexity and therefore the e@mter cost is also an important
consideration, so the resonant converters, thdiayxand the sequential converters are
eliminated for this reason, as the component c@umigh in these converters. The series
and parallel dc-link converters are also eliminatad to the circuit complexity, as these
circuits have essentially a voltage boost front endh bridge converter. The AQRDCL
converter is also be ignored for the same reassrtheadc-link converters above but
also due to the reduced efficiency incurred byghesive components in the resonant
circuit outweighing the theoretical zero switchilogses under resonant operation The
C-dump is discarded mainly on the grounds of circamplexity contributing to extra
converter costs and there are additional lossesalarergy recovery circuit. The Sood
converter is discarded due to the potential cokisnplementing the complex control

may outweigh the reduced component count.

The buck-boost converter potentially offers sigrfit advantages under generating
operation with the capability of provide magnefi@at voltages greater the supply
voltage. This and the reduced number of switchioghmonents per phase must be
weighed against the potential inefficiency of uskwgitching devices with a higher
voltage rating and the additional losses incurrgdthe passive components in the
chopper circuit. This leaves the asymmetrical balige and full-bridge converters as
the circuits that provide maximum flexibility, pot#ally high efficiency levels, and
provides full independence over all ranges of djpmma These converters are analysed
in the next chapter to determine the most suitalvtaiit to carry to the final converter
design stage. If variable input voltage is necgs$ar improved range of operation in

the SRM drive, a buck-boost front end can be adddkle circuit at a later stage.
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Chapter 4 - Preliminary Analyses

In order to design an efficient converter for SRMtaring and generating modes of
operation, power switching components were seleetied evaluated to maximise
efficiency and reliability and minimise cost. Toeidify suitable components to
evaluate, the operating conditions were first defiin which these devices needed to
function. The efficiency of the components and tomverter configuration options
were then determined through power analysis. Tepoments were first evaluated on
the half-bridge converter and then on the full-ecconverter. The MOSFET reverse
recovery times were evaluated through simulatich experimental analysis in order to
evaluate worse-case operation for implementatiosyashronous rectifiers in the full-
bridge converter. The most efficient converter ggunmation was determined during this
assessment and the final selection was matchedthatioptimum components for this

application.

4.1 Operating Conditions

The operating conditions for the SRM converterdetermined by the specifications of
the SRM and the application (i.e. it must functas an automotive ISG). The SRM
specification defined the peak power and peak otnrequirements. The application
specifications include: the performance conditiofts the ISG, the operating
environment of the ISG in which the converter nfusttion, the worst case conduction
periods and duty cycles for motoring and generatiagd automotive electrical

parameter limits.

The performance conditions in this situation are thodes and speeds at which the
SRM operates as an automotive ISG; these modesstairéing, low speed motoring,
low speed generating and high speed generating. speed range for each mode
determines the conducting periods and the dutyesyof operation for the switching

devices, and the voltage and current requirements.
The application also determines the operating enwent that is encountered by the

converter and therefore by the switching devicdsclwincludes temperature extremes

and cycles and varying levels of vibration.
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The automotive electrical parameter limits defitiegl voltage and current limits used to
specify and completely evaluate the switching comegmds. Safety margins were
defined for the voltage and current ratings. Limitsre provided for other parameters
including MOSFET on-resistance, diode forward \gdtareverse recovery time,, tof
diodes and synchronous rectifier MOSFETs, and lfindbr the case and junction
temperature limits. This allowed for the evaluatmindifferent switching devices and
converter configurations in order to achieve the simefficient solution, and
consequently defined the requirements for the kedts, gate drive circuitry, filter

capacitors and the choice and configuration ohilga current conductors.

4.1.1 SRM Specifications

Initially a two phase machine was proposed for B& but unfortunately it proved
impossible to obtain and no alternative vendordctbe found to supply an equivalent
off-the-shelf 2-phase unit. The SRM that is usethia application is a four phase unit
with eight stator poles and six rotor poles as Hatisfies the required voltage and
power rating A summary of the specificationstfee machine is provided in Table 4.1
[(Motion System Tech 2002) and (Chapmore Contrads 2007)].

Phases 4 | Aligned inductance)H) 334
Stator poles 8 Phase winding resistanc)m 8
Rotor poles 6 | Maximum speed (rpm) 15000
Power rating (W) 3500 Base speed (rpm) 6000
Rated voltage (V) 48| Rated torque (Nm) 5.4B
Rated Current (Avg) (A) 84| Peak torque (Nm) 10.
Unaligned inductance () (uH) 47 | Weight (kg) 15

Table 4.1: SRM specifications

4.1.2 Perfor mance Conditions

The ISG operates in four possible modes: startiogy, speed motoring, low speed
generating and high speed generating. Typicalestarbtor and alternator specifications
in standard automobiles are illustrated in TabRefdr starter motors [(Visteon 2005a),
(Visteon 2005b) and (Visteon 2005c¢)] and Tablefdr&lternators [(Bosch 2008)].
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Type | Power range| Stall torque Current Efficiency M ass
1 0.8-1.0kwW 11Nm 175A @ 5Nm 61% @ 5Nm 3.5kg
2 1.0-1.7kW 15-28Nm| 160-220A @5Nm 71% @ 5Nm  2.6-3.3kg
3 1.7-2.5kwW 36 - 42Nm 400A @ 15Nn{ 70% @15Nm  3.9-4.1kg
Note

Type 1 starter for 4-cylinder petrol (1.0L to 1.6nd diesel (up to 1.4L) engines
Type 2 starter for 4 to 8 cylinder petrol (1.4L4t®L) and diesel (up to 1.8L) engines
Type 3 starter for 4-cylinder diesel (up to 2.5hpmes

Table 4.2: Typical starter motor specifications for standantdomobile

Power range Min Current Max. Current Mass
1.1-2.1kW 45-82A 80-155A 4.7-6.4kg
Note

Minimum current available @ 1800 RPM
Maximum current available @ 6000 RPM

Table 4.3: Typical alternator specifications for standardoaubile

Starting is the primary motoring mode of operationthe ISG, typically in the engine
speed range of 100 — 200rpm for current vehicleinesgwith equivalent power
capabilities in the range of 0.8-2.5kW [(Bosch 20@Wisteon 2005a), (Visteon 2005b)
and (Visteon 2005c)]. Low speed motoring appliesttrt-stop or idle-stop mode of
operation that would be in the range of 500 — 1Q00 [(Service Tech Magazine 2001)
and (Albertoni, L et al 2003)]. Generating at lopeed provides a reduced power
output, equivalent to the maximum power of 1.1k\&.3kW for current generators, and
High
speed generating is defined for an engine speeapkraih2000 — 3000rpm and is capable

operates at engine speeds in the region of 1008r[2€@00rpm (Bosch 2008).

of providing up to 3.5kW as a standard generatathmough regenerative braking. At
very high speeds, 3000-6000rpm, the ISG would lsakdéd to provide maximum

vehicle acceleration. It was assumed that the SBfdr iwould rotate twice for each

engine revolution as this would utilize almost faé SRM speed range and provide
increased torque handling capability for the giV&& package size. The operating
speeds of the SRM for each mode of operation dostrdted in Table 4.4. An

illustration of a potential implementation of th8G in an automotive environment is
shown in Figure 4.1 and a description of each nafdeperation is provided in Figure
4.2.
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Specification Starting | Low speed | Low speed | High speed
motoring | generating | generating
Min. speed (rpm) 200 1000 2000 4500
Max. speed (rpm) 400 2000 4500 6000

Table 4.4: Worst case ISG operating speeds

1]

Solenoi
Clutch

[ ]

A/C, Power
- steering, etc.

— 36V
ISG Converter Battery
}t Engine Transmission

Figure4.1: ISG automobile layout

Mode Operational Status Description of operation
Power is supplied from the 36V
E— | | battery on starting and the ISG
Starting | ( restarts the engine. A level of
] propulsion assistance may also
be provides during this time
L]
L]
— 36V While vehicle is stationary, the
Vehicle Battery engine is switched off and the
Stationary L solenoid clutch is switched off
| ( and the ISG operates in low
(Low speed ] speed motoring mode driving the
motoring) auxiliary devices (i.e. the power
steering, air conditioning)
L J L J
L] .
Normal — 36V
driving Battery The engine drive the vehicle. The
— L battery charge status is
(Low and high | ( continuously monitored and the
speed ] amount of generation is
generating) controlled as required
L J L J
Deceleration The wheels of the vehicle drive
(Low and high - L | the ISG during degelerathn
[ ( activating regenerative braking.
speed - . ..
enerating) Some of the vehicle driving
& g energy is recovered to the battery
L]

Figure 4.2: ISG operation
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The ISG implementation would use a belt drive cmgpsystem as illustrated in Figure
4.1 and the configuration is similar to systems wtes been implemented by a number
of manufacturers [(Delphi 2008), (Visteon 2003) diedratani et al 2003)]. The ISG
would be part of a 42V power supply system thatsuse36V battery (Teratani et al
2003). This system would easily integrate into #xis powertrain and would still
achieve the benefits of stop/start mode, regewnerdiraking and potentially launch
assistance. A solenoid clutch would be connectaddsn the engine crankshaft and
crank pulley and would engage and disengage on @maiwhen the various operating

modes were implemented as illustrated in Figure 4.2

4.1.3 Operating Environment

The automotive engine compartment represents aylarty harsh environment for
automotive electronics (Myers 2003). This includegreme temperature variations
leading to thermal cycle or thermal shock (>1000les), vibration (up to 10Grms),
exposure to dirt, moisture, chemicals and gaseterred noises and electrostatic
discharge. The extremes in ambient temperature’G46 150°C) are perhaps the most
difficult challenge to address. Figure 4.3 showstypical automotive operating

environment (Myers 2003).

Engine 129°C Ignition 150°C Alternator
Comparitment Close Surface Surface
to Engine 120°C

Engine
Compartment
Remote from
Engine 105°C
]

ngine 140°C
Exhaust System 587°C

Exterior -
Accessible to

-
Splash, etc. 70°C
plash, etc Transmission Ol

Road Surface 66°C

'C
148°c

—
Wheeal-Mounted Components
Up to 250°C

Figure 4.3: Automotive Operating Environment

Applications that have high power dissipation repré the greatest challenge to
electronic cooling systems design. Motor contr@cebnic modules must be able to
operate in ambient temperatures up to°C50his provides a significant challenge to
the reliability of the design, especially considgrithe requirement for faultless

operation in all weather conditions for 10 yearsnare (Myers 2003).
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The ambient temperature requirements for the coewar this application are defined
as —406C to 100°C by locating the converter low down and at thexfrof the engine to
maximise cool airflow or use water cooling to maisenheat transfer. The ambient
temperature experienced by the ISG during coldistpis defined to be -4C to 45C,
while during other modes of operation would expereethe full temperature range. For
power analysis, the upper temperature is of greatgsortance. The proposed worst-
case temperatures to be experienced by the conuentier the different modes of

operation of the ISG are shown in Table 4.5 (atthe of section 4.1)

4.1.4 Conduction Periods and Duty Cycles

A detailed analysis used to determine the conduciimervals during starting, low
speed motoring, and low and high speed generatpayation is presented in the
following sections, and the details for each spsqatovided in Table 4.5 (at the end of
section 4.1). It is assumed that the worst casedspé operation for the ISG would be
200rpm for starting, 1000rpm for low speed motoyirBP00rpm for low speed
generating and 4500rpm for high speed generatihgsd speeds yield the maximum

conduction intervals for each mode of operatiothefISG.

A typical circuit schematic for a single phase SRdhverter is shown in Figure 4.4.
The duration over which a phase winding becomdseaand repeats the cycle again is
defined in this application to be thmnduction period The active interval is then

defined to be theonduction duty cycle, ® These definitions are illustrated for starting
and low speed motoring, low speed generating amallyi high speed generating in

Figures 4.5a, 4.5b and 4.6, respectively.

+Vg © I

y

Phase Winding

oV o

Figure 4.4: Single Phase SRM Converter
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4.1.4.1 Starting and low speed motoring

During starting and low speed motoring, it is assdrthat current is flowing just before
and during the entire motoring cycle (region ofipes dL/dj) and for a short period
after alignment for demagnetisation as indicatedhgy interval6y,, 01, 62 and ey in
Figure 4.5a. An ISG starting speed of 200rpm ingplteat one revolution takes
approximately 300ms. Since the SRM has 6 rotorgpad@ch phase is energised six
times for one complete revolution, which yieldsaamaduction period of 50ms for each
SRM phase.

Stator Stator

Poles Poles H H H H

Rotor |E| |E| |E| I;otor |E| |E| |E| |E|

Poles Direction of oles Direction of

rotor rotation rotor rotation

A
L «——  Conduction Period ———
|

Lm{lx

|
|
|
|
|
|
|
|
|
L yin | Lyyin
|
| >
] >
0:m‘ ! Rotor
} Angle
|
|
|
+Vs | +Vs
o1 ! o1
|
‘ >
|
+Vs +Vs
02 2
|
+Vs 1 7 +Vs
|
D1 I r D1
. >
|
+Vs — +Vs
D2 D2
|
|
|
+Vs +Vs
V[rh ase 1/ V;Jh ase
o >
|
|
Vs } Vs
|
|
|
A | A
In N I
|
|
1, ' phase | I phase
[
Rotor Rotor
Angle Angle
(@) ®)

Figure 4.5: PWM current control for single phase operatingat speed.
(a) Motoring - Soft chopping (b) Generating - Halebpping
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It is assumed there is a maximum conduction dutjecfor motoring mode of 50%.
Therefore, the MOSFET, Q2, is on for 25ms with shétching frequency of the device
determined by the SRM operating speed, which ursdarting conditions is 20Hz
(50ms). The MOSFET, Q1, is pulse width modulatedVkP at 25kHz - 50kHz,
depending on audible noise and allowable levelsoafiponent switching losses during
the commutation duty cycle in order to maintain gfese winding current at its set
point value. The PWM duty cycle varies in ordernmintain the maximum phase
current and here it is assumed an average dute syale of 50%, which yields an
overall duty cycle for Q1 of 25%. The diode, D1piswhen QL1 is off, and vice versa as
part of the freewheeling cycle, yielding an overdlty cycle of 25%, but this device
also conducts during the demagnetisation cyclechvis assumed to be 10% duty cycle
at 20Hz. The diode D2 is only on during the demégagon of the phase winding and
therefore a 10% duty cycle at 20Hz can be assuifieese would be deemed as the
worst-case conduction duty cycles for the convedering starting operation. Low
speed motoring assumes the same duty cycles asgtiaut for a speed of 1000rpm.
The specific duty cycles and switching frequend@seach device are provided in
Table 4.5 (at the end of section 4.1) and a detagiphical representation of the

current and voltage waveforms for each deviceasigded in Appendix A.

4.1.4.2 Low speed generating

During low speed generating, the worst case saenewuld be that conduction would
commence in the end of the dead zone (region af diefdd) prior to the generating
region (region of negativdlL/dd) to allow the current reach a set point and then t
generating current regulation would take placerduthe entire generating region and
allowed to extinguish in the following dead zoneaaas indicated by the intenég}, 03,

04 and B¢y In Figure 4.5b. This would result in the worse ecaduty cycle of
approximately 10% at the end of the previous motprmode and dead zone,
approximately 40% for generating mode of operatiand 10% during final

demagnetisation.

Low speed generating requires current regulatiothasmagnitude of the back-emf is
smaller than the combined magnitude of the applathge and resistive voltage drop
below the base speed. The SRM low speed generatnyg is defined where back emf
is greater than 0.333 of the DC link voltage anss léhan the value of the DC link
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voltage and therefore the rotor speed is greatan th333 of the base speed but less
than the base speed (Miller 2001).

Low speed generating uses hard-chopping PWM curegntiation and that implies that
all devices are operating at the same PWM frequemitly the average duty cycle
assumed to be 50%. This points to an overall dutyecof 25% for all the devices over
the conduction period. D1 and D2 are on for an tamtdil 10% for demagnetization.
The specific duty cycles and switching frequendmseach device are provided in
Table 4.5 (at the end of section 4.1) and a detagiphical representation of the

current and voltage waveforms for each deviceasigded in Appendix A.

4.1.4.3 High speed generating

High speed generating is implemented through sipglee operation and conduction
commences in the motoring mode of operation tonatlee current in the phase winding
to reach the desired value. It remains constardgutiit the generating region until
overlap occurs at minimum inductance at which puitgils off to zero in the dead zone
as illustrated by the intervéjn, 82, 03, 0ot ,04 aNdBey in Figure 4.6.

At the base-speed, the generating current is appat&ly constant due to the source
voltage being approximately equal to the back-&rhé source voltage is 42Vdc during
generating at an ISG operating speed range of p&D6r 6000rpm and consequently
provides maximum generating power capability ovanmal automotive engine cruising

speed. The generator output is assumed to be @isabbve 6000rpm.

The worst case high speed generating occurs fodd2¥ 4500rpm and the worst case
duty cycles are 40% in motoring mode and 30% iregeing mode and a further 10%
for demagnetisation. The switching frequencies asdociated duty cycles for the
switching devices at 4500rpm are provided in Tabte(at the end of section 4.1) and a
detailed graphical representation of the current \@itage waveforms for each device

is provided in Appendix A.
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Figure 4.6: Single pulse control for single phase generatifggh speed
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4.1.5 Automotive Electrical Parameter Limits

As noted previously, a 36Vdc battery is used irs th2Vdc power supply system
[(Service Tech Magazine 2001) and (Teratani et G03}]. According to the SRM
specifications [(Motion System Tech 2002) and (CGhape Controls Ltd. 2007)], the
peak power capability is 5900W at 6000rpm at thedasoltage of 42Vdc, which
implies a peak currenty| of 140A.

Based on the above criteria, it is possible toraethe electrical requirements at the
various engine speeds. Under cold starting conditiie available battery voltage is
36Vdc, which assuming a peak current capabilitg 49A available to the SRM phase
winding during initial engine start-up. During SRIBWw speed motoring for start-stop
operation, it is assumed that up to 42Vdc is ab&laand the current values are the
same as start-up. During low and high speed gengrahe peak voltage and peak
current are assumed to be 42Vdc and 140A, respéctiv

A safety margin was assumed for all specificationgth an operating voltage of
42Vdc, and assuming a safety margin of 50%, a mimnvoltage rating of 63Vdc is
required for the power semiconductors. The peakabipg current rating is 140A, and
assuming a safety margin of 25%, this yields a pmakent rating of 175A. The on-
resistance of all MOSFETs and the forward voltafj¢he diodes must be as low as
possible in order to maximise efficiency. The reeerecovery time,t specification of
120ns is based on the average value from the test suitable diodes available that
meet the voltage and current specifications [(Mserai 2004), (International Rectifier
1997), (IXYS 2003), (STMicroelectronics 2004), (feaild 2002b)]. The case
temperature of a power semiconductor can range f6fe€ to 116C in practice
(International Rectifier 2005a). An upper valueadalse temperature was used in this

application. A summary of the electrical requiretsan given in Table 4.5.
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4.2 Switching Component Analysis

Evaluation of the most efficient component optiaves central to determining the final
converter configuration for motoring and generatopgration. A number of suitable
component options were selected from the vendourdeatation. A power analysis
was implemented with each converter configuratisma what is deemed to be the
most efficient devices from the specifications. Tl converter configuration was
selected from this analysis and then devices framraber of vendors were evaluated

in order to determine the most efficient device aadverter combination.

Since the SRM is capable of efficiency levels geedhan 90% (Chapmore Controls
Ltd. 2007), it is imperative that the convertercait be equally efficient in order to
maximise the advantages of this motor configuratibime analysis was conducted on
three converter configurationsasymmetric half-bridgeconverter, thefull-bridge
synchronous rectifierconverter with single components and the same bfidige
configuration with a number of switching componemisunted in parallel, as illustrated
in Figure 4.7(a), (b) and (c) respectively. Thestficase for analysis consists of two
MOSFETs and two diodes per phase winding, whilthensecond case the diodes are
replaced with MOSFETS to implemesynchronous rectificatianin the third and final
case each MOSFET is replaced with a number of loserent rated MOSFETs

connected in parallel and is defined asghgallel configuration.

ch
QI Q4I>
a “’ E $ QZI’

( Y

Figure4.7: (a) Asymmetric half-bridge converter, (b) full-tdge synchronous rectifier
converter with single components and (c) full-bedgynchronous rectifier with

switching components mounted in parallel

The power analysis was implemented for motoringaipen at two speeds, 200rpm and

1000rpm, and for generating operation at two spe2@30rpm and 6000rpm. Detailed
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power calculations are presented for the startpeed (200rpm) of the asymmetrical
half-bridge converter, while the power calculatiofr the other speeds were
implemented using spreadsheet program. Appendixo&iges a complete analysis of
the switching waveforms for each component of haranetrical half-bridge converter
and the full-bridge synchronous rectification comee for each converter mode
(magnetisation, freewheeling or demagnetisatior) aneach ISG mode of operation
(starting, low speed motoring, low and high speedegating) and was used to select
the relevant equations for the power calculatiavisile the parameter values for each
component is provided in Table 4.5 at the end ctiee 4.1. A summary of the
efficiency calculations for all three converter igarations and suitable component
options for all ISG modes of operation is providedlrable 4.9 (at the end of section
4.2) and the full power analysis results are predgith Appendix B. The most efficient
components were then evaluated for reverse redowerspecification under simulated
conditions. Short-listed components from the sirotastudy were electrically tested

in order to determine final selection.

4.2.1 Asymmetric Half-bridge Converter

The most suitable MOSFET (Q1 and Q2) and diode #Bd D2) for this application
was the Advanced Power Technology APT20M11JFLL @dhed Power Technology
2004) and the ST Microelectronics STTH20002TV (STicrigelectronics 2004)
respectively. The power calculations were impleméraccording to the analysis for
conduction and switching losses that is provideAppendix A. The procedure for the
power analysis was divided into three stagesh@)gower calculations for each power
semiconductor, (ii) the total power dissipation wagplemented for a single phase
converter and (iii) the efficiency was evaluatediétermine if it was 90%. A detailed
set of calculations is presented for the SRM stgrsipeed, to illustrate the process and a
summary is provided for the other operating spe&tie. power analysis calculations
were generated using a spreadsheet program to adwalbhhe various operating

conditions and the efficiency results are provigedable 4.9 at the end of section 4.2.

The power dissipation of the MOSFET, Q1, consi$tsonduction losses and switching
losses. The conduction losses depends on the wélite on-resistance @on) and
this value must be derated by the on-resistancepdamture coefficient. The on-
resistance temperature coefficient for maximum fiemctemperature was assumed to

be the worst-case condition. A summary of the mdwdata from the component
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specifications (Advanced Power Technology 2004) amkrating conditions to
implement the power analysis that follows is preddn Table 4.6. It was assumed that
the worst case rise(tand fall () times of the MOSFET to be 10 times greater tlnan t
value in the specifications as a rule of thumb (&vey 2002). The power analysis for
Q1 and Q2 under ISG starting mode of operationmplemented according to the

analysis described in section A3 of Appendix A.

Ros(on) 11mwW

thermal coefficient for Bsiongt Ty = 150C 2.25
Rbson) at Ty = 150C, RosonHoT 25m?

t, 50ns

tt 100ns

Worst casef tiwc) 0.5us

Worst caset tiwc) 1uS

trr 500ns

Peak current,q] 140A

Minimum switching frequencysba) 25kHz
Switching duty cycle (Bw) 25%
Commutation duty cycle (E»w) 50%
Commutation frequency (Startingydy) 20Hz
Demagnetisation duty cycle fi) 10%
Vbs©n= Vbs©2= Vbc 36V
Vi1 = Vo2 = Vr 1.8V

Table 4.6: Component specifications and operating conditiengbwer analysis

The conduction power losses are determined asasilo

Peey = (Irusian)** Rusconyror (4.3)
where
lewsion = Im+/Dsw (4.4)
| emsoy = 7OA
Therefore:
Py =12W
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The switching transition power losses are:

Vosany * I'm
Ps oy :# * (tr(wc) +tf(wc)) * fs(Ql) (4.5)

Psoy = 99W
Total power dissipation for this devicey &) is the sum of the conduction losses,

Pc1)y and the switching lossess &y
Pren = P+ Ps(on) (4.6)
Pro1 = 216W

The power dissipation of the MOSFET, Q2, consi$tsoaduction losses and switching
losses. In this case, the commutation duty cycle,i®50% and the switching losses
also occur at the commutation frequengy,2f of 20Hz, otherwise the component data

is the as in Table 4.4. The conduction power loasesletermined as follows:

| rusoz) = 99A
Therefore:
Pooy = 243W

The switching transition power losses are:

Pz = 76mW (negligible)

Total power dissipation for this devicey), is the sum of the conduction losses,

Pc(2), and the switching lossess &,

PT(QZ) = 243W
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The losses of the diodeD1, occur in two regions: () freewheeling and (Il)
demagnetisation. A summary of the relevant datanfrthe specifications (ST
Microelectronics 2004) and the operating conditiotts implement the power
calculations is provided in Table 4.7. The powealgsis for D1 and D2 under starting

speed of operation was implemented according tauia¢ysis from Appendix A.

Worst case forward voltage dropHV 1.8V
Peak current,, 140A
Vg =Vs 36V
Q, @ T=125C and @didt = 100A/uS 275nC
tr 85nS
Minimum switching frequencyf 25kHz
Freewheeling duty cycle @ 25%
Commutation frequency (Starting), f 20Hz
Demagnetisation duty cycle gR) 10%

Table 4.7: Component specifications and operating condittonpower analysis

() Freewheeling
The conduction power losses during freewheelirgoh, are determined as follows:

PCF(Dl) = Im(Dl)*VF * Dgw (4.7)

Feroy = 63V

The switching transition power losses during freealing, Rwrp1) are determined as

follows:
I:)SF(Dl) = er(Dl) *VR * fsw (48)

Peop = 250MW  (negligible

(I) Demagnetisation
The conduction power losses during demagnetisat®Bmp1), are determined as
follows:

oy = 05 % I (4.9)
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The current waveform during demagnetisation is dfiangular shape; therefore the

output current is approximately half during thitenval.

l oy = 70A

Therefore:

Peomy = 13V

The switching transition power losses during denetigation, RBwpwmpi), are

determined as follows:

Psompy = 200UW (negligible)

Total power dissipation for this devicey) is the sum of the conduction losses,
Pcr1, and switching losses sirp1y during freewheeling, and the conduction losses

Pcomp1), and switching lossessipbmp1), during demagnetisation.

Pro1) = Perony+ Psro1) +Peomor) + Psompy) (4.10)

PT(Dl) =76W
The power dissipation of the diode, D2, only ocadusing demagnetisation, which is
be the same as for the D1 during demagnetisatibarefore the total power loss for
this device is:

PT(DZ) =13W

The power loss for the single phasgsh during starting is the sum of the total power

losses incurred by each device.

Prsp)= Pru* Pr@2) * Pro1) + Pr(p2) (4.11)

PT(SP) = 550W
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4.2.1.1 Efficiency during starting mode

The efficiencyduring starting mode of operation is implementsdiascribed in A2 of
Appendix A. The power transfer occurs in two regiofl) magnetisation and (II)

demagnetisation as indicated in Figure 4.8.
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Figure 4.8: Phase winding voltage and current waveforms dwstaging and low

speed motoring

(I) Magnetisation

During the intervatp — t;, the current is constant with a peak valug,of 140A and the
voltage is a square wave and has a peak vakjef 36Vdc and a duty cycle,Pof

50%. The equation for the average power during deeissation Py) that was

determined in Appendix A is defined as:

Py = 051, V,D, (4.12)

The output power during magnetisation is

P, = 1260V
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(1) Demagnetisation
In the intervalt; — t,, the voltage is constant with a peak valu, -of -36Vdc the
current is approximated by a triangular wave ansl dagpeak valud,, of 140A and a
duty cycle, B, of 10%. The equation for the average power dudegagnetisation
(Pow) is:

P,, =— 05V, D, (4.13)

The power transfer is from the phase winding toliaiery so the average power during

demagnetisation is:

P, =-1(-05V,l_D,) = 05Vl D, (4.14)

The output power during magnetisation is

P, = 252V

The total power transfer during staring mode ofrapen is

P

phase

=R, + Py (4.15)

P = 1512V

phase
Therefore the efficiency for the converter phasendustarting mode of operation is

Pphase
n= s — (4.16)
T(SP)

phase
n= 7%

The power analysis calculations were repeated dor $peed motoring, low speed
generating and high speed generating as descnb&®iof Appendix A and the results
generated using a spreadsheet program and theeedfjcresults for each speed of

operation are provided in Table 49the end of section 4.2, while the detailed power
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analysis calculations are provided in Appendix Bork the results, it can be seen that
the efficiency for this configuration was < 90% anes therefore not suitable for the

application.

4.2.2 Full-bridge Synchronous Rectifier Configuration

The full-bridge synchronous rectification allows fbe use of MOSFETS instead of the
freewheeling and demagnetisation diodes, which wdarge source of power loss
[(Mohan 1995a), (STMicroelectronics 2001) and (Esy® Technologies Ltd 2004)].
The schematic for the converter circuit is showirigure 4.9. This scheme reduces the
resistive losses during freewheeling and generatimpes of operation. Another
important characteristic when implementing this foguration is that the reverse
recovery time of the MOSFET must be approximatejyiealent to that of the diode.
The components that are used as synchronous eestifie the same devices used in the
asymmetric half-bridge converter configuration (Adeed Power Technology 2004). A
summary of the specifications for a number of dgotet is tabulated in Table 4.10 in
section 4.3 indicates that the reverse recoverg tiseded to be 130ns. It can also be
seen from Table 4.6 that the MOSFET had a reveesever time of 500ns and

therefore this device would not be suitable fos @gpplication.

VSCI_T

:

Phase Winding

QaJ | 0:
—| .

oV o

(0¥

1Yl

Figure 4.9: Full-Bridge Synchronous Rectifier

For the sack of completeness, a power analysisyswas implemented on this
configuration. The power calculations follow theopedure described in A.3 of
Appendix A. The efficiency calculations are praaddfor each speed of operation in
Table 4.9 while the detailed power analysis is provided ppa&ndix B. As can be seen
from the results in Table 4.9, this implementatieress efficient than the asymmetric

half-bridge configuration. This is due to Q3 havsignificant conduction power losses
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that do not occur with the diodes in the asymmeétail-bridge configuration. Therefore

this scheme is not suitable on two counts, podcieffcy and reverse recovery time.

4.2.3 Parallel Configuration

This circuit is a derivative of the full-bridge sshronous rectifier scheme but the
individual MOSFET are replaced with a number of éovpower devices connected in
parallel as illustrated in Figure 4.10,. The lowewer devices have much lower reverse
recovery time and on-resistance values than thgdeshigh power device as can be seen
in Table 4.8. The derating for all MOSFETs was takd the worst-case junction
temperature (3 of 175C.

P —1

el i
— — - -

Qﬂ & > \\sz
— — - -

Figure 4.10: Full-Bridge Synchronous Rectifier parallel configtion

The analysis follows the same procedure as thebfidge synchronous rectification
configuration for the @ Q,, Qs and Q as described in A.8f Appendix A. The current
through each device was evaluated for different mens of devices in parallel. The
power loss for the single-phase converter is tha sfi the component power losses
multiplied by the number of devices in parallel.eThumber of devices evaluated in
parallel was two and four in order to determine ilieimum quantity required to meet
the efficiency specification of 90%. The specifications for the most suitable dewi
[(Fairchild 2002a), (Fairchild 2003), (Fairchild @), (Infineon 2003), (Philips 2002)
and (Philips 1999)] are provided in Table 4.8 argktailed summary of the efficiency
results for each component is provided in Table Ait@&re were no suitable components
from International rectifier, On Semiconductor, $icroelectronics, IXYS, APT,
Toshiba and Vishay. The complete analysis for easmponent is presented in

Appendix B.
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Make & MOdel Vds Ids Rds(on) Rds;(on) RthetaJC trise tfall trr PaCkage

Fairchild (vdc)| (A) [(mOhm)| perating | CC/W)| (nS) | (nS) | (nS)
FDP0O47ANO8AO| 75 80 4.7 2.34 0.48 88 45 53 TO-220
FDHO38ANO8BAl| 75 80 3.8 2.67 0.33 141 126 50 TO-247

FDPO60ANOSAO| 75 | 80 6 217 | 058 | 79 38 | 37 |T0-220AB
Infineon

SSP8ON08S2L-071 75 | 80 | 7.1 | 183 | 05 | 81 [ 78 | 100 | TO-220
Philips

BUK7506-75B | 75 | 75 5.6 2.1 0.5 56 48 | 86 |TO-220AB

PSMN009-100W | 100 | 100 9 2.78 0.5 100 | 100 | 80 | TO-247

Table 4.8: MOSFET Specifications

It can be seen from the results that only the PhiBUK7506-75B can satisfy the
specification ¥ 90% efficiency) for all ISG modes when 4 devices ased in parallel,

while the Fairchild FDP047ANO8BAO and FDPO60ANO8A®@ anarginal. The Fairchild

FDHO38ANO8AL, the Infineon SPP80N08S2L-07 and thwligs PSMNO009-100W

failed for all device numbers and therefore thizicke was eliminated from further
evaluation. The actual number of switching devited were implemented in parallel
was a trade off between efficiency, cost, heatsagabilities, gate drive complexity and
cost. Two devices in parallel were deemed as seiffficto achieve the efficiency
specification and still retain a reasonably loweleof circuit complexity and cost. The
selected components were then evaluated for revecseery time capabilities in order

to finalize the most suitable candidates.
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Table 4.9: Component Efficiency Comparison (%)
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4.3 Reverse Recovery Analysis

A simulation study was implemented on the mostatlgt devices to evaluate the
reverse recovery time,, of each component. This time needed to be asakpossible
in order to minimise shoot through currents duringewheeling operation of the
converter. An electrical test was preformed on eatlhe approved components to

verify simulation accuracy and finalize the computreelection.

4.3.1 Simulation Analysis

The reverse recovery timey, tis the period of time that the current conductshe
reverse direction at turn off of a diode (Mohan 88P It is measured from the zero
crossing where the diode current goes from forviaad to reverse bias, to the point at
which a straight line through the maximum revemrssovery current gy or lrrv) and
0.25 * Irkm passes through zero as illustrated in Figure 4(Mlcrosemi 2004) and
(Fairchild 2002b)]. The reverse recover time of ithteinsic diode in the MOSFET that
is used this application must limit the amount lodat through current experienced by
the circuit. A time of< 130ns was chosen in order to compare favourably tie
average value of the diodes that could be usedh&n d@symmetric half-bridge
configuration [(Microsemi 2004), (International Riéer 1997), (IXYS 2003),
(STMicroelectronics 2004), (Fairchild 2002b)] aslicated in Table 4.10. The reverse
recovery time of the candidate MOSFETs was initiadvaluated under simulated
conditions and successful devices were then eluatan experimental test circuit to

verify actual device operation.

Manufacturer | Microsemi IRF IXYS ST |Fairchild|
Component I APT2X101 100DQ60J 80EPFOJ DSEP 2x 101-OfA STTH2000pTVURB8060
t. nS) | 160 195 120 85 85

Table 4.10: Diode reverse recovery times

Figure 4.11: Diode Reverse Recovery Waveform
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The test circuit for reverse recovery simulationllisstrated in Figure 4.12. The pulse
period was adjusted in order to obtain a forwandent (k) through the diode of 20A
and once the desired forward current is achievedading was obtained for the reverse
recovery time () and the maximum reverse recovery curregi)l The resultant
waveforms ¢ and di/dt are illustrated in Figure 4.13, respectivelyneTsimulation
results for all the candidate devices are tabulatdable 4.11.

L Circuit R Circuit

+V
Ql § R Load
L Load
0
Pulse
Generator

Figure 4.12: Reverse Recovery Simulation Test Circuit

Figure 4.13: Reverse Recovery Electrical Test Waveform,-+v
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4.3.2 Experimental Analysis

The test circuit for the reverse recovery electrieat is illustrated in Figure 4.14. The
pulse period was adjusted for a forward curreftdf up to 20A and the readings taken
for forward current @), di</dt, reverse recovery timg.{tand current gy) are tabulated
in Table 4.11. Examples of the reverse recoverg tvaveforms are included in Figure
4.15 for forward current §) and di/dt and in Figure 4.16 for reverse recovery timg (t
and current @uv). From the results, it can be seen that all ofddeces from Fairchild
Semiconductor are suitable for implementation i tlonverter. The reverse recovery
time of Infinion device is too high, while there svao simulation file available to test
the device from Philips Semiconductor. The Faitidemiconductor FDP047ANOSAO

was selected for the circuit implementation duedmponent availability.

+Vg 0
QI R Load
L Load
Current Probe Amplif
0; 3
Pulse _\/_
Generator Osciliscope

Figure 4.14: Reverse Recovery Electrical Test Circuit
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Figure 4.15: Reverse Recovery Electrical Test Waveform — |

Tek 200MS/s ET 507 Acgs
(L} I

GE T0.0mv  Ch2 2,00V W 25005 CR4 7 150MV 23 Mar 2004
Chs 10.0v  Cchd s00mv 11:32:30

Figure 4.16: Reverse Recovery Electrical Test Waveform,-+v

Rever se Recovery Data Sheet [ Simulation Study Electrical Test
AnalySiS trr trr IF IRM trr IF IRM

Parallel Configuration (nS) (nS)| (A) (A) (nS) (A) (A)

Fairchild

FDP047ANO8AQ 53 95| 434  0.5¢ 67 10 2.5
FDPO60ANOSAQ 37 87| 43.4 0.44 58 10 3
Phillips

BUK7506-76B | 86 | No Pspice model file No Samples Avalia

Table 4.11: Reverse Recovery Analysis
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4.4 Summary

Component cost and efficiency are essential aspafctthe converter design. The
switched reluctance motor has an efficiency val@ieower ninety percent, so the
converter must also operate at an equivalent |eve. key element in the converter
design is keeping the switching component lossesataninimum. Significant
developments in MOSFET technology have enabled wtiah losses to be reduced
significantly. The choice of switching frequencysha significant bearing on the
component losses to the point where these are tmindnt losses. Therefore,
component power analysis is essential in determiifisingle components or multiple
components in parallel provide the optimum solutibBrom the implementation of the
power analysis, simulation study and electricaltsteshe full bridge synchronous
rectifier converter with parallel switching deviceers the most efficient solution for
both motoring and generating operation. The implaateon of a number of switching
devices in parallel requires careful consideratioarder to obtain efficient and reliable

operation of the converter.

To evaluate the converters configurations and fse@ated switching components, the
operating conditions were defined in order to seit$ for the converter operation. The
operating conditions were determined by the SRMifipation and the application of
the machine as an ISG. The application specifiditimms included the performance
conditions and operating environment for the IS& tonduction periods and duty
cycles experienced by all the switching componemtsier all converter modes
(magnetisation, freewheeling and demagnetisatind)I8G modes (starting, low speed
motoring, low and high speed generating), and thecific automotive electrical

parameter limits.

The full-bridge synchronous rectifier with two MOBFs mounted in parallel provided
the best compromise of efficiency, cost and complefor implementation with the
ISG under motoring and generating operation. Thetnafficient MOSFETs were
evaluated for reverse recovery time capability ideo to minimise the possibility of
current shoot through during freewheeling mode peration. The analysis was
implemented under simulated and experimental cmmditand a device from Philips
(BUK7506-75B) was deemed the most acceptable coemgdor this application and
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two devices from Fairchild (FDP047ANO8AO and FDPABIMBAO) were deemed as

marginal.

As can be seen from the power analysis computation&ppendix B, the power

dissipation of the switching devices during low expegenerating is excessive. As low
speed generating occurs in the region from englleegpeed (1000rpm) up to engine
cruising speed (2000rpm), it would represent onlgnaall contribution to the total

generating requirements. Generating at around endie speed would be rare when
the vehicle is operating in start/stop mode. Elaiimg generating operation between
engine idle speed and engine cruising speed woeldnbre efficient as this would

represent the region where vehicle accelerationldvooccur. Low speed generating is
therefore not considered beyond this preliminanalgsis even though it is a

theoretically possible mode of operation.
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Chapter 5 Converter Design

The previous chapter addressed the power losséiseirswitching components and
determined that a parallel component configuraisothe most effective solution. This
chapter addresses the detailed design processef@monverter. A detailed discussion is
presented on the implementation of the parallel pmment configuration and its
associated requirements. The heat sink desigretrmdine the most appropriate heat
sink configuration for this application is descub&ate drive design is then addressed
incorporating the issues of blanking time and dirgsolation. The selection of the
appropriate value of filter capacitor is explairetl a discussion on the high current
conductor configuration is included. Current sensmguirements are addressed and

finally the specifications for the prototype circlayout are outlined.

5.1 MOSFETs in Parallel

When discrete MOSFETSs are configured in paralted, ¢urrent handling capability of
the circuit can be increased significantly. Howewtbe actual implementation is more
complex than using single high power modules. Nemglissues need to be addressed,
including thermal coupling, stray inductances, wirdayout, gate drive circuitry and
parasitic oscillations, in order to maximise cutrdralancing between the parallel

devices.

Careful attention needs to be given to the theromlpling when MOSFETs are
connected in parallel. Under steady state condittbe positive temperature coefficient
of the MOSFET on-resistance tends to equalize theent in parallel devices
(International Rectifier 2004a), (Gauen 1984) ahtbifan 1995). Although, this has
less of an effect under dynamic operation, it i8 essential to have close thermal
coupling between devices to maintain junction terapee equilibrium (Gauen 1984)
and (Pelly 2004). Parallel devices should be malme the same heat sink and a
current derating of 20% is also required to accodmt variation in device
characteristics. The requirement for tight thermalipling weighs against electrical
isolation and when a thermal barrier is placed kbetwthe individual devices it tends to
decouple the individual junction temperatures. €fme, thermally conductive
insulator pads, placed directly at the cooling acefof a TO-220 or TO-247 device or
electrically isolated TO-220 and TO247 packages, r@ot ideal for parallel device
configuration (Pelly 2004). From this observatitme Fairchild Semiconductor device,
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FDHO38ANO8AL, with its TO247 electrically isolatpaickage was deemed unsuitable
for this application. The parallel devices shouérbounted on a common heatsink. If
electrical isolation is required, the parallel d®& can be mounted on a common
heatspreader to thermally couple the junctions. iShkation barrier is placed between

the heatspreader and the main heatsink as illestiatFigure 5.1.

Parallel Devices

Isolationilterial / j \ \ H7tspreader

Main Heatsink Structure

Figure 5.1: Using a heatspreader to provide thermal couplatgveen parallel devices

and electrical isolation with main heatsink.

The effect of stray collector, source and gate ataluces can be significant when the
devices are connected in parallel. Stray colledtmtuctance can lead to voltage
imbalance and overshoot conditions but it can herdted so long as it does not exceed
device ratings (International Rectifier 2004a)c#én also affect the turn-on times by
dropping voltage at the collector. Stray sourcaugtdnce must be balanced, especially
at high frequencies of operation, as it affects i@ewvturn-on times due to the
counteractive voltage drop slowing the rise of gjage voltage (International Rectifier
2004a). It can also lead to different turn-off teria devices causing excessive current
in some devices. Any significant levels of strayjteganductance can lead to dv/dt

induced device turn-on (International Rectifier 200

Circuit layout is of critical importance when impienting a parallel MOSFETs
configuration. Minimising conducting path lengthsinc significantly reduce stray
inductance, while symmetrical layout of componeatsd routing of connections
equalizes the stray inductance (International Rect2004a), (Forsythe 1981), (Gauen
1984) and (Mohan 1995). The most significant effettnon-symmetrical layout is
current imbalance during switching intervals anesssmuently unbalanced switching
losses. The stray source inductance is the mastatrelement to balance. An ideal

layout for balancing the source inductance andsigching losses is the circular layout

100



illustrated in Figure 5.2a (Pelly 2004). Wheretshing losses are low due to switching
frequency and/or switching voltage is relativelw]dhe simple in-line layout illustrated

in Figure 5.2b can be used even though it is remtetally symmetrical.

Heatsink

Heatsink

Connection
Lower Side PCB

Connection

F rrd s s £
(a) (b)

Figure 5.2: (a) Circular layout, (b) in-line layout

Special attention also needs to be given to the dave circuitry implementation and
layout and to the prevention of parasitic oscila. The gate drive circuit must
represent a stiff voltage source for rapid devig®-bn and it must provide very low
impedance for fast device turn off in order to hekpgate some circuit imbalance
(International Rectifier 2004a), (Forsythe 198Fai(child 1993) and (Gauen 1984). It
is also extremely important that the gate drive edgnce is matched through careful
layout (Gauen 1984). Close symmetrical layout &ssis matching the gate drive
impedances and minimising stray inductances (Gd@&4).With the low impedance
paths created when using MOSFETs in parallel, garasscillations can become a
significant problem. Individual gate decouplingistésrs (1@ — 2QQ) or ferrite beads
provide damping to prevent oscillations (Interna#ib Rectifier 2004a), (Forsythe
1981), (Gauen 1984) and (Mohan 1995). Zenor diddegrotect the MOSFET gate
should be placed on the drive side of the gatestasio prevent oscillations, while any
capacitors in the gate drive circuit can also leadscillations (International Rectifier
2004a).

The following are the key areas that need to beremded when implementing
MOSFETSs in parallel:
* Close thermal coupling of parallel MOSFETs to pravginction temperature

imbalance.
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* Symmetrical component placement and layout withimmim length connection
paths in order to balance and minimise any stnayitiinductance.

» Gate drive circuit that represents a stiff voltage has very low impedance.

» Individual decoupling resistors or ferrite beadstlom MOSFET gates to prevent

oscillations.

5.2 Heatsink Design

Thermal design must be considered at an early sthga designing power electronic
equipment to operate at high ambient temperatundittons (Mohan 1995). It is critical
to maintain the lowest possible junction temperaas the failure rate doubles for every
10°C rise in junction temperature (Mohan 1995) and|(2004). It is difficult to keep
power semiconductor case temperature belo’C 9@ithout using a water-cooled
heatsink (International Rectifier 2004c). This dission reviews the fundamentals of
heat sink design and the specific requirementstti application. The step-by-step
procedure for the heat sink design is then disclfsethe starting mode of operation
and the process concludes with the selection ofrtb&t suitable heat sink configuration

for this application.

5.2.1 Fundamentals

Three factors affect junction temperature: the safnall thermal resistance from the
junction to the ambient environment (air, oil orterd, the amount of heat to be
dissipated and finally the ambient temperaturel @0D4). A schematic (Hill 2004) and

(Polyfet 2005) of the “equivalent circuit” for titeermal resistances is given in Figure
5.3.

Junction Case Sink Ambient

L L Lo P

T Rﬁjc c Recs s Rﬁsa

il

Figure 5.3: Schematic for thermal resistances
Thermal resistance,yRis derived from the equation for energy flow frahe higher

temperature end to the lower temperature end oétenmal as illustrated in Figure 5.4

and is determined from the formula (Mohan 1995)
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I:)cond = AAdAT (51)

AT _ d
Re—P = (5.2)

cond

WhereP¢nqis the energy flow per unit time (W), is thermal conductivity (WAC™),
A is the cross sectional areadm\T is the temperature difference; ¥ T (°C), d is the
length of material (m) and¢Rs defined as the thermal resistance. The uniteerimal
resistance (B is degrees centigrade per wa€\W ). Aluminium is typically used in
heatsinks and has a thermal conductivity of appnete 220 Writ-°C* when 90% pure
(Mohan 1995), (Tillmann Steinbrecher 2005) and ¢Etecomp 2003).

(Heat flow direction)

P cond —>

“«—ud >

Figure 5.4: Conduction of heat energy per unit tiffgsng in @ material

The type and size of heatsink can be determined fiee following equation (Mohan
1995), (Hill 2004), (Wakefield 2005) and (Polyfé&(d5):

_T-T
&-a P

cond

R

==(Rg.* Rgo) (5.3)

The above expression can also be used to detetmtn&emperature at the different
locations in the heat flow path.

The predominant types of cooling strategies for @owlectronics are air (forced or
natural) or liquid. Air is favoured over liquid dae the complexities of the hardware
required to control and circulate liquid and thé&raxlesign effort and cost (Soule 2005).
The use of a fan with the heatsink provides add#i@ooling but valuable space is used

for the fan, fan mount, and air flow entry and eRi$ fan speed increases the airflow at
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higher speed generates two sources of noise: thngiéan and the friction of the air

moving between the cooling fins.

Heat dissipation is proportional to surface arethefdevice and the volume of fluid (air
or liquid) moving along the heat transfer surfaBerfrand 2003). A liquid cooled heat
sink can dissipate more heat with considerable fess volume, maintain better
temperature consistency and generate less localsacaoise (Soule 2005). Liquid
cooled heatsinks are also unaffected by elevatwimich would be an important
consideration in the automotive environment. Thefase area required for liquid

cooled heatsinks is much smaller than that requoedir-cooled heatsinks.

There are a number of different schemes for implaing liquid cooled heatsinks
(Bertrand 2003) and these includes: embedded asedetube in aluminium plate,
expanded copper tube, gun-drilled plate, one-poastings, direct cooling, bolted cold
plate and brazed cold plate. Tleebedded copper tube in aluminium cold plate

illustrated in Figure 5.5a (Aavid Thermalloy 200fapvides the most cost effective
solution in a light package but with a possibleklat uniformity across the surface of
the plate and differences in thermal charactessinicdouble sided applications. The
brazed cold plate illustrated in Figure 5.5b (Aavid Thermalloy 2007piovides the

highest performance and the most uniform coolimgsscthe entire plate and can have a

very compact footprint that can facilitate douhidesl cooling.

(a) (b)
Figure 5.5: (a) The embedded copper tube in aluminium coltepl®) brazed cold

plate
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5.2.2 System Description

The implementation of the converter in this apgiaa using MOSFETSs in parallel
necessitates that the junction temperature of #nacds also be equalised so good
thermal coupling is vital. In order to achieve thise devices must be mounted on a
common heat sink and, if electrical isolation igueed, a heat spreader or bus bar can
be used to thermally couple the junctions. An isotabarrier, called an electrically
isolated thermal conductor, can then be placed dmitwhe heat spreader and the main
heatsink (Pelly 2004). lllustrations of the sidewiand the top view for a possible

configuration are provided in Figure 5.6 and Figbirg respectively.

As mentioned previously, it is critical for relidiby to maintain the lowest possible
junction temperature. The MOSFET case temperaflyeis defined to be equal to
100°C, as typically the temperature would range from’@Qo 110°C (International
Rectifier 2004c). The automotive engine compartmanbient temperature can range
from -40°C to 150°C (Myers 2003) and (DuPont 2005). Operating in #risironment
necessitates locating the converter assembly lomndmn the engine and using water-
cooling to limit the ambient temperature of the thizkk to approximately 9C. For
implementation in an automotive environment it $swamed that a double-sided heat
sink is used for the converter, while for implenadiun in the laboratory a single force
air cooled heatsink is used for each converter @ah@lis allows for a simplified heat
sink configuration for the prototype converter hs ambient temperature was assumed
to have a maximum value of 45 to compare with the maximum ambient temperature

experienced by the ISG during cold starting condsgias defined in section 4.1.3.

The final selection on the number of devices toilglemented in parallel was
determined as part of the heat sink analysis. Eeeif devices that can be used, the
more compact the single-phase converter can besltheninimising stray inductance.
The number of devices in parallel also dictates diee of the heat spreader and
therefore the thermal conductor. The heat sink yamaldescribes the step-by-step
process used to determine the thermal resistarpereenent for the heat sink during
ISG start mode. A spreadsheet program was then tseevaluate the different
combinations of devices number in parallel, heaéaper and thermal conductor size,

case and ambient temperatures, in order to deterthexmost suitable configuration.
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Heat Spreader

Figure 5.6: Side view of air cooled converter mechanical assgmb

Figure 5.7: Top view of air cooled converter mechanical assgmbl
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5.2.3 Determination of Rs.a

In order to determine the thermal resistance requeént for heat sink-to-ambient path,
one needs to calculate the sum of thermal resisgainom the junction-to-sink. The heat
flow path from junction-to-ambient for a single-gleaconverter, &a., (assuming device
number equals two) is shown in Figure 5.8. As tlagesparallel paths for heat flow, the
thermal resistance combine like electrical ressstarparallel (Mohan 1995). First, the
thermal resistance from the junction-to-heat spee#&idetermined for each component
from the sum of the thermal resistance junctiorcdse, B.c, and case-to-heat spreader,
Rec-hs Then the parallel sum of these thermal resistigealculated for the selected
number of devices. The total thermal resistanceairallel is the thermal resistance for
the individual component divided by the number ef/ides in parallelN) since the
thermal resistances are the same value (Mohan 1&8b)(Fowler 1989). Next, this
value of thermal resistance is added to the valuth@rmal resistance for the heat
spreader-to-thermal conductorghR, and the thermal conductor to the heat singe R
and this yields the thermal resistance junctiositi Ry.s, for each component group
(e.g. Rjsu). Finally, this step needs to be repeated fordtteer three component
groups (@, Qs and Q) and the parallel sum of the thermal resistanoestte four
groups of components yields the converter phasentideresistance junction-to-sink,
Rej-s(Phase) When using a single heat sink for each phase tfidrenal resistance sink-to-
ambient, RBs., is then determined using equation 5.3. The revéspiation to determine

the thermal resistance sink-to-ambieng-Ris:

(Rej—c(Device) + Rﬁc—hs

T. -T ) + (RHns—tc + Rac—s)
Rpew = (F0—5)- N (5.4)
Pr) 4

wherePrsp) is the total power dissipation of the MOSFETS frtma single converter
phase,T,, is the maximum ambient temperature of@5uring ISG cold starting
conditions andTmax IS the maximum junction temperature experienced tiogy

MOSFETs (Q-Q4) during that particular ISG mode of operation rtitg, low speed

motoring and high speed generating).
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The junction temperaturd;, determined from the following equation.

T =T

j c + (RGj—c I:)T(device)) (55)
wherePreice is the total power dissipation for each of the ME3SE devices (QQx)
from the single converter phad®. is the thermal resistance for the TO-220 package

andT, is the case temperature of £00(Polyfet 2005)

In order to determine the thermal resistance sir&rhbient, Bs., the values of thermal
resistance had to be determined for the heat spremtd the electrically conductive
thermal conductor. The step-by-step process olizlog the thermal resistance values
under starting mode of operation is illustratedséction 5.2.4 and the results for this
and the other speeds during motoring and generatodgs of operation are included in
Table 5.3. The table also includes results foredéiht numbers of devices in parallel for
each component group and the effects of differemdiant temperatures on the heat sink
selection process. The calculations were implententeng a spreadsheet program to
automate the heat sink analysis in order to evaltila¢ effects of different device
numbers in parallel (2 and 4), variations in ambimperatures (48 and 96C),
using alternative types of thermal conductor materiand different sizes of heat
spreader. These calculations were implemented &mh dSG mode of operation
(starting, low speed motoring and high speed gé¢ing)a The specific objective of the
analysis was to determine the optimum heat singctieh (Rs.a value). The detailed
analysis for each component is provided in Apper@ixvhile a summary of the results

is provided in Table 5.4.

5.2.3.1 Determination of Rgfor Heat Spreader

The heat spreader is constructed from aluminidirs @pproximately 220 Wih°C™).
The worse case situation assumes that only twocedgvare used in parallel and
therefore this defines the smallest size of headagfer. The MOSFET dimensions were
determined from the device data sheet for a TO-paBkage (Fairchild 1999)
(approximately 17mm long by 11mm wide) and the trawallel devices are mounted
side by side on the heat spreader that is 50mmbgrizbmm wide. There are four heat
spreaders, one for each component group (® Qs and Q) as illustrated in Figure
5.4. The maximum thickness (d) of the heat spresdassumed to be 16mm in order to

allow ample material depth for the mounting scrawsattach the MOSFETs and to
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allow sufficient area to attach electrical connaasi to the heatspreader/bus bar in order
to complete the connections for the full-bridge eer. These dimensions provide the
worse case sizing of the heat spreader to be usdbis application. The thermal

resistance of the heat spreade)sR is:

d
R = — = 0058CwW™
9 hs—tc /1 A (5 ) 6)

5.2.3.2 Determination of Ry for the electrically isolated thermal conductor

Elastomers are used for the thermal conductorighapplication. They are made from
an elastomer-binding agent, usually silicone, injeoction with thermally conductive
filler, typically aluminium-oxide or boron nitrat@Electrocomp 2003). The material is
easy to cut to size at room temperature, has legsile strength and does not require
thermal grease. A list of products and relevantiigations is given in Table 5.1. The
size of the thermal conductor is dependent oniteecd heat spreader determined in the
previous section. The worst case sizing assumésheansulator has the same area as
the heat spreader but the material was extendeohdehe edges of the heat spreader
by 5mm in order to provide sufficient insulationhel worst-case thermal resistance,

Retc-s, fOr the Warth K200 thermal conductor product is:

d _
Ry.. = — = 0135%Ccw™ 57
gtc-s /1 A ( )

The thermal resistance values for each productgdest 2005), (Bergquist 2004) and
(Warth 2004) are given in Table 5.1. The Bergq&@stPad 2000 provides the best
solution (Rie.s = 0.058CW™) for this application.

Vendor |Product Construction | A (Wm™-°C™) dmay (MM) |Rere.s CCW™)
Bergquis} Sil-Pad 200[&ilicon/fibergla 3.5 0.254 0.058
Bergquist Sil-Pad K1q Silicon/film 1.3 0.152 0.094
Warth K200 Silicon/fibergla 1.3 0.22 0.135

Table 5.1: Sources of Thermally Conductive Insulators
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5.2.3.3 Determination of junction temperature, T;

The value of the junction temperature fof Quring starting mode when using the
Fairchild Semiconductor FDP047ANO8AO is

T =T

] Cc

+ Ry Proy) = 127°C (5.8)

where Py = 55W during I1SG starting mod@, = 100C andRy.c =0.48CW™. The

junction temperature determined for each device-(Q) is provided in Table 5.2.

Device Q: Q; Qs Q4
T; (°C) 127 113 127 101
Pr(device) (W) 55 27 57 2

Table 5.2: Calculated junction temperatures for each MOSFB-TQ4)
during ISG starting mode

5.2.4 Step-by-Step Determination of R ,— Starting Mode

The calculation of the thermal resistance sinkftd@nt, Rs., discussed here
illustrates the step-by-step process that is irewlto determine the thermal resistance
value under ISG starting mode of operation of tR&SThe value of thermal resistance
sink-to-ambient for the single phase converterakudated using equation 5.4. The
following are the operating conditions when usirge tFairchild Semiconductor
FDP047ANO8AO (Fairchild 2004):

Ro.c CCW™) | Recns CCW™) | Renee CCW ™) | Ree.c CCW™) | Tiimang °C) | T.(°C) | T2 (°C) | N| Prispy (W)
0.48 0.1 0.058 0.058 127 100 45 2 283

Table 5.3: Operating conditions

Rg-c is the thermal resistance of the TO-220 packageiged in the device data sheet
(Fairchild 1999) Ra.1s is the thermal resistance of the heat sink compduvakefield
2008),Ras+c is the thermal resistance of the heat spreaderndieied in section 5.2.3.1,
Racs Is the thermal resistance of the thermal condwi¢termined in section 5.2.3F,

is the maximum case temperature of the MOSFET,is the maximum ambient
temperature, andjma IS the maximum junction temperature experienced thgy
MOSFETs (@-Qq) during ISG starting modey is the number of devices connected in
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parallel andPr) is the total power dissipation of the single phasaverter in ISG

starting mode. The thermal resistance sink-to-antliRgs 4, iS:

R

+ RHc—hs

T -T ( 917c(befe) ) + (Réhs—tc + R&tc—s)
Rg — ( j (max) a ) _ N
P 4
= 019°cw™

The thermal resistance sink-to-ambiengs.Rfor the different initial conditions were
calculated in the automated spreadsheet prograna andhmary of the results is shown

in Table 5.4, while the detailed results for therthal analysis calculations are provided

in Appendix C.
Thermal Analysis Starting | Low speed | High speed
motoring | generating
T, =100°C 200RPM| 1000RPM 4500RPM
Fairchild FDP047ANO8AQ
2 Devices @T,=45°C 0.19 0.17 0.48
4 Devices @T,=45°C 0.23 0.20 0.88
2 Devices @T,=90°C 0.031 0.030 0.074
4 Devices @T,=90°C 0.032 0.028 0.14
Fairchild FDPO60ANO8SAQ
2 Devices @T,=45°C 0.18 0.17 0.41
4 Devices @T,=45°C 0.24 0.21 0.77
2 Devices @T,=90°C 0.026 0.026 0.061
4 Devices @T,=90°C 0.032 0.028 0.12
Phillips BUK7506-76B
2 Devices @T,=45°C 0.21 0.19 0.46
4 Devices @T,=45°C 0.27 0.24 0.86
2 Devices @T,=90°C 0.031 0.029 0.070
4 Devices @T,=90°C 0.038 0.033 0.14

Table 5.4: Thermal analysis to determingsR (CCW?Y)

From Table 5.4, it can be seen that the Philips BR0I6-76B provides the most
suitable solution for this application but the Ehifd Semiconductor FDP047ANO8AQ
and FDPO60ANO8SAQO are also acceptable. For the FDRROBAO, the worst-case
9C°C and 0.17CW" at T, =

45°C. It is possible to use a forced air-cooled haktdior implementation in a

thermal resistance sink-to-ambient is 0°G? at T, =

laboratory environment as, & 45C. A suitable heatsink would be the HS Marston
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890SP-01000-A-100 (HS Marston 2001), which providgeghermal resistance of
0.12CW* when using an airflow rate of 22.2Is

A water-cooled configuration would be used in tlwoanotive environment due to the
high ambient air temperature of £@0- 150C in the engine compartment, while it is
assumed that the cooling fluid has a maximunx BXC.. A possible configuration is
an aluminium plate with embedded copper tubing wleach converter phase would be
attached to a plate. A possible candidate for #etdink is the Aavid Thermolly six
pass model 416101U00000G liquid cooled cold plavid Thermalloy 2007a). The
plate has a thermal resistance of 0™, with a coolant flow rate of 0.06}s The
use of a brazed cold plate would provide a moreignt improvement in thermal
resistance and more uniform cooling. It would als® more applicable to a mass
production environment, as custom plates can begmes for this application. An

illustration of a possible water cooled heatsinjfolat is given in Figure 5.9.

It can be seen in the detailed analysis provideijppendix C that when using 2 devices
in parallel that the T= 130°C during starting and low speed motoring while The<
115°C when using 4 devices in parallel. The heat setuirement is almost the same
for 2 or 4 devices in parallel under starting amadr speed motoring conditions but is
significantly lower for 4 devices under high spegenherating conditions. Using 2
devices in parallel reduces cost and complexityl&ads to a compromise of reduced
reliability for the components due to the highemgtion temperatures experienced by

the devices.
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Figure 5.9: Side view of water cooled heat sink
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5.3 Gate Drive Design

The full-bridge synchronous rectifier with two MOBSFs mounted in parallel was used
in this application and is illustrated in Figurel®. It utilizes a high side switch
configuration (with the MOSFET drain connected te tvoltage supply and the
MOSFETSs source connected to the load) and thiseplapecific requirements on the
gate drive circuit. To fully turn on the high sideitch, the gate voltage must be higher
than the voltage supply, which is frequently thghleist voltage in the system. The gate
voltage must be controllable from logic circuits iath are normally referenced to
ground. The control signals need to be level shiie the source of the high side
device, which in most cases swings between posatiMenegative voltage supplies. The
power absorbed by the gate drive circuitry shoudt significantly affect the overall

efficiency of the converter.

Vso o
Q]a |-<- % Q4b
- |_ L
[
—
034 I—(-—}L O
- |_ L

I

Figure 5.1Q Full-Bridge Synchronous Rectifier parallel configtion

When implementing MOSFETSs in parallel, large sowgaents must be provided by
the gate drive circuit to enable rapid MOSFET tam-and also provide very low
impedance for fast device turn-off in order to rtegarcuit imbalance in the circuit.
There are numerous techniques for implementing idé gate drive and some of these
include floating gate drive supply, pulse transferncharge pump, boot strip, carrier
drive and gate drive integrated circuit (or gatevedr IC). A brief review of these
techniques to implement these gate drive configuratis summarized in the following
section. The gate driver IC, or more simply caleel ‘gate driver’, was selected for this
application as it integrated most of the capabdit{level shifting of the logic signals,
gate voltage higher than the supply voltage andatioa in a wide range of duty cycles

and switching frequencies) for high side gate daperation in a compact package).
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The gate driver can provide large peak output otrtbat is acceptable for most
applications. However, when driving MOSFETSs in flataa current buffer may be

required to facilitate the necessary peak currevels. The implementation of a current
buffer is determined by the peak gate drive curreaguirement of the parallel

MOSFETSs configuration.

A dead time period or blanking time needs to bevipled between switching states of a
high and low side switch (e.g. Q1 and Q2 in Figbu#0) in order to prevent current
cross conduction or shoot through condition. Thee ghiiver provides almost no dead
time period (Clemente 1990), so a resistor diodevoik was placed on the gate driver

output to implement the additional dead time rezgment.

Isolation of the logic control signals is requiredprotect the low voltage control logic
circuitry from the power switching circuits in tlegent of a fault condition. Isolation in
this application is achieved using optical isolatoFhe output of the optical isolators
and the gate drivers for all the switching grouRs-{Qs) for all converter phases would

be powered by a single isolated power supply.

5.3.1 Gate Drive Configuration

As noted previously, there are a number of techegdor implementing high side gate
drive and some of these include floating gate daupply, pulse transformer, charge
pump, boot strip, carrier drive and gate drive gnéged circuit or ‘gate driver’. An
outline of each technique is provided in Table @Emente 1990). The main limitation
of the floating gate supply is the requirementdarisolated supply for each high side
MOSFET which would be prohibitive in this appliaati requiring multiple high side
MOSFETSs. The pulse transformer is a simple andpaegive solution for high side
drive but has limited switching frequency range.eTinansformer is designed for
operation in a specific frequency range whereas MM@@SFETs in this application
operate at frequencies from 20Hz up to 25 kHz. Slom-on time’s factor against
selecting charge pump for this application. Whitapgle and inexpensive, limitations in
the range of duty cycles provided using bootstr@pacitor circuit negate this
configurations selection. The gate driver was setefor this application as it provides
level shifting, gate voltage higher than the supgitage and operation in a wide range

of duty cycles and switching frequencies in a smgimpact package.
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Method

Basic Circuit

Main Features

Floating
Gate Drive

Supply

Floating
Supply

Level Shifter
Or

Opto isolator Low side

device

Full gate control for infinite periods of time.

One isolated supply required for each high side
MOSEFET => significant cost.

Level shifting required for ground referenced
signal => must sustain full voltage and switch fast
with low power consumption

Opto isolators expensive with limited bandwidth
and noise sensitive

Pulse
Transformer

Efg

Load
or
Low side
device

Simple and cost effective but has limitations.
Operation over a wide duty cycles requires
additional circuitry.

Transformer size increases significantly as
frequency decreases.

Significant parasitics create less than ideal
operation with fast switching waveforms.

Charge
Pump

< |||—

Oscillator device

Can be used to generate a gate voltage higher than
the supply voltage (V) controlled by a level
shifter or to “pump” the gate when device is on.
Requires level shifting circuitry and turn on times
too long for fast switching applications.

Gate can be turned on for an infinite time period.
Inefficiencies in voltage pumping circuit may
require more that two stages of pumping

Bootstrap

Level or
Shifter Low side

Simple and inexpensive to implement but has
same limitations as pulse transformer, in that duty
cycle and on-time are constrained by bootstrap
capacitor refresh rate.

Power dissipation can be significant when
capacitor charged from high voltage supply.
Requires level shifting circuitry

Carrier
Drive

Stop

device

Load
or
Low side

=

Gives full gate control for infinite period of time.
Improved switching performance requires
additional circuitry.

Gate
drive integrated circuit
U(®)
or
Gate driver

Supply Gate
driver
with
level

Control [—]

Lo‘gic shifter Load
with
Optical
isolation

or
Low side
device

Provides level shifting referenced to ground
signal in a compact package that requires only a
few addition components

Is able to sustain full voltage applied to MOSFET
and provide very fast switching speeds with low
power consumption.

Operate in bootstrap mode or with floating
supply.

It can operate over a wide range of frequencies
and duty cycles.

The specific device selected for use in this appilbn is the International Rectifier
IR2110 gate driver (International Rectifier 200513) illustrated in Figure 5.11
(functional block diagram) and Figure 5.12 (typicahnection diagram). This device is
a high voltage and high speed gate driver withpeaelent high and low side referenced

output channels. The floating high side channelesigned for bootstrap operation and

Table 5.5: Gate drive configurations
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can drive a MOSFET that operates up to 600V. Thmutinogic is TTL/CMOS
compatible down to 3.3V logic. The signals from thput logic are coupled to the
individual channels through high noise immunity devranslators. The high side
channel is built into what is defined as an “ismlattub” that is capable of floating from
600V to -5V with respect to ground. This ‘tub’ flsaat a potential of § which is
established by the voltage applied tg. The gate charge for the high side MOSFET is
provided by the bootstrap capacitog, @hich is charged by thed¢ supply through the
bootstrap diode during the time when the devicefis(assuming that ¥ swings to
ground during that time, which generally is alw#ys case). As the capacitor is charged

from a low voltage source the power consumed teedhe gate is small.

I
|
VDD
|
| R.0Q
| ~ & ky Voo/Vee
HINe—¢— 11 >0 ——) >,; LEVEL
3 = SHIFT PULSE

GEN

VI'J D"VCC

et
1

LIN fi — 1 o | B
} : } s =g IéHIF'Il:
i RO
Vas "1
L ______________ .1
Lead Definitions
Symbol Description Symbol Description
Vop Logic supply L .
L L . Vg High side floating supply
HIN %I;)(g)l)c input for high side driver o/p HO High side gate drive output
D Logic input for shutdown Vs High s'lde floating supply return
o . . Ve Low side supply
LIN Logic input for low side driver o/p . .
LO Low side gate drive output
LO) :
: COM | Low side return
Vss Logic ground

Figure 5.11:Functional block diagram with lead definitions tbe IR2110 gate driver

Up to
600V

=
HO \=/
Vi
Vop O Vo ~Cs
Cf"‘f"' HIN IR2110 1o
L ogic Gat B
A SD ate Load
T with LIN driver Vcc O Ve DZ'
Optical 1
isolation T™
Vss © Vss COM =
Lo -

Figure 5.12:Typical connection diagram when using IR2110 gaiteed
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A number of issues need to be addressed when tlenidR2110 gate driver including,
the selection of the bootstrap components (capac€ity and diode, B) and minimising
negative spikes at the high side floating suppty, pis. Negative spikes are minimised
by reducing parasitic inductances through caredyblit, discussed in section 5.7.2,
improved local decoupling by using low ESR capasittn parallel with @ and
capacitor at low side supply {¢to COM), selecting the gate resistor value to mise

the amplitude to the negative spike.

5.3.2 Determination of Peak Gate Drive Current

Power MOSFETSs have a large gate capacitance thstt lmeucharged to achieve device
turn on. The gate drive circuit must provide suéfit current to charge the equivalent
gate capacitance in the required time interval. To&l gate charge is the key
specification in determining gate drive requirenseas it brings together all device
charge values and accounts for the “Miller effe@@Dunn 2003), (Dunn 2004),
(Supertex 2001), (Barkondarian 2000) and (AndreyG@89)].

The process of charging the gate is defined inetistages as illustrated in Figure 5.13
[(Dunn 2003) and (Barkondarian 2000)]. The firsag&t is the charging of the gate-
source capacitance,g§ the gate-drain capacitancegdC or the Miller capacitance is
also charging but it is very low. Once;§s charged up to the gate threshold voltage,
the device begins to turn on and the current ramgpt its full value. On reaching the
full current value, the drain-to-source voltage ihego collapse. It is at this point that
the gate voltage levels out due to the Miller c@pace being charged as the drain
voltage falls. When the drain voltage has fallentsofinal level, the gate capacitance
(both Gssand Gsp) is charged the rest of the way to the gate drolage.

Drain
A

<—Q(:S —>‘<—QGD —»‘

3
1Y
~ &
P
L
Gate Voltage

\ Gate-to-Source
C >//( Threshold Voltage >
GS ~
Charge
Source
(€)) (b)

Figure 5.13:(a) Gate capacitance model for MOSFET and (b) ga#&ege waveform
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The gate charge value simplifies the calculatiorthef current required from the gate
drive circuit to turn on and turn off the MOSFET, ilustrated in equation 5.10 [(Dunn
2003), (Dunn 2004), (Barkondarian 2000), (Huss&©2}, (Dorf 1999), (Winters 2002)

and (Andreycak 1999)].

- QG(tot)

" (5.10)

ls

wherelg is the gate drive currer@gqo iS the total gate charge for the MOSFET aitd
is either the turn on or rise timg, or the turn off or fall timet;, for the MOSFET,
which are specified in the device data sheet. T and fall times and the total gate
charge specifications for the output devices detezrthe amount of gate drive current
to source or sink. The relevant specifications &r suitable MOSFETs for the

converter are provided in Table 5.5.

The power dissipated by the IR2110 gate driveypscally < 500mW (Clemente 1990)

and this would have a negligible effect on the allezonverter efficiency. The power

dissipated to charge the device gate capacit@yeg whenever a capacitor is charged
or discharged through a resistor is defined by e#gueb.11, [(Dunn 2003), (Dunn

2004), (Supertex 2001) and (Andreycak 1999)].

Ps = Qq(toy Vi f (5.11)

where Qquor IS the total gate charg&/s is the gate voltage andis the switching
frequency of 25kHz. The step by step calculatiothef peak source and sink currents
for the Fairchild FDP047ANO8AOQ are provided in dietathe following section and the
results for all the devices are included in the|l&dh5. The gate voltage of 12V is
sufficient, as a greater value has little effect reaucing the on-resistance of the
MOSFET (Andreycak 1999).The peak source current pedk sink current are
determined as follows:

lGurnon) = 3.14A

IG(turn off) = 6.13A
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The power dissipated to charge the device gateansumed by the gate drive circuitry
are determined as follows:
P =41.4mW

whereQguo IS the total gate charge provided in Table ¥5is the gate voltage of 12V
andf is the switching frequency of 25kHz.

Gate Drive Data Results
VG =12V tr 1:f QG(tot) I G (turn on) I G (turn off) PG
Device No. = (ns) | (ns)| (nC) (A) (A) (mW)
Fairchild
FDP047ANO8BAO| 88 45 138 3.14 6.13 41.4
FDPO60ANOBAO| 79 38 95 2.41 5 28.5
Philips
BUK7506-76B | 56 | 48] 91 3.25 | 379 | 27.3

Table 5.5:MOSFET data and gate drive calculations

As can be seen from the results in Table 5.5, tineent requirement for the MOSFETSs
in parallel is significantly more than the IR211@tg driver can provide so a high

current buffer was a requirement in this appliqatio

5.3.3 High Current Buffer
The high current gate drive buffer circuit usedtims application is described in
[(Clemente 1990) and (Kiraly 2004)] and is illusé@in Figure 5.14.

VCC or V]g

o1 03
repotio | K IRFD9110
L
: /
L
I
RI
Input O—@ 100 ’_fo Output
. /Y
)
4
02 o
IRFDI10 /| IRFDI10
' GND

Figure 5.14:High current gate drive buffer circuit

This circuit can deliver 8A peak output currentshagh input impedance and low

output impedance. When the input changes statesesistor, R, limits the current
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through Q and Q when both transistors are on for a few ns. Theuustage formed
by Q; and Q can be sized to suit the peak current demand Bodcarrects the logic
flow from the gate drive input to output. The truhible for the input, output and
transistor states is provided in Table 5.6.

Input Q1 Q2 Q3 Q4 Output
H Off On On Off H
L On Off Off On L

Table 5.6: Truth table for gate drive buffer

There is a delay in the turn on, due to the RC twaestant formed by Rand the input
capacitance of the output transistor, which is Geiad in providing a dead time in the
overall converter operation. The configurationtas implemented in this application is
shown in Figure 5.15.
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Figure 5.15:High and low side gate drive using the IR2110 giaieer and high

current buffer circuits

5.3.4 Determination of peak current for the buffergate drive circuit
The calculation of the peak input gate drive curfenthe buffer circuit determines the
gate driver selection. When 12V{) is applied to the buffer input, the p-channelidev

(Qy) turns off, the n-channel deviceQurns on and gturns on and current flows into
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the gate and thereby charges the gate capaciféheeefore peak current requirement is
determined using the combined gate charge value®f@and Q, and using either the
fall time of Q or the rise time of & which ever is greater. The power dissipation is
determined from the following device data as ilattd in Table 5.7 [(Fairchild 2002a,
2004) and (Philips 2002)].

MOSFET Qcory (NC) | t, (ns) | t¢(ns)
Philips BUK 7506-76B 91 56 48
Fairchild FDP047ANOSAOQ 138 88 45
Fairchild FDPO60OANOSAOQ 95 79 38
IRF IRFD9110 8.7 27 17
IRF IRFD110 8.3 16 9.4

Table 5.7:MOSFET specification data

The peak source and sink current are determined) usjuation 5.10, while the power
dissipated to charge the gate drive capacitanaetsrmined by equation 5.11. The

results are given in Table 5.8.

IG(tum on) (A) IG(tum off) (A) PG (mW)
1 0.63 51

Table 5.8:Buffer circuit calculations

The gate driver circuit must source up to 1A andhitst be capable of sinking 0.63A.
The IR2110 (International Rectifier 2005b) can sarid source 2A, so is suitable for
use in this application. The total power dissipatior the gate driver i500mwW
(IR2110 <500mW and buffer <6mW) and therefore hegligible contribution to the

overall converter power losses.

5.3.5 Bootstrap Components

As noted in section 5.3.1, the voltage betweenvthand \; pins (Vg of the IR2110
gate driver supplies the high side gate driverutirg and should remain between 10-
15V in order to fully turn on the MOSFET. This reeps the selection of the

appropriate bootstrap capacitor and diode values.

5.3.5.1 Calculating the bootstrap capacitor value

The minimum chargeQys, that needs to be supplied by the bootstrap ctpatls, is
determined by the equation (Adams 2004):
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I I
Qu =20, + =+ Qg + -5 (5.12)

where Qq is the gate charge of high side MOSFEf & the frequency of operation,
lcosieay 1S the bootstrap capacitor leakage current @pglis the level shift charge
required per cycle which equals 5nC for the IR2{lh@rnational Rectifier 2005b). In
order to minimise the amount of ripple on the higkde gate voltage @4, the

minimum charge in the bootstrap was multiplied byaetor of 15 (rule of thumb)

(Adams 2004). The capacitor value is determinethbyequation (Adams 2004):

C21 2Qs (5.13)
Vcc _Vf _VLS _VMin

whereV; is the forward voltage drop across the bootstrageallV, sis the voltage drop
across the low side MOSFET (or load for the higtegdriver) and/uin is the minimum
voltage between yand \s of the IR2110 gate driver.

The calculation for the bootstrap components islemented step-by-step for the
Fairchild FDP047ANO8AO and the results are tabdlateTable 5.9. The gate charge
for the high side MOSFET was determined from thelomation of the high side buffer
circuit and the two high side MOSFETSs of the coteterThe total gate charge values
for the devices are given in Table 5.7. On higle sigcuit activation, the charg€y)
must be supplied to the gates of &nd Q of the buffer circuit and the two parallel high
side MOSFETs of the converter and on deactivatbarge is only supplied to;@nd

Qa.

Qg (NO! cosgieary (MA)Q s (nc)j f (kH2) [V (V) |V min W]V s (V)ZV cc (V]! gosmaxy (NA)
293 3 5 25 0.875 13 0.5 15 230

' IR2110
“ assumes a worst case of 50% duty cycle

Table 5.9:Bootstrap capacitor operating conditions

The minimum charge that needs to be supplied byptléstrap capacitor is determined

from equation 5.12.
Q. =590nC
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The bootstrap capacitor value is determined fromagqgn 5.13. A 4{dF 100V capacitor

was used in order to provide sufficient margin.

C, = 28uF

5.3.5.2 Selecting the Bootstrap Diode
The diode Dys, must be able to block the full supply voltaget@¥ when the high side

device is switched on. It must have a fast recowsng to minimise the amount of
charge that is fed back to the voltage supply, of the IR2110 gate driver. The high
temperature reverse leakage current is importathieifcapacitor has to store charge for
long periods of time. The current rating for thed# is the product of the chard@,
and the switching frequencly,(Adams 2004). The relevant component data aneiwcur
calculation data is provided in Table 5.10. Theddidhat meets these requirements is
the MUR120 (ON Semiconductor 2005). It has a woeste forward voltagéd/;, drop of
0.875V.

It = Qps f (5.14)

I = 15mA

Vim (V) trr(max) (ns)| 1 (A Vi (V) f (kHz)
42 100 15 0.875 25

Table 5.10:Bootstrap diode data

5.3.5.3 Gateresistor selection

Increasing the value of the series gate resisteaquiely reduces the amplitude of the

negative spikes due to stray inductance (e.g. tiexalth, component lead length above
the circuit board) at the high side returng(VThe value of the series gate resistor
reduces the switching speed and therefore the \adlde/dt and is based on the graph
of turn-off time versus series gate resistance showFigure 5.16 (Clemente 1990).

Selecting a resistor value just on the “knee” piesia good trade-off between the spike
amplitude and the turn-off speed. The gate restaonpens any oscillations in the gate
circuit caused by a resonant tank formed by pacasitluctances and capacitances
inherent in the MOSFET and contributed by circuibniections (Fairchild

Semiconductor 1998). A 22gate resistance was selected for the input tgaie drive
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buffer circuit, while a 4.2 gate resistor was placed on each MOSFET in alphral
configuration and was located as close as phygipalsible to the gate of the device.

100

Turn-off time /
80

=~ /
=8

IS 60

55

st W

= 3

SIS

>< Amplitude of the
20 negative spike

0 10 20 30 40 50 60 70 80

—_—

Series gate resistance ()

Figure 5.16: Gate resistance vs. negative voltage spike andglituind turn-off time

5.3.6 Blanking Time Delay

A time delay needed to be provided between thechimigy states of the high and low
side switches in order to prevent a current shiaaugh condition. This time delay is

defined as theblanking time. There are a number of elements contributing ® th
blanking time. There is a 25ns difference betwdenturn-on and turn-off propagation
delay times of the IR2110 gate driver (InternatloRactifier 2005b), to ensure no

conduction overlap of the converter power devices.resistor diode network was

placed at the input to the buffer circuit to praviddditional margin of safety as

illustrated in Figure 5.17. The diode would be reee biased at turn-on thereby
generating a delay corresponding to the RC timesteon of the gate resistor and the
input capacitance of the buffer circuit. The diadeuld be forward bias at turn-off to

provide a low impedance path for fast turn-off. N41148 (Fairchild 2007) diode was

used for this application.

5.3.7 Electrical isolation

Electrical isolation for the control logic signairfthe gate drive circuit was provided
using HPCL-263A optocouplers (Agilent TechnologiE#99a). This device provides
high dv/dt rating up to 1000\$ and can operate at speeds up to 10 MbitThe
implementation of this device required an isolapedver supply for the optocoupler
output and the gate drive circuit. The optocoupieese mounted on an interface board
or the microcontroller board to further reduce sp$ibility to common-mode noise

generated by the full-bridge converter circuit (&gt Technologies 1999b).
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5.4 DC Source Capacitor Analysis

Essentially during magnetization and demagnetinattbe full-bridge circuit mimics

the operation of a boost converter, while durirggWwheeling mode, it operates like a
buck converter during freewheeling operation. Thesaolurce needs to have low internal
impedance for the instantaneous current and a leagacitor can provide this low
impedance path (Mohan 1995). It provides the reagdlalc connection between the dc
source and the inverter (Krein 1998) and (LandeBl1)9 Selecting the dc source
capacitor requires knowledge of the general capacgarameters, the specific

application requirements in order to determinedbweect value for the application.

5.4.1 Capacitor Parameters

Capacitors are selected based on the required itapaes the rated operating voltage,
the RMS current, and frequency, (Mohan 1995), (8§sB004), (Nichicon 2004) and
(BHC 2004). Aluminium electrolytic capacitors prdei large capacitance per unit
volume and high ripple current capability (Mohar©dp and (BHC 2004). The rated
voltage is the peak value of pulsed voltage thapislied continuously to the capacitor.
Any pulsating voltage across a capacitor yieldsa@rnating current flowing through
the capacitor and the RMS value of this alternatingent is called thepple current.
The heat generated by the ripple current is an rtapbfactor in determining the useful
life of the capacitor and higher frequency operatyelds greater reactive power

dissipation and temperature rise in the capacit@h@y 2004).

5.4.2 Specific Application Requirements

DC source capacitors supply high currents wheretlage peak requirements, so they
tend to be abruptly charged and discharged andrteeg to have a high thermal rating
to handle the relatively high reactive power diasgn (Siemens Matsushita 2004).
Under the proposed 42-Volt electrical system, elemt components, including
capacitors, must withstand higher operating tentpeza of 156C and above (Epcos
2003). The requirement for large capacitance vataesnecessitate that the capacitors
be connected in parallel to achieve the correctiezalndividual protection may be
required against sudden discharge of the entiraati@p bank into a defective capacitor
(Vishay 2004) and (BHC 2004). It is also importHrdt there is a balance of the current

distribution in all capacitor branches (Nichicor02p and (Power Designers 2004).
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5.4.3 Determining Capacitance Value

The percentage voltage ripple on the dc sourcectapaCs, determines the actual
capacitor value. High speed generating definesvibrst case cycle of operation for the
voltage ripple as the switching period is deterrdibg the speed of the machine. It has
a minimum value of 2.2ms at 4500rpm. It is assuried the capacitor voltage is
maintained at 42V maximum and that excess curegedirected to the battery voltage
supply by @ as illustrated in Figure 5.18. All the ripple amt through @ flows
through the capacitor. The shaded area in Figui® Bepresents the charge.
Therefore the peak-to-peak voltage ripple is regareesd by equation 5.15, which when
rearranged allows for the calculation of the capacas illustrated in equation 5.16
(Hart 1997).

_AQ_1sDT, _V,DT,

AV, 5.15
®Ccs C, RC (5:19)
C, = YsDT, (5.16)
AV,R

The peak-to-peak voltage ripple in this applicatisrassumed to be the dip in the dc
source voltageys The percentage ripplaVs/Vs, on the dc source capacitor is defined
to be 10%, the duty cycl®, for the magnetization period during high speeudegating

is 40%, and the period, is 2.2ms. The resistance vall,is determine from the
series resistance, ESR, of the electrolytic capa¢typically > 25n6)) (Epcos 2006),
the phase winding resistance of the SRM (typic&llgnt2) (Motion System Tech
2002), and the on-resistance of the MOSFETSs (tylpidanQ) (Fairchild 2004). Using
the above data, the value of dc source capaciwetesrmined to be 0.3F. This is quite a
large capacitor value and would add excessive tmghe overall system. As the
capacitor requires a voltage rating of 100Vdc (deuihe maximum power supply
value), the most cost effective device would be 18¢000uF capacitor. In order to
implement the converter with this device, the maigagon duty cycles needed to be
limited at each speed of operation. Table 5.1ktithtes the magnetisation duty cycles
and percentage voltage ripple values for the varigenerating speeds of operation
when using this capacitor value. Ultimately, theam@tor selection is a compromise

between cost and acceptable performance limits.
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AV S/V S (%) D (%) Ts (ms) Speed (rpm)
5 25 0.04 200(C
10 1 2.22 4500
20 3 2.22 4500
50 7 2.2z 450(
10 2 1.67 6000
20 4 1.67 6000
50 10 1.67 600(C

Table 5.11:Magnetization duty cycles and percentage voltggee values at various

generating speeds of operation when using a 10F008pacitor

5.5 Bus Bar Analysis

Two types of power distribution technologies aredusn modern equipment: wiring
harness and bus bars. Wiring harnesses are suitabl®ow current low volume
applications while bus bars are more suitable gb lsurrent that require low inductance
(Hill Technical Sales 2004). Large di/dt and leakagductances can be a significant
problem in the power supply leads of circuits. Wisnay inductance are reduced in the
leads so to are the transient voltage spikes arsk ribat lead to significant EMI and
parasitic oscillations (Mohan 1995), (Hanley 20@8)3 (Hill Technical Sales 2004).
Bus bars have many advantages and with the cdegeott out can provide an ideal

solution for high current applications.

5.5.1 Bus bar implementation

The use of bus bars allows for the reduction indcator losses, reduce stray inductance
and simplify power bus assembly and routing. Bus paovide a greater surface area so
can handle more current with reduced losses (Db26€4) and (Hanley 2003). They
yield an increase in circuit reliability due to fewconnections, as would be the case
with cabling (Hanley 2003). Rectangular bus-badkice the self-inductance byto %2
when compared to round conductors of equal length@oss sectional area (Hanley
2003) and (Hill Technical Sales 2004). A laminastdicture helps to control both self
and mutual inductance (Hill Technical Sales 2004¢onsists of interleaving layers of
ground planes and voltage layers of different piddsr: Bus-bars can simplify routing of
power conductors and can reduce probability ofrerio assembly due to their rigid
structure (Hanley 2003). Conductors can be mada frovariety of metals, including
copper, nickel, gold or aluminium, but cost and gixiare the deciding factors in an
application (Mohan 1995), (Hanley 2003) and (El@4). While more aluminium
may be needed in a conductor than copper, 1.66stimere cross sectional area is

required to conduct the same amount of curretiast55% less weight when compared
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with copper and is less expensive (Hanley 2003)(&tates Department of the Interior
2000).

5.5.2 General bus bar structure

The structure of the bus bar is critical for thduetion of stray inductance, elimination
of noise and arcing, improving current distributionparallel capacitors and reducing
the need for snubber circuits for the power devidesaminated structure with large

plates in a sandwich with thin insulators is thestngpace efficient bus bar structure
(Mohan 1995), (Power Designers 2004), (Hanley 2CG08) (Eldre 2004). The large
plates create the interleaving layers which minemsutual inductances (Hill Technical
Sales 2004). Traditionally bare bus bars do nopsags noise, are bulky, have potential
to arc between the plates and are costly to assefffdtire 2004). The laminated
structure reduces noise due to the interleavingriayfHanley 2003). Creepage and
arcing is eliminated by increasing the distance ittsailator protrudes past the plates
(Mohan 1995). Laminated bus bars allow for equakent distribution to parallel

capacitors (Mohan 1995) and (Power Designers 2004% structure must be as
compact as possible as long interconnection distarmetween switching devices
increases bus inductance, which requires complelsr circuits for protection,

adding to system cost (Hill Technical Sales 2004).

5.6 Current Sensors

In order to implement precise current regulatiom ipower converter design, the choice
of current sensor is critical. When implementingrent regulation, consideration needs
to be given to the type of current being measutezlpperating range of the current, the
required output signal, measurement accuracy, ablailpower supply and the working
voltage. Additionally, dynamic operating parameteeed to be considered, which
includes frequency range, di/dt and dv/dt. Finatlgnsideration must be given to the
environmental variables — temperature, vibratiod @mock, and the presence of
external fields. Three current sensing schemesuntsiesistor, current transformer and

Hall effect — were evaluated for suitability ingtparticular application.

5.6.1 Shunt Resistor

With this scheme, the voltage drop across the shesistor is proportional to the
current flowing in the circuit (Dickinson 2002) amdiditional circuitry is required to

improve signal quality (Lepkowski 2003). This measuent can be implemented in
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either high side or low side configuration as iltated in Figure 5.20. The high side
measurement is the preferred method, as it isiksssive as long as the sense resistor
is small. The low side measurement is easier tde@ment but disrupts the ground path
of the load and this can cause noise problemsansyistem. In either case, the load

current,l,, is determined using the equation (Lepkowski 2003)

V
|, =M 5.17
R, (5.17)

The shunt resistor measurement scheme is inexgensivmplement but it requires
additional circuitry to improve signal quality aitdhas no electrical isolation (Mohan
1995) and (Lepkowski 2003). This scheme is impcattior use in circuits where the
current measurements are above 20A and has pooraagcover a wide temperature
range (Dickinson 2002) and (Lepkowski 2003).

RM IL
I T
v L

Vu Load

M n Measurement |
s casuremen Load | VsO® Circuit Var %
l l "
(a) (b)

Figure 5.20: Shunt resistor measurement schemes, (a) Highasid€b) low-side

5.6.2 Current Transformer

These sensors use the principle of transformersente ratio of the primary current,
Ip, to the secondary curremg, is a function of the turns ratidl, as illustrated in Figure
5.21 and described using equation 5.18 (Lepkow<M)3p They are simple to
implement and have no drive circuits. The schenmwiges galvanic isolation but an
AC signal is required to prevent the transformesnir saturating (Mohan 1995),
(Dickinson 2002) and (Lepkowski 2003).

|
=% (5.18)

133



A L] L] O
+
Np Ng Vour & Rsense
B O
2

Figure 5.21:Current sensing transformer

5.6.3 Hall Effect Transducer

Hall effect is based on the principle that a vadtag,, is developed when current flows,
Ic, in a direction perpendicular to a magnetic fidh], as illustrated in Figure 5.22
(Melexis 1997) and (Lepkowski 2003).

Figure 5.22: The Hall Effect principle

There are two main techniques: open loop and cldsed (Dickinson 2002) and
(Lepkowski 2003). The open loop scheme amplifies Huall generator voltage to
provide an output signal as illustrated in Figurg3a. Closed loop transducers uses the
output voltage of the Hall element to develop aosdary or compensation current in a
secondary coil as illustrated in Figure 5.23b. ®asondary current in conjunction with
the secondary ratio generates a magnetic fluxishaqual in magnitude but opposite in
polarity to the flux created in the primary curreiat yield a total flux of zero
(Lepkowski 2003).

Both techniques are suitable for measurement chcend complex current waveforms
in power applications that need galvanic isolatifvielexis 1997) and (LEM
Components 2004). The two schemes provide a roboisttion to environmental
disturbances, including vibration, moisture andt d@ir oil film (Gilbert 2002). The

closed loop design has the advantage of very gooagracy and linearity, low gain drift,
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wide bandwidth (OHz - 200 kHz), and fast respomse,t but the current measurement
is limited due to the finite compensation currektobian 1995), (Dickinson 2002),
(Melexis 1997), (Lepkowski 2003) and (LEM Comporserf2004). Closed loop
transducers have very good reaction times (less 1a8) and are able to measure di/dt
of 50 — 500AuS* and greater, which makes them suitable for shiectit protection
(LEM Components 2004).

(a) Open loop (b) Closed loop

Figure 5.23:(a) Open loop Hall Effect transducer, (b) clossopl Hall Effect

transducer

Recently, a hybrid scheme (LEM Components 2004)deasg developed that works
like an open loop Hall Effect transducer up to 1@kdhd like a current transformer at
higher frequencies. Both Hall effect and curreansformer signals are electronically

added to form a common output signal as illustratgeigure 5.24.

Figure 5.24:Combined Open loop and closed loop Hall effeatddacer

This scheme is similar to closed loop Hall effeensducers but only requires a small
secondary power supply (LEM Components 2004). ghér frequencies, the current

transformer yields high bandwidth and fast respoiieen loop at low frequencies
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implies that there are gain and offset drifts witmperature and a moderate level of
accuracy. Low frequency open loop operation reguir®re expensive construction
when compared with the closed loop scheme (LEM Gorapts 2004). Bandwidth,
response time and di/dt behaviour are similar tsead loop transducers although it is
slightly less efficient at high frequencies (LEM@ponents 2004).

5.6.4 Sensor Selection and Implementation

The closed loop Hall effect sensor provides thetraogable option for this application
for the reason that the sensor provides electrsmtion, has large bandwidth, fast
response time and is therefore able to providad¢lponse times necessary for current
overload protection. The specific device selectadthis application is the LA 100-
P/SP13 (LEM Components 2005). This device allowes ltas bar connection to the

motor phase terminal to pass through the sensotuapes illustrated in Figure 5.25(a).

In order to implement the current sensor in thigliaption, the following items had to
be addressed: the layout of the power conductodstia® sensor output signals, the
power supply requirements, the determination ofrtteasurement resistor and finally
any signal conditioning requirements for the tramsst output signals. The specific
layout issues are discussed in section 5.7.6. Tds=d loop sensor requires a bipolar
power supply (LEM Components 2005) +15V power syppfovides the power

requirement.

The appropriate measurement resistqf,iRkdetermined based on the range provided in
the data sheet, and depends on the maximum amigegerature. The maximum

measured voltage,y is determined using equations 5.19 and 5.20
Is = Ip(Np/Ns) (5.19)
Vi = Ruls (5.20)
where k is the secondary curreng is the primary peak current,pNs the number of
primary turns and Bis the number of secondary turns (LEM ComponeG42The

connections to the current sensor are implemensedhawn in Figure 5.25b (LEM
Components 2005).
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Figure 5.25:(a) Current sensor physical layout, (b) currensse connections

5.7 Circuit Layout Considerations

5.7.1 Full Bridge Circuit

In a typical bridge circuit, the critical stray umctances that need to be reduced are in
the high current path of the circuit. Stray indecks in the “dc path” are due to the
wiring inductances between the MOSFETs and the w#tw capacitors (dc source
capacitor), while stray inductances in the “ac paite due to the wiring inductances
between the MOSFETs (Clemente 1990). Stray induoetamas reduced by using a
laminated bus structure to minimise connection tlesndinput connections from the
source capacitor, MOSFETSs interconnections and ubutpnnections to the SRM).
Parallel MOSFETs were mounted in a symmetricalgpatin order to further minimise
stray circuit inductance and they were mounted tcommon heat spreader as this
provided close thermal coupling between devices détailed layout of the full bridge
circuit can be seen in Figure 5.26a (top view),6b.Zside view) and Figure 5.26¢
(circuit schematic). The MOSFET drains were conegatirectly to the heat spreader,
while the sources were connected to the printeduitimboard mounted above the
MOSFETs (Murray 2001). The source connections wergmected symmetrically using
copper bus conductor. The laminated bus bar wasnteducentrally to maximise

symmetry and is described in detail in section®.7.
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5.7.2 MOSFET gate driver

Negative voltage spikes are generated at th@iV of the IR2110 gate driver due to
di/dt in the stray inductance in the ac path (Clet®d990). Once stray inductance was
reduced in the ac path, decreasing switching spatida gate resistor further reduced
the di/dt-induced spikes. The circuit layout mirseul the stray inductance on the gate
drive charge/discharge loop by minimising trackgks. This reduces oscillations and
improves switching speed and noise immunity to @néwvdv/dt turn-on (Clemente
1990). The connections went directly from the gdger pins to the MOSFET pins
using parallel tracks in a PCB layout. The IR21Hegdriver was placed as close as
possible to the power switches and local decouphag improved by using one low-
ESR capacitor for the bootstrap capacitance anthenVcc-COM and \bp-Vss pin
locations of the IR2110. The low side capacitanéec-COM pins, was ten times
greater than the bootstrap capacitor (Clemente)1980ceramic capacitor was placed
as close as possible to thg ®nd \s pins of the gate driver when using an aluminium
electrolytic capacitor for the bootstrap capaci@s, the low-ESR capacitor provided

good de-coupling.

5.7.3 Gate drive buffer circuit

A 10uF electrolytic and a OJF ceramic decoupling capacitors were mounted
physically close to the buffer output to nullifyetleffects of stray inductance (Kiraly
2004). Short parallel tracks in a PCB layout weseduto connect the buffer output to
the parallel MOSFETSs. A single point ground (groymdne of the centrally located
laminated bus bar) was used to connect the soofdé® low side power devices to a
common point, which defined the common ground. W-BSR decoupling capacitor
was selected for use in the power stage, typicellyF to 100QF depending on the

layout and switching current.

5.7.4 Optocoupler electrical isolation
A 0.1uF ceramic disc bypass capacitor was placed on ¢tweempsupply line and it
needed to be placed within 10mm of the IC (Agil@r@chnologies 1999a). The
recommended layout for the optocoupler providedhgymanufacturer is illustrated in
Figure 5.27 (Agilent Technologies 1999a).
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Figure 5.27:Manufacturers recommended layout for optocoupler

5.7.5 Bus bars

The bus bars were mounted centrally on the convegeshown in Figure 5.17a. The
bus bars are separated into four layers: positiggonphase laye\+, negative motor
phase layerA-, positive power layeri+Vs, and negative power layefys, with an
insulating material separating each layer The bars lare approximately a half-inch
wide. The specific interconnections to the MOSFA&fesas follows:

* The negative motor phase plae, is connected to the drain ot @a the heat
spreader and the source of @a the stud connection located between the two
parallel devices.

* The positive motor phase plan&t, is coupled to the drain ofsand to the
source of Qusing the same scheme as the negative motor fayaese

* The negative power plané/s, is connected to the source terminals ea@d Q
the stud connection located between the two padelaces.

* The positive power plan&;Vs, is attached to the drains off @nd Q via the

heat spreader.

This format equalizes the dimensions and providgansetry to the layout, which
further reduces stray inductance; the bus bar $ayee stacked in the following
configuration: the bottom layer of the bus barhie positive power plane,Vs, next is
the negative power plane/s, then the positive motor phase plaAe,, and finally the
negative motor phase layéy;. A thin layer of insulation is placed between eauttor
and power plane to implement a laminated bus bastoaction. This configuration

minimises mutual inductance due to the close assoniof opposite polarity currents.
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The symmetrical connections between MOSFET anddiece stud were implemented

using copper tined conductor as illustrated in Fegn26a.

5.7.6 Current sensor

The layout of the current carrying conductor thitoufpe sensor aperture provides
maximum separation from the return conductor oewttigh current conductors and the
conductor completely fills the sensor aperture (LEMmMponents 2004), (Besnier 2004)
and (LEM Components 2005) as illustrated in Figu&6a and 5.26b, respectively. The
transducer output wiring must have minimum loopaaaed also must have minimum
length traces separated from power leads (LEM Caomapits 2004). The current sensor
is mounted in the top corner of the PCB as illusttan Figure 5.26a. Copper trace
material was cleaned away from around the cirauprovide isolation from the high
power circuitry and all signal and power connediarere brought to the circuit through
a dedicated connector. Power and ground planethéorcurrent sensor power supply

were implemented to minimise noise interference.

5.8 Final Converter Assembly

The complete single phase full-bridge convertereaddy incorporating all the
requirements previously discussed and illustrated=igure 5.26 can be seen in its
complete form in the images shown in Figure 5.Z831. The overall final assembly is
shown in Figure 5.28, the top view is provided igufe 5.29, the side view is provided

in Figure 5.30 and the end view can be seen inrEi§LB1.

Figure 5.28: Single phase full-bridge converter final assembly
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Figure 5.30: Side view of the single phase full-bridge conwverte

Figure 5.31:End view of the single phase full-bridge converter
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5.9 Summary

The full-bridge converter with synchronous recafion using two MOSFETSs in
parallel provides the best compromise of efficien@pst and complexity for
implementation with the ISG under motoring and gatieg operation. Using
MOSFETs connected in parallel improved the curtemtdling capability of the circuit
but the implementation was more complex than uswdgidual modules. To finalize
the converter design, a thermal analysis was cdadun order to determine the most
suitable heat sink configuration. When using MOSE&Ei parallel, the gate drive
circuit needs particular consideration in ordeptovide sufficient current to charge the
gates of the MOSFETs and effective operate the kidh devices of the full-bridge
configuration. The provision for blanking time wasldressed in order to provide
prevent current shoot-through conditions and alsdtrsolation was implemented using
optoisolators as part of the gate drive configoratin order to protect the control logic
circuitry. A source capacitor value was selectedoider to provide instantaneous
current for motor drive and act as a filter capacto reduce ripple during generating
operation. The main converter interconnections gmwver conductors in this
application were provided by a laminated bus barcsire in order to minimise stray
inductance in the circuit. A closed loop Hall effearrent sensor was selected for this
application in order to implement current regulatiduring converter operations and
allow for the potential inclusion of short circygtotection. Specific layout conditions
needed to be addressed for the full bridge convehe gate drive circuit with electrical
isolation, the bus bar configuration and the cursmmsor in order to achieve the most

efficient operation of the circuit in this applicat.
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Chapter 6 — System Implementation

Practical implementation in this application invedvboth hardware and software. The
issues discussed range from the experimental $etupnverter evaluation through to
the development of control strategies to proviceige operation of the converter under
motoring and generating modes. Two experimentalpsetwere developed, one
consisting of the SRM and a load/drive motor wittoyue measurement system and a
second setup comprising of a bench load to model risistive and inductive
characteristics of a single phase the SRM. Experisneere only carried out on the

bench load.

6.1 Hardware

The experimental setup comprising of the SRM aratiAdrive motor with a torque
measurement system was developed to provide eolofdtilitate drive under motoring
and generating operating modes of the ISG, resgtiThe experimental set-up for
the converter evaluation and the development ofdimeent control strategy under
bench conditions consists of a resistive-inductivad to model the SRM phase
winding, a 1kW power supply, a low voltage powepply and interface circuit, the
full-bridge converter and the digital signal proagiag development board (DSP
controller) as illustrated in Figure 6.1. The deyshent of the converter prototype
included the converter layout, mechanical componeanhsiderations, converter
assembly and preliminary evaluation of the convddeverify that it satisfies functional

tests.

Figure 6.1: The complete experimental setup for converter extain
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6.1.1 The SRM

The project initially involved developing an elewtic drive for a 2-phase SRM. The
use of a 2-phase SRM is suitable for applicatioith tgh initial starting torques and
where the cost of the converter needs to be miemhi$he large peak torque capability
also yields a significant regenerative braking &épg, which can be highly
advantageous. Unfortunately, the original projelgnpfor the 2-phase SRM to be
designed and constructed by a project partner wasuifilled so an alternative SRM
was sourced for the project application. An SRM egjuivalent power rating was
sourced commercially but since switched reluctamo¢ors have a limited availability
in off-the-shelf configurations, compromises hadvéomade in order to meet the desired
power requirements. The SRM that most closely neaicthe specifications was a
3.5kW, 48V, 4-phase, 8/6 SRM (Motion System TecB20While an SRM could be
custom designed to the project specifications (vgatth 2007), this direction was
deemed to be prohibitively expensive and time comisg for this single application, so
the commercially available SRM was selected insteadrder to prove the validity of
the hardware application. The nominal parametarshi® 4-phase SRM are provided in
Table 6.1.

Manufacturer Motion System Tech
Model RA165L
Parameters Value
Rphase 8mQ

L atigned 334pH

L unaligned 47uH
Moment of Inertia 127 kg cm
Rated current 100A
Rated voltage 48V
Stator/rotor poles 8/6
Phases 4

Rated torque 5.68 N-m
Rated speed 6000 rpm

Table 6.1:Nominal parameters of the SRM
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6.1.2 The Digital torque measurement system

The digital torque measurement system consists dif-aachine (MV 1042) attached
via ball bearing at each end of the machine tontfaehine housing, a machine bed
(MV1004) and a control unit (MV 1041) (Terco 2003he machine bed aligns and
secures the dc machine to the test machines. Tongasurement is achieved using a
torque arm attached beneath the machine on whictoisited a strain gauge transducer
and this constitutes the signal source for theu®rmeasurement. The machine also
contains a speed indicator, which generates a ptage proportional to speed. The
control unit consists of digital instruments forgoe, speed, and field and armature
currents, while the front panel of the control uaiso contains a potentiometer for
control of the field rectifier for load tests. Theld can also be supplied by an external
source by removing the jumpers and there are talmion the front panel for
connecting the armature winding to an external pasoerce (motor drive) or to a load
resistor (generator drive). There are analogue upsitfor speed and torque and an

analogue input for control of load torque.

An interface chassis was developed to align andecrthe SRM with the dc machine
and machine bed. A suitable coupler was acquireidtesface the SRM with the dc-
machine. It is a general-purpose coupler with =milfle rubber insert for flexibility and
shock resistance. It is capable of accommodatimidestal misalignments and has a
torque range of up to 90Nm (Fenner 2006). The aligiirque measurement system is

illustrated in Figure 6.2.
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Figure 6.2: The digital torque measurement system
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6.1.3 Experimental RL load setup and 1kW Power Sugdp

The RL load setup consisted of an inductor that eled the worse case phase
inductance and winding resistance when the SRMimw#® unaligned position and the
inductance was at the minimum value. It was usepbaisof the bench test setup to test
the converter operation and develop the currentla¢éign strategy. The experimental

RL load setup with converter is illustrated in Fig6.3.

Figure 6.3: Schematic of converter with RL load

A 1kW power supply was used for the dc link powappy for the converter. It
provides dc power up to 1kW over a wide range dfage and current combinations.

The power supply has a voltage range of 0-60V aturi@nt range of 0-50A.

6.1.4 The LV power supply and interface unit
This unit provides all the low voltage power suppliand signal interfacing for the
converter and the DSP controller. This unit wasettgyed as part of a prototype
assembly that was designed and built for a 3phd®kl $described in the report
(Murphy 2002)). A detailed schematic of the poveaipply circuit is included in
Appendix D. The power supply provides the followwgtages:
» isolated +5V supply for the optical isolators outptage on the interface circuit
» + 5V supplies for the DSP controller
* +3.3V supply for the CMOS logic circuits and theiogl isolator inputs on the
interface circuit to provide logic level compatityilwith signals to and from the
DSP controller
» + 12V supplies for the current sensing circuit ba tonverter hardware
e + 15V for the converter gate drive circuit.

e 412V, 2A power supply for cooling fans on the coree
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The interface circuit’s primary purpose is to pawvioptical isolation for the SRM gate
drive signals from the DSP controller circuit. Tmeduces the risk of damage to the
DSP controller circuit in the event of an electrifalure on the converter. The circuit
also provides a distribution point for the powepply voltages for the converter and
DSP controller circuits. Finally, this circuit prioes an interface for signals being
routed to and form the DSP controller circuit, carrent sensing signals and the output
enable switch. A detailed schematic of the intexfaccuit is provided in Appendix D.
A bock diagram of the interface circuit and the lgaltage power supply is given in
Figure 6.4; while a detailed interconnection schi@nir this system is included in

Appendix D.

LV Power Supply 1kW Power Supply

g

+-12V i
VBUS
12 BUS

] : ower
supply :
bsp nC Current Interface urrent wre' | Converter RL

fl I PC Controller ’ sense sense sensor /| Load

e drive sy ica fsolate fsolated gate e

" , . +5 drive

signals +: 7| couplin rive

utpu signals

yury

/ \ PwM
/ \ Flag

Figure 6.4: Block diagram of interface and low voltage powepy

6.1.5 DSP controller

An Analog Devices digital signal processor (ADSP2AP was employed in the
experimental implementation of the current consthtegy. It was suitable for this
application, as it had a three-phase PWM genenamdr and dual auxiliary PWM
outputs, which allowed the implementation of cutnesgulation using PWM for a four
phase SRM. Additionally, using this hardware alldwer integration of the converter
current controller with the SRM motor and generatamtrol strategies developed on the

same hardware.

The ADSP21992 is a mixed signal DSP controller ihisgrates the fixed point ADSP-
219x family base architecture (Analog Devices 2(Q03afunctional block diagram of
the DSP controller is provided in Figure 6.5 anel ikiey features are listed in Table 6.2.
(The ADSP21992 costs approximately €19 when orderegiantities of between 1000
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and 5000). The ADSP-21992 EZ-KIT Lite developmentitdl was employed in the
experimental set-up for evaluation of the convedrd development and test of the
current regulation scheme (Analog Devices 2003hg ihtegrated special purpose and
motor control peripherals (the analog-to-digitaineersion (ADC), the pulse-width
modulation (PWM), the programmable interrupts amel programmable Flag I/O pins)
were employed in the converter evaluation and éncilrrent controller implementation.
An overview description of the development board aow these specific peripherals

are setup are provided in Appendix E.

e ADSP-219x DSP core, 160MHz

e 14-bit, 8-channel, 20 MSPS ADC with on-chip voltagérence

e 16K data memory, 32K program RAM

* Three-phase PWM generation unit, with additionaldwxiliary
PWM outputs

e 16-bit general purpose flag I/O port

* Incremental encoder interface unit

e Three 32-bit, general purpose timers

« External memory interface

e Peripheral interrupt controller

*  Synchronous serial (SPORT) and SPI communications p

« Integrated controlled area network (CAN) interface

Table 6.2:Key features of ADSP-21992

In order to implement the numerous capabilitiestted ADSP-21992 DSP, a full
understanding of the software development envirornealled VisualDSP++ was
required (Analog Devices 2002).. It provided a Engntegrated project management
and debugging environment for advanced code dereopand debug. VisualDSP++
3.0 has a number of built in oatrinsic functions designed to make programming a DSP
in a C environment even more user-friendly. Thec#jgesoftware requirements to setup

and use the required peripherals in this applinai® provided in Appendix F.
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150



6.1.6 Converter prototyping
The prototyping of the converter is discussed urder specific headings: electronic
circuit layout, mechanical layout, converter assigmand preliminary converter

evaluation. As image of the complete converterrabseis shown in Figure 6.6.

Figure 6.6: Single phase full-bridge converter final assembly

6.1.6.1 Circuit layout

The converter circuit schematic was initially drawn a CAD software schematic
capture package andetlist was generated in order to create a prototypequtioircuit
board (PCB) layout for test and evaluation. Thetregéraspect of the layout is the
MOSFET positioning that defines source and drayola to minimise stray inductance
and maximise symmetry and maximise circuit bala(tbeough equal track lengths)
between the parallel devices. After much iterateorinal layout compromise was
achieved for the parallel switching component lay@&ignificant attention was focused
on addressing the gate drive circuit layout for gate driver and the buffer circuit
where the layout was optimised for minimal straguctance and maximum circuit
balance. All gate drive signal groups used grouades in order to minimise noise and
stray inductance and maximise gate drive signalityuahe layout for the current
sensor required that the device was located asdgoossible from the high current
switching signals and their corresponding switchemgissions. The laminated bus bar
connection to the SRM (A+ and A-) separated a aefit distance from the current

sensor to minimise sensor signal interference aaxirmse signal quality as illustrated
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in Figure 6.10a. A dedicated ground plane was planethe sensor circuitry area to
minimise noise contamination of the sensor sigi&le printed circuit board layout
illustrating the various ground planes is illustchtin Figure 6.7. The complete

converter circuit schematic is illustrated in Fig:8.
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6.1.6.2 Mechanical layout

The mechanical outlines of all the major componemse defined during the PCB
layout. This allowed for detailed sizing of all nhemical components (heat spreaders
heatsink, cooling fan and bus bars) to be finalimetuding determination of the exact
locations of all the components. There were inteyas between the various mechanical
components and the PCB, which included the buslizan connections (heat spreader),
locating the sources studs on the PCB to attachbtie bar source connections,
attaching the PCB to the heat sink while electijycablating the heat spreader, routing
the bus bar through the current sensor and locafitige cooling fan was also finalized
during the PCB layout. The specific hole sizes &witions for all the mechanical
components (heat spreader, heatsink and bus AtharPCB were also defined during
the layout. An illustration of the converter assgmbith the heat spreader, thermally
conductive insulators and the heatsink is showRigure 6.9, while a detailed drawing

of the complete converter assembly is providediguie 6.10.

A number of templates were created as part of @B Ryout process that would allow

marking of the exact hole locations on the heagager (both top and sides), the exact
size and mounting hole locations for the thermatinductive insulator and the exact
mounting hole locations on the heat sink to attdmh heat spreaders and the cooling
fan. A number of template outline drawings wersoatreated for the bus bars to
specify the exact size and mounting hole locationeach bus bar layer and insulator

layer.

The holes drilled in the top of the heat spreaderewthrough-holes for the mounting
bolts to attach the PCB heat spreader assembliietchéat sink. The hole diameter
needed to be sufficient to accommodate the mourimiy and an insulating spacer.
Holes were drilled on the side of the heat spreaddrtapped for M4 bolts to attach the
relevant laminated bus bar connections. The théyrnahductive insulators were cut to
a sufficient dimension so as to allow four millimest of the electrically insulating

material to protrude all around the heat spreadalustrated in Figure 6.9. Through-
holes were punched to just allow the PCB heatspretadheat sink mounting bolts to

pass through in order to maximise electrical isotat
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6.1.6.3 Converter assembly

The assembly of the converter was divided intootsristages: the PCB assembly, the
heat spreader with MOSFET assembly, the installaticthe bus bar assembly, the heat
sink been put in place and finally the fitting dfet heatsink cooling fan. The PCB
assembly involved the installation of all the citccomponents except for the power
MOSFETs. Two MOSFETs were installed to each offthe heat spreaders and the
each assembly was then attached to the printegitdicard at the four locations for Q1,
Q2, Q3 and Q4. Insulating spacers were placed leeiwlee heat spreader and the PCB
and additional insulating spacers were placedertlihough-holes for the bolts attaching
the PCB heat spreader assembly to the heat sinlkusisated in Figure 6.10b. This
provided electrical isolation between each headaper MOSFET drain connection that
would otherwise be compromised when the PCB haaaspr assembly was bolted to
the heat sink. The bus bar lamination was routeoutfh the current sensor and then
affixed to the appropriate drain and source locatias described in section 5.7.5 of
chapter 5 and filler strips were inserted to the bar at the current sensor to improve
signal strength as illustrated in Figures 6.10a @ddb. The remaining bus bar layers
were attached to the appropriate drain and soweeections together with appropriate
thin insulator separating each layer as illustratedrigures 6.10a and 6.10b. The
thermally conductive insulators were placed atappropriate locations on the heat sink
and the PCB - heat spreaders assembly was aligitedthe heat sink and bolted in
place. The PCB - heat spreader assembly to hdabtsinnting bolts were tightened to a
torque value of 15Nm following a diagonal patteonprovide uniform pressure on all
the heatsink, thermal conductive insulator and rgmeader junctions in order to
achieve the best possible thermal equilibrium betwie power switching devices. The
heatsink cooling fan was then attached to the mbatsSThe complete converter

assembly drawings are shown in Figure 6.10.
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6.1.6.4 Preliminary converter evaluation

The initial evaluation of the converter involvedswal inspection of the converter and
the electrical test of the converter in incremerd&ges through to full converter
switching operation on a load resistance. The &irsh to be addressed was the visual
inspection of all components to determine if théuga and device orientations were
correct. The gate driver IC was removed and poweapplied to the circuit to verify no
short or open circuits and that all power supplele were available. The output pins of
the gate driver were shorted to their respectivarnon pins to prevent a floating input
to the buffer circuit. A square wave test signabwi@en applied to verify that the input
signal lines were functional. The gate drive IC wasn inserted but with the output
pins floating and the test signal was again appglederify the output gate drive signal
was available. A differential probe was used toifyethe all-high side gate drive
signals. The gate drive IC was then completelyriesleand the test signal applied once
more to verify the outputs of the gate drive buftecuit, in order to verify that the
correct signals were present and at the corre@ideWinally a low voltage and low
current power supply was applied once more to thénet without the presence of the
dc source capacitor and the test signal was apfdie@rify the output switching signal
of the converter across a large value resistorderoto evaluate that the converter was
functional. The converter was then ready for fglemtion and for the development and

test of current control strategies.

6.2 Software

Precise control is required for the SRM and thd-ltidge converter to operate
efficiently. The level and timing of the currentathenters each phase winding of the
SRM is extremely important to ensure smooth torgemeeration. In order to evaluate a
converter design, the first area of control to ddrassed tends to be current regulation.
Initially, this can be achieved using an open Isoheme at very small duty cycles, but
is really only suitable for functional tests. Theeaation of the converter precisely over
a wide range requires closed loop current contsoklaown in Figure 6.11. In this
project, it was implemented using voltage-PWM wahProportional-Integral (PI)

controller to determine the duty-cycle values
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Figure 6.11:Converter current control scheme

The converter was only implemented as a singleghest and a resistive-inductive
(RL) load was used to replicate the phase windegjstance and inductance in the
unaligned position. This provided the worst case&ddmns to evaluate both the
converter and the current control strategy. Thearobsource code was developed such

that it could be ported for implementation with-al#ase SRM.

The overall control structure was first definedoirer to achieve precise step-by-step
operation of the converter and following this theegise implementation of current
regulation was then addressed. The control strategy then implemented on the
ADSP-21992 DSP evaluation board using the C prograg language through the
VisualDSP++ application. The central function ire tproject source code was the
interrupt service routine (ISR) for the PWM dutyetyy update. A number of
experiments were conducted to evaluate the fund@ineperation and the worst-case

performance of the converter and the current coatrategy.

6.2.1 Control Structure

Current control was implemented usingveltage-PWM as described in Chapter 2,
section 2.4.1, and the duty-cycles were determirséng a Pl controller. PWM provides
fixed switching frequency operation, which allons fa constant level of switching
losses and therefore improves converter efficiefayditionally the use of a PWM
current controller reduces the current harmonidsiclv yields a reduction in acoustic
noise during SRM operation (Miller 2001). The cuatreontroller design was based on
the scheme of designing the controller for the ignald phase inductance value that

results in a stable design for all rotor positigpgRenzo 2000).

159



The implementation of the switching strategies foecise converter operation was
addressed prior to the design of the current chetrd’hese switching strategies control
the operation of the individual converter MOSFEf@rder to execute the four modes
of operation (magnetisation, freewheeling, demagagbn and shut-down) of the
converter as shown in Figure 6.12 and describé@hipter 2. The PWM output signals
were connected to the MOSFETs; @nd @, and I/O logic level signals were
MOSFETs, Qand Q.

0, lir! 0, 0, :"I“ ]ir':

0; i o 0 | f - o
(@ ()

0, Fp- o [ f 0,

0; "[’; 0, 0; ;411: 1:[>4' 0
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Figure 6.12: The full-bridge converteKa) Static view of converter in shut down mode,

(b) magnetization modé¢) freewheeling mode, ar(d) demagnetization mode

SRM control requires precise rotor position infotima in order to determine the
correct turn-on and turn-off angles, which in taefines the conduction interval over
which the current flows into and out of the phasedimg of the SRM. For operation as
a single-phase unit with an RL load, signhal pulsese generated to simulate the turn-
on and turn-off angles instead of reading and degodhe actual rotor position
information. The position information allowed fdret establishment of control signals to

precisely implement switching strategies as shawhable 6.3.

There are five distinct cycles that happened dutimg conduction interval for the
converter: start-up PWM, PI voltage-PWM, freewhB&8/M, demagnetisation PWM
and shut-down. Start-up PWM and Pl voltage-PWM anpnts magnetisation and

freewheeling operation as shown in Table 6.3. Attilirn-on angle, there is a start-up
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routine using PWM operation but at fixed duty-cgcla order to allow the current in
the SRM phase winding to rise quickly and contldifato a threshold current ()
value. The current is then controlled by Pl volt&%M operation and regulated at the
reference current {}) value and this requires PWM operation with vagaduty-cycle
values determined by a PI controller. If the cutiexceeds an upper limit currentidl),
assigned to be 10% abovg,Ithen freewheel PWM operation is required to alltw
current to decrease sufficiently. This mode app&sduty cycle to Qand 100% duty
cycle to Q.

At the turn-off angle, demagnetisation of the phasaling commences and when the
value of the current is above the threshold lekel MOSFETSs, @and Q, are turned
on. @ requires PWM operation and is implemented at 199 with 100% duty cycle.
This higher frequency operation allows more frequwemrent measurement to determine
if the minimum current threshold has being reach&dally, demagnetisation at low
current and shut-down requires that all MOSFETs tareed off and the remaining
current conducted through the intrinsic diodeshefMOSFETSs. Shut down also signals

the end of close loop control for that particulaage.

Position] Modes Full bridge converter

logic of Q1 Q3 Q2 Q4
A B Operation Imea:<|th Imea:<|th<|high Imea:>|high Imea:<|th Imea:<|th<|high Imea:>|high
1 | 1| Mag/free|start PwWM Pl PWM Free PWY Start PWM  PIPWM Free PWM On Off
1 0 Demag 0% Shutdown| Demag PWM (100%) Off Oon
X | 0 | Shutdown Off

Table 6.3: Rotor position logic and converter switching cycle

The angle data and current measuremept. Idata determine the transition points
between the different cycles. The current measumerdefines the point to toggle
between start-up PWM and PI voltage-PWM (Pl PWMJl éime changeover between
demagnetisation at high current (demag PWM) and-dgbwn if the shut-down angle
has not yet being reached. The angle data defifesn WwWM (start-up and PI)

commences and when demagnetisation commenced.

The PI controller determines the new duty-cyclaigakequired to regulate the current at
a predetermined reference value. The control laed dsr the PI controller is shown in
equation 6.1 (Dorf 1998).
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u(t)=K, e®+K, ‘T[e(t)dt (6.1)

In this application, u(t) is the new duty-cycle w@] K, the value of gain applied to the
error signal, e(t). The error signal, e(t), is thiference between the reference current,
ler, and the actual measured curreptad K; is the value of gain applied to the integral
of the error signal. The time increment, dt, is A&/M period (40us for 25kHz
switching frequency), as the integral of the eisodetermined at a fixed time interval
during the ISR for the PWM update.

The PI controller was tuned manually. The resultaltes of K and K, were K, =
0.015 and K= 0.1.

6.2.2 Control Implementation

The source code was structured for the implantatith a four-phase SRM. Since the
converter was only evaluated as a single-phasend®lLaoad, only the source code for
a single-phase (phase A) was fully developed astbde The ISR for the PWM was
only developed for a single-phase (phase A) butdceasily be expanded for phases B
and C. Phase D would require the implementaticanadfSR for auxiliary PWM but was
not developed further than the initialization stageorder to verify it was capable of
matching the operation of the other three phasdé® 3ource code contains six
functions: read_rotor_angle(), commutation_four ggtp =~ motor_control_a(),

pwm_isr(), Initialization(), and the main function.

A tutorial on how to implement the configuratiorgugrements for the DSP modules
(ADC, PWM, Auxiliary PWM, Program sequencer andiptegral interrupt controller,

and Flag 1/0) used in this project are documentedppendix E and tutorial on using
the VisualDSP++ development suite to create thecgocode is provided in Appendix

F. The complete source code is documented in App&hd

The main function calls the functions in the appiae sequence for successful
program operation for the PWM current control updatA number of DSP modules
(Clock speed, Interrupts, ADC, PWM, Aux PWM and FI@gisters needs to be

configured before program execution. These setgpirements are grouped together in
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a single initialization functioninitialization(). The flowchart for the overall structure of

the program source code is shown in Figure 6.13.

Start
Main

Initialization
Clear all interrupts
Assign peripheral interrupts to core
Associate PWM ISR to core interrupt signal
Globally enable interrupts
Intialize PWM, Aux PWM, FIO and ADC

SR
Enable
On

v T
Read .
Angle —p»|  Commutation
PIPSVI};/I | Motor _Control == Shut Down

Figure 6.13:Overall source code structure

The central function in the project source codehis ISR for the PWM update. A
number of other functions are required for the IBfplementation and to provide
structure in the execution of the source code. ideio to implement the PWM
successfully, the exact rotor position is requiseda functionyead rotor_angle(), was
developed to provide rotor angle information. Ae tonverter was only evaluated as a
single phase with a RL load, the function only pded the angle output data needed to
test the converter operation. The angle informasamsed by the commutation function,
commutation_four_phase(), to generate the appropriate control signals @ement the
various modes of operation for each phase and |disiaé other phases at the same time

as illustrated in the flowchart shown in Figure4.1
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Start
Commutation

Read angle

Enable active phase
Disable all other plmse

Selectton

0,,<0< 00ff l)ff< 0< Ostutdown 0> Oshur-down
Demagnetisation Shut-down
PWM Enable Enable Enable
Motor Control

i

Figure 6.14: The commutation function to determine the cordighals

The control signal information is then used by thetor control function,
motor_control_a(), to configure and enable the PWM outputs and i@ dutputs for
phase A, as illustrated in the flowchart shown iguFe 6.15. This implements each of
the five distinct cycles (startup PWM, Pl PWM, fndeeel PWM, demag PWM and
shutdown) that occur during the conduction interghlthe converter. A duty cycle

update control variable is then set to allow thie t8 be called.

The steps involved to implement the ISR function ke PWM, PWM_ISR(), are
illustrated in the flowchart shown in Figure 6.T®e first step in the ISR is to clear the
interrupt and then check if in th8%half-cycle of the PWM signal as an update is only
implemented at this time. This provides a half PWetiod between the ADC reading
and the duty-cycle update. The ISR then reads € Malue and calculates the current
value, and then using this information calculates tuty-cycle value from the PI

difference equation. Then depending on the corsigrhal for the converter mode of
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operation (magnetisation, freewheeling and demagat&tn) and the level of current,
the final duty-cycle update codes are determined assigned to the appropriate

registers. The duty cycle update control variablédhen cleared before exiting the ISR.

Motor_Control

Start-:'[‘; dPWM Demagnetisation Shut down
PI Voltage-PWM
Imeas > Itlz Imeas < Ith
Set PWM Frequency- 25kHz Set PWM Frequency - 100kHz v
Invert low side PWM outputs Invert Low side PWM outputs No invertion of low side
SR Alternate Mode SR Alternate Mode PWM outputs
_|Enable PWM outputs with .| Enable PWM outputs with Disable SR Alternate Mode
PWM Sync signal & double PWM Sync signal & double - Disable PWM outputs and
update mode update mode PWM Sync signal
Enable Q, Flag I/0 Disable Q; Flag 1/0 Disable Q; Flag 1/0
Disable Q, Flag 1/0 Enable Q, Flag 1/0 Disable Q, Flag 1/0
\ /
=~ PWM ISR -
End

Figure 6.15: The motor control function to initial the appragie converter cycle
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Leas<Im

Start
PWM ISR

Clear Interrupts

| Test for 2" half cycle |
| N
Yes
Current Reading
e Read ADC
e Scale reading to true
current value
e PI Controller
Calculate Error
Calculate Integral
Calculate duty cycle (D)
I Sell
Startup PWM
and Demagnetisation
PI PWM
1< Lneas> Tnign Lncas™ Thign Lneas > Lun Teas <In

SetD =2.5% for O,
Set D =2.5% for Q;
Start-up PWM

Set D =D for Q;
Set D =1-D for Q;
PI PWM

Set D =0% for Q;
Set D =100% for Q;
Freewheel PWM

Set D =0% for Q;
Set D =100% for Q;
Demag PWM

l

l

|

Set D =0% for Q;
Set D =0% for Q;
Shut-down

l

Figure 6.16: The ISR for the PWM duty-cycle update
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6.2.3 Design Verification

As noted previously, the control strategy was immated on an ADSP-21992 DSP
development board. Only a single phase convertar evaluated and an RL load was
used to model the phase winding resistance anctiadce at the unaligned position.
This provided the worst-case condition to evallmith the converter operation and the
current control strategy. Initially the elementargnverter and source code operation
was evaluated under three separate conditiongydteedrive operation, the gate drive
switching operation under the different cycles gfetion and finally the current

measurement capability. The current control algaritwas then evaluated at different

current levels in order to verify the converter igi®n and current control accuracy.

6.2.3.1 Preliminary Converter and source code evaluation

The initial assessment of the converter necesditha the gate drive switching signals
be evaluated from the DSP evaluation board outpuugh to the power MOSFETSs
(Q1-Qg) inputs in order to verify that signal levels wererrect at each stage The
switching signal chain from the DSP output throtigé gate drive buffer circuit output

of the converter is shown in Figure 6.17.

Tek I0.0MS;ES 236 Acqs
o

==

c2 Ampl
240mVv

C3 Ampl
280mVv

C1 +Duty
2.4 %

Chi 2,00V & Ch2 200mv  M5.001s ChA2 7 264mMV 1§ jun 2008
200mv 11:20:33

Figure 6.17:Gate drive signal path for,@t DSP 3.3V output (Channel 1), at the
IR2110 gate driver 5V input (Channel 2 1V = 50m¥Wyat buffer circuit 15V output
(Channel 3 1V = 20mV)
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The current measurement by the DSP was verifiedanjunction with the basic
MOSFET switching operation using the setup illusttain Figure 6.18. The MOSFET
switching signals for start-up PWM, Pl PWM, demagation or demag PWM and
shutdown were evaluated at this time. The signaistHe transition between start-up
PWM and Pl PWM, and between PI PWM and demag PW&khown in Figures 6.19
— 6.20, respectively.

1 c2
J - 2 1 I} 2
1 100nF iz

C ) 1

o 3

DSP 4 2

evalua tion —g— . q

hoard Ffy

2R I
LA100-P/SP13
LEM NOTE!

Each phase winding has 10 turns.
This corresponds to 104 fora 14

input and yields 10ma full scale
|A from M pin. The DEP requires 0-1V
fisll scale for the ADC input.

Lal00-P/5PL3
v

i +HW

Figure 6.18: Initial current measurement test setup
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Figure 6.19: Transition between shutdown and start-up PWM opmra€, (Channel
1), Q@ (Channel 2), @(Channel 3) and JChannel 4). @has fixed duty cycle of 2.5%
and consequently {has a duty-cycle of 97.5% during start-up, whi2iQon and Q4

is off
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Figure 6.20: Transition between Pl PWM and demag PWM operat@r(Channel 1),
Q. (Channel 2), @(Channel 3) and £ Channel 4). The £PWM gate signal operated
at 100 KHz and 100% duty cycle during demagnetigati

As can be seen from Figure 6.20, unstable PWM diperaoccurred during the
transition between Pl PWM and demag PWM. During thierval of approximately 10
— 20us, Qturned on while @was on leading to a shoot through current conditi®
number of attempts were made to prevent this gfiteim occurring including adding a
delay in the angle reading source code to shut dbwrctonverter between transitions,
but a solution could not be found. As this occuraéthe reference current, which could
be up to 100A and as the result of one board faiktr much lower current, it was
decided to disable this feature and go directlghotdown from Pl PWM as illustrated
in Figure 6.21. While demag PWM is possible, tHikly would need to be resolved in
order to implement both demagnetisation mode dt higtor speed and generator mode
at high efficiency and achieve the maximum advamtafgthis converter design. As the
converter was designed for operation with a dutglecypf 10% during demagnetisation
mode and the value experienced during testing & atlISG starting speed (200rpm),
the demag PWM mode was disabled to achieve stalfit@ase operation. Therefore,

during shutdown the demagnetisation current wolalt through the intrinsic diodes of

Qs and Q.
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Figure 6.21: Transition between Pl PWM and shutdown operation(Ghannel 1), @

Once the current measurement and MOSFET switchimgation was verified, the PI
current controller was developed for operationAstibitially. The controller was tuned
heuristically with the test results shown in Tablé for proportional gain, K integral
gain, K, 5A reference current,f, peak current,l,, steady state curren, Ipercentage
overshoot, OS%, rise time, settling time, { and steady state errot, @0 illustrate the

transient and steady state response of the sy$teamesultant values of kand K, that
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 ch3zoom:
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5.

o6V ChZ
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500V
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C1 Freq

1 25.0000kHz
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96.1%
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17:20:00

(Channel 2), @(Channel 3) and £Channel 4).

yielded the best performance characteristics wgre 8015 and K= 0.1.

Kp Ki Ipeak (A) Iss (A) 0S% tr (|J.S) ts (|J.S) ess
0.001 0 2.8 2.5 -44 270 960 -2.5
0.01 0 4.6 4.3 -8 430 810 -0.7

0.1 0 16.3 4.9 226 640 5680 -0.1
0.05 0 8.5 4.7 70 700 3180 -0.3
0.02 0 5.3 4.5 6 680 1500 -0.5
0.015 0 4.9 4.4 -2 700 1100 -0.6
0.015 0.001 5 4.5 0 700 1100 -0.5
0.015 0.01 5.3 4.8 6 700 1160 -0.2
0.015 0.1 5.3 4.9 6 7200 1100 -0.1
0.015 1 5.4 4.9 8 700 1100 -0.1
0.015 10 6 4.9 20 700 1840 -0.1
0.015 0.5 5.3 4.9 6 700 1260 -0.1

Table 6.4:Results from heuristic tuning of the PI currenttroller
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A comparison between the measured current of 5Ahe RL load and the value
calculated in the source code and plotted by tteaADSP++ application is shown in
Figures 6.22 and 6.23, respectively. This veritigel converter current sensor operation

and measurement accuracy using the source coddatain.

Tek EI{qeR 1.00MS/s 15 Acqs
-

¥ : : : : 49.4mv

M2.50ms Chd 7 13.2mV 29 jun 2008
16:11:23

®E 10.0mv

Figure 6.22:Measured current in the RL load at 5A (Channel 3=120mV/div)
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Figure 6.23:Current of 5A calculated during source code exeoudind plotted by the

VisualDSP++ application. Current measured by cursensor on the converter
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6.2.3.2 Current controller evaluation

The performance was then evaluated under the eliffeoperating cycles (start-up
PWM, Pl PWM, demagnetisation PWM and finally shotyvh). Figure 6.24 illustrates
the full-bridge converter modes of operation fdit saitching to provide a reference for
comparison with the actual results. Operation urstiert-up PWM conditions is shown
in Figure 6.25, while the transition between stgrtPWM and Pl PWM conditions is
shown in Figure 6.26. The current ramped up witiked duty cycle value until the
threshold current,l, was reached and then continued under Pl PWM tipenantil the
reference value,d, of 5A was reached. Once at the reference curtkatPl PWM
control strategy regulated the current at the esfee value. At demagnetisation, all the
MOSFETSs (Q - Q) were turned off and the transition between Pl P@fid shut-down
is shown in Figure 6.27. The current handling cdjpalwas then evaluated at three
different current levels, 20A, 40A and 100A, ané ahown in Figures 6.28 — 6.30,

respectively

A\ 4

A\ 4

v

©
v

%V

“//II III\

»
>

0
Figure 6.24:Full-bridge converter modes of operation for swefitshing (I)

magnetisation, (Il) freewheeling and (Ill) demagsegion
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Figure 6.25: Start-up operation at transition period betweeriddwn, start-up PWM
and Pl PWM, Q (Channel 1), @(Channel 2), RL voltage (Channel 3) and RL current
(Channel 4 — 5A/div).
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Figure 6.26:Current waveform and control signals at transipenod between start-up
PWM and Pl PWM, @(Channel 1), @(Channel 2), RL voltage (Channel 3) and RL
current (Channel 4 — 5A/div ).

173



TeKS.OOMS/:s 19 Argqs

H i H

: : : : . : : : : 1 €1 Fre
) ﬂ ) :j ) T ) ) ) : 124.99885kHz

EF 590V Ch? 5.00V  MZ20.00s Chd % 4.8mv 20 Jun 2008
Ch3 1.00v  chd4 10.0mv 17:33:10

Figure 6.27:Current waveform and control signals at transipenod between PI

PWM and shut-down, Qswitching signals (Channel 1),®witching signal (Channel

2) and RL load voltage (Channel 3), Current (ChaAne5A/div)
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Figure 6.28:Current and voltage waveform and control signal2@A RL load

current. Q switching signals (Channel 1), @witching signal (Channel 2) and RL load

voltage (Channel 3), Current (Channel 4 — 10A/div)
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Figure 6.29:Current and voltage waveform and control signaigt®A RL load
current. Q switching signals (Channel 1), ®witching signal (Channel 2) and RL load

voltage (Channel 3), Current (Channel 4 — 20A/div)
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Figure 6.30:Current and voltage waveform and control signalsl@0A RL load
current Q switching signals (Channel 1),®witching signal (Channel 2) and RL load
voltage (Channel 3), Current (Channel 4 — 50A/div)
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6.3 Summary

The system implementation consisted of both hardveard software. The hardware
included two experimental setups and the full-beidgonverter prototyping. One
experimental setup consisted of the SRM and a doaé/ motor with a torque

measurement system and a second setup comprisadp@fch load to model a single
phase winding of the SRM. Experiments were onlyiedrout on the bench load. The
full-bridge converter prototyping included the dteaic circuit layout, the mechanical

layout, the converter assembly and the prelimicaryerter evaluation.

The software operation centred on the switchingtatjies to control the operation of
the individual converter MOSFETs and the implemgota of the PWM current

regulation strategy. The execution of precise euroentrol required an understanding
of the DSP evaluation board used in this applicatibhe specific areas included the
ADC, the PWM, and the auxiliary PWM, the progranqguwencer, the peripheral
interrupt controller and the flag 1/0. An understany of the software development
environment, used in conjunction with the DSP eatdun board, was required in order

to implement all the DSP functions required in tplication.
The design was evaluated under a range of operé&ioon initial functional testing

through to full power operation and the limitatioasd the results are presented to

illustrate each level of operation.
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Chapter 7 - Conclusion and Recommendations

7.1 Conclusions

In this thesis a number of converter topologiesifgplementation with the SRM were
presented. The full-bridge converter with synchimorectification using two
MOSFETs mounted in parallel was chosen for thegtetiat would be used as part of
integrated starter generator (ISG). Control stiategvere designed to provide precise
control of the full-bridge converter switching dees and implement current regulation

using voltage PWM with a proportional-integral aotier.

The opening chapters presented a review of the SRM a number of converter
topologies. This provided the criteria to define tiperating conditions when operating
the SRM as an integrated starter generator andwed the converter selection to the
half-bridge asymmetrical converter and the fuldige converter. Preliminary analysis
on the switching devices and the converter topelgietermined the most efficient
configuration for operation under motoring and gatieg conditions and also defined
the limits for the converter operation under thesaditions. The switching frequency
was defined to be fixed at 25kHz and the currers vesyulated using PWM and the

duty cycle value determined using a proportionggnal controller.

Based on this analysis, the full-bridge with symetous rectification using two
MOSFETs mounted in parallel was deemed to provigenost efficient solution for
SRM operation as a motor and especially when opegrats a generator. MOSFETs
connected in parallel improved the current handiiagability of the circuit but the
implementation was more complex than using indialdnodules. The issues that had
to be addressed centred about maximising the dubedance between parallel devices.
This was achieved through minimising stray induceaby using symmetrical layout
and using laminated bus bars for all high curremnections, designing a gate drive
circuit to provide the significant charge requitedthe parallel devices at turn on and a
low impedance path for fast device turn off, antbtigh close thermal coupling of
parallel devices by mounting them on a heat spreddwrmal analysis determined the
most suitable heat sink configuration while a ctbéeop Hall effect transducer was

selected for the current measurement.
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The converter was evaluated using an experimeetapsomprising of a bench load to
model the characteristic of a single SRM phase wwndC code was developed to
implement the switching strategy for the convedwitching devices to implement
magnetisation, freewheeling and demagnetisationeswad operation based on angle
information data. PWM with the duty cycle updatédotigh a proportional-integral

controller as the method used to implement cumegutlation.

The software was implemented on a DSP evaluatioardbocand required a
comprehensive understanding of a number of kewrfeatof the DSP including ADC,
PWM and interrupt implementation. The hardware aoftware were validated by
experimental results presented in Chapter 6. Theer@xental results verify the
switching strategies, but highlighted unstable P\&dération in the transition between
Pl PWM and Demag PWM. Attempts were made to restiiggproblem but none were
found. Demag PWM mode was disabled (the convergart wtraight to shutdown mode)
in order to prevent a current shoot trough conditi@curring that would result in a
catastrophic converter failure. The experimergallts verify the current measurement
accuracy and the converter current handling capabip to 125A. While the current
handling capability was verified for the convertdtis was due in part to an error that
was occurring in the current measurement. Whilectireent measurement was accurate

up to 40A, the error in the measurement when itreadhed 125A was >25%.

A second experimental setup was constructed comgist a 3.5kW 4 phase SRM and a
load/drive motor with torque measurement systemdnly the bench load setup was

used for converter testing and software development

7.2 Recommendations

While software was developed and tested to implérttenPWM strategies to operate
the converter in start-up PWM, PI PWM and in deni®yM modes, the unstable
transition between PI PWM and demag PWM need toebelved in order to achieve
stable system operation.

With full motor operation and precise position imf@tion it could be possible to apply
0% duty cycle to Q1 and 100% duty cycle beforeingroff Q2 and turning on Q4.
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Developing a test circuit to implement precise rqgiosition information would be the

next logical stage for prototype software developme

The 1kW power supply was completely saturated fairdhg the 125A measurement,
therefore, to operate a 3.5kW SRM at high poweelkea 3.5kW — 5kW power supply
would need to be obtained or designed to fully eat& the converter with the SRM.
The current measurement accuracy would need tonalyseed to determine if the non
linearity in the reading could be corrected inwafte or if an alternative current sensor

would be required.

There is a possibility that the start-up PWM modeld be eliminated as this would
allow faster rise time of the current waveform. Exments would need to be conducted

to verify that the current overshoot was not exesesespecially at high current levels.

Three more single phase converters would need twobstructed in order to evaluate
the 4 phase converter operation with the load/drivetor. To evaluate a 4 phase
converter, the low voltage power supply and intafaircuit would have to be

redesigned to facilitate of a four phase converter.

Further source code development would be requiveinplement the PWM current
control of the fourth phase using the auxiliary PWhbdule of the DSP evaluation
board. Software development would be required tplement and adapt control

strategies for operating the 4 phase SRM as a raotba generator.

From the preliminary analysis it is better to operde SRM at a higher speed in order
to reduce the losses during starting conditionstarthve the majority of the generating
and regenerative braking occurring at a higher ¢dpeeorder to maximise converter

efficiency.
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Appendix A — Power Analysis Derivations

The detailed analysis provided in the followingt&ets presents the relevant equations
and parameter values that are used to implemenmtaver analysis for each component
in both the asymmetrical half-bridge converter arldbridge synchronous rectification
converter and to determine the overall convertiiciehcy. The analysis is divided into
three specific ISG modes of operation: (a) staramg low speed motoring, (b) low
speed generating and (c) high -speed generatimyindber of equations are defined for
the current, voltage and power calculations anddleguations are used throughout this
appendix. A method is presented to determine th@egfcy for a single phase converter
phase in each ISG mode of operation. The currehivaltage waveforms are presented
for each component (Q1, Q2, D1 and D1) of the asgtrioal half-bridge converter and
the relevant equations and parameter values anesttlected for at each ISG mode of
operation. The same procedure is implemented fon eamponent (Q1, Q2, Q3 and

Q4) of the full-bridge synchronous rectificatiomeerter.

A.1 Analysis Equations
The voltage and current waveforms are assumed tpehiedic during the converter
operation. The specific current and voltage wavafofor each switching device in both

the half-bridge and full-bridge converters configizns are illustrated in Sections A.3.

i(t)A

Ly

<«—DT—» ¢
- T >

Figure A.1: Periodic square waveform

The average value of current for the periodic sguaave shown in Figure A.l is

determined from the equation (Hart 1997):

T

| ave :%ii(t)dtzlmD (A.1)
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The RMS value of current for the periodic squar@evia determined from the equation

(Hart 1997):
T =,/$li2(t)dt =1,7D (A.2)
ik

T~ .
D7) J t

= T

Figure A.2: Periodic triangular waveform

The average value of current for the periodic gidar wave shown in Figure A.2 is

determined from the equation (Ness 2006):

T

1},
v = ?.([l(t)dtzo.ﬂ D (A.3)

The RMS value of current for the periodic triangweave is determined from the

equation (Ness 2006):
I = —1].i2(t)dt = | 1/— (A.4)
RMS T ) M 3 '

The conduction power losses for the MOSFET are raeted by the equation
(Williams 1987):

P. =l RMS)2 Rds(ON)HOT (A.5)

The hot on-resistance §Rony+o1) is the MOSFET drain to source resistance at the

maximum allowable junction temperature.
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Figure A.3: Typical voltage and current at turn-off switchimgnsition for an inductive

load. Current and voltage are interchanged atdarn-

The MOSFET switching transition power loss is daieed using the equation for an

inductive load as shown in Figure A.3 (Williams 798

P :szlm (t, +t,)f, (A.6)

S

Vm = Vbs= Vs (the applied voltage) for {and Q of both the half-bridge and full-bridge
converter, as shown in Figure A.9 (page AMN).= Vp = Vsp (the forward voltage of
the intrinsic diode) for @and Q of the full-bridge converter, as shown in Figur2\
(page A28)l, equals the maximum phase current, whikendt; are the worst case rise

and fall times, respectively.

The conduction losses for the diode are determisaty the equation (Williams 1987):

P=1_V,D (A.7)

WhereVp = VE (the forward voltage of the diode) ahglis the peak current arid the
duty cycle of the current, an example of this isvgh in Figure A.9 (page A15).

The switching losses for the diode are determirsdguthe equation (Williams 1987):

P =Q, Wk f; (A.8)

Where,Qy, is the reverse recovery charyfe,= -Vp = Vs, the reverse voltage applied to

the diode just after turn-off arfgis the switching frequency.
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The total power loss for a single phase is the sfirall the component losses, both

conducting and switching losses, and is determinyetthe equation:

P

PT T(QD + I:)T(Qz) + PT(Dl) + PT(DZ) (A.9)

(sP
A.2 Converter Efficiency and Power Transfer

The efficiencyof a power converter is defined as the ratio ef thutput power to the
output power plus losses (Hart 1997). In this ayggpion the converter transfers power
in both directions (motoring and generating) sodbgut power is defined as the phase
power.

P

= — ":P (A.10)

phase T(SP)

During magnetisation the power is transferred fribim battery voltage source to the
phase winding while during demagnetisation and gimg the power transfer is from
the phase winding to the battery. Power lossesrdocthe converter, Rsp), during all

stages of operation, so the total output powehefdonverter is the sum of all power

transfers, Rhase

The current and voltage waveforms for the phaselwgof the SRM are nonsinusoidal
periodic waveforms as shown in Figures A.4 (page, A6 (page A8) and A.6 (page
A10). The current and voltage waveforms can beesgted by the Fourier series as
shown in Equations A.11 and A.12 (Hart 1997).

V(t) =V, + YV, cosput + 6,) (A.11)
(1) =1, + 1, cospat + @) (A.12)

The average power is determined using equation A.13
1 T
P == |v()i(t)dt A.13
= J ®it) (A.13)
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The average power for nonsinusoidal periodic veltand current waveforms is
expressed as

© '\ |
P=V,, + Z[%jcos@n -9) (A.14)
n=1

The total average power is the sum of the powettseatrequencies in the Fourier series.
For practical analysis in order to determine thesivgase power losses, the idealized
periodic voltage waveforms are constructed froreguence of square waves, while the
idealized periodic current waveforms are constaifterm a sequence of square waves
and triangular waves. The average power losses amalysed for three specific 1ISG
modes of operation: (a) starting and low speed rrap (b) low speed generating and

(c) high-speed generating.

The power transfer for the converter is assumebetgositive when it is from the
battery to the phase winding, while during demaigagbn and generating the power
transfer is assumed to be negative. The powerfa@m either direction contribute to
power losses by the converter components so thaitndg of all the power transfers is
assumed to contribute to the output power of theveder. In order to determine the
total power transfer for the converter, the powensfer during generating and
demagnetisation is multiplied by -1.
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A.2.1 Starting and Low Speed Motoring

The calculation of the average power during stgréind low speed motoring is divided
into two regions, () magnetisation and (Il) demeiigation as indicated in Figure A.4.
The phase winding voltage is assumed to be squaxesvduring the magnetisation
region and constant during the demagnetisatiorongegvhile the current is assumed to

be constant during magnetisation and a triangulrenshape in the demagnetisation

region.
Lt [«——— Stroke or Conduction Period —— >
I I
Lo | | >~
| I |
I | I | I
Lo | I |
min | | | | |
L I | ,
T T 1 | ' rig
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T p >
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! ' DT | !
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Figure A.4: Phase winding voltage and current waveforms dwstaging and low

speed motoring

The time corresponding to the turn-on andlg)(is to = 0, the turn-off angle at the
alignment angle;) occurs at;, the end of demagnetisation occurs,atnd the end of
the stroke 4;) is att3 = Ts. The value ofTs is determined from the speed of the SRM.
The duty cycle for the magnetisation region (I)Ds and the duty cycle for the
demagnetisation region (ll) iB,. The PWM square wave voltage waveform has a
switching frequency of 25 kHz and has an averadg dycle of 50% as described in
Chapter 4, Section 4.1.4.1. This yields an ovehaty cycle for the voltage square wave
of 0.5D..
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The equation for the average powBj pver the stroke during starting and low speed

motoring is defined as:

P=_"[vi{)dt (A.15)

1]
T

O —y ;1

V)i (t)dt+ [ v)it)dt+ [ ve)it)dt (A.16)
o= 2 fuerom fueroe fwcon)

—||,_\

During magnetisation (I) the interval— t;, the current is constanit,j and the voltage
square wave has a peak valu&/gas shown in Figure A.4 The equation for the averag

power during magnetisatiofPy) is defined as:

5 | DlTS

m j v(t)dt =05l V<D, (A.17)
0

P, = Tijv(m(t)dt -0

S

During demagnetisation (ll) in the interval— t,, the voltage is constantg) and the
current is approximated by a triangular wave ansl &ageak value df, as shown in

Figure A.4. The equation for the average powermdudemagnetisatiorPfy) is:

j v(t)i(t)dt = TVS Zsjil(ts)dt:—O.BVSIsz (A.18)

Ts ty s D.Ts

The power transfer is from the phase winding toltaery so the average power during
demagnetisation is:
P, =-1(-05v,l_D,) = 05Vl D, (A.19)

The average power loss during the intetyat t; is zero as the voltage and current is
zero during the interval. Therefore, the averagevgsgo(P) over the stroke during

starting and low speed motoring is defined as:

P = 051,V.D, + 05l V.D, (A.20)

A.2.2 Low Speed Generating
The calculation of the average power during lowespbgeneration is divided into two

regions, (I) magnetisation and generating andd@hagnetisation as indicated in Figure
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A.5. The phase winding voltage waveform is assutoede square waves during the
magnetisation and generating regions and constamingd the magnetisation
demagnetisation region, while the current is assunte be constant during

magnetisation and generating and a triangular wlavieg demagnetisation.
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Figure A.5: Phase winding voltage and current waveforms duonggenerating

The time corresponding to the turn-on andlg)(is to = 0, the turn-off angle at the
unaligned angledg occurs ist;, the end of demagnetisation occurs,and the end of
the stroke 4;) is att3 = Ts. The value ofTs is determined from the speed of the SRM.
The duty cycle for the magnetisation and generataggon during the intervdp — t; is
assumed to be the samebatand the duty cycle for demagnetisation duringitierval

t; — b is Do.. The PWM square wave voltage waveform has a sintctiequency of 25
kHz and has an average duty cycle of 50% as destiib Chapter 4, Section 4.1.4.2.
This yields an overall duty cycle for the voltaggiare wave of 0.5Dfor magnetisation

and 0.50 for generating.

The equation for the average powBj ¢ver the stroke during low speed generating is

defined as:
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Ti( [vidt+ j vi)de+ | v(t)|(t)dtJ (A.21)

to

During magnetisation in the intervial— t;, the current is assumed to be approximately
constant () and the voltage is a PWM square wave with a padke ofVs and a duty
cycle of O as indicated in Figure A.5. The average powerndudemagnetisatiorP(,)

is:

== j v(t)i(t)dt = 05l,, ].S\/(t)dt:0.5l V<D, (A.22)

Sto s

During generating in the intervé — t;, the current is assumed to be approximately
constant I(,) and the voltage square wave with a peak valu&oénd a duty cycle of

D; as indicated in Figure A.5. The average powemdugeneratingHg) is:

| DlTS

- 051 VD, (A.23)

Sto

The power transfer is from the phase winding toltaery so the average power during
generatingg) is:
P, =-1(-05I_V.D,) =051 V.D, (A.24)

During demagnetisation in the intenta} t, the voltage is assumed to be constanyj (-
during the interval and the current is approximabgda triangular wave with a peak

value ofl, as indicated in Figure A.5. The average powemdudemagnetisation is:

== j v(t)i(t)dt = _TVS ZSJtil(tS)dt:— 05Vl D, (A.25)

S ty S DiTs

The power transfer is from the phase winding tolthttery so the average power during

demagnetisation is:

P, =-1(- 05Vl _D,) = 05Vl D, (A.26)
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The average power loss during the intetyat t; is zero as the voltage and current is
zero during the interval. Therefore, the averagequoP) over the stroke during low

speed generating is:

P=1,VD,+05l VD, (A.27)

A.2.3 High Speed Generating

The calculation of average power during high spgederation is divided into three
regions, (I) magnetisation, (Il) generating and) (demagnetisation as indicated in
Figure A.6. The phase voltage waveform is assuraduetconstant during all regions,
while the current waveform is a triangular wave fboth magnetisation and

demagnetisation and is a constant for the genegragigion.
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Figure A.6: Phase winding voltage and current waveforms dumigh speed
generating
The time corresponding to the turn-on andlg)(is to = 0, the magnetisation turn-off
angle @ox) occurs id;, the end of generating occurs at the rotor anrspole overlap

(f4) occurs at,, the end of demagnetisation occurgzand the end of the strok&) is
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att, = Ts. The value offs is determined from the speed of the SRM durindp lsigeed
generating. The duty cycle for the magnetisatioringuthe intervalt, — t; is Dy, the
duty cycle for generating during the intervial— t; is D, and the duty cycle for

demagnetisation during the intertat- t3 is Ds.

The equation for the average powB} 6ver the stroke during low speed generating is

defined as:

P= Ti Tv(t)i(t)dt+;|?v(t)i(t)dt+Iv(t)i(t)dt+Iv(t)i(t)dt} (A.28)

s \t

During magnetisation in the intervgl— t;, the voltage is assumed to be approximately
constantYs) and the current is a triangular wave with a pealke ofl, as indicated in

Figure A.6. The equation for the average powerdudemagnetisatiorP(y) is:

1 4 V DiTs
P, :T_J'V(t)i(t)dt :T_S Ii(t)dt:O.5ImVSDl (A.29)
S 0

Sty

During generating in the intervaéd — t, the current and voltage are assumed to be
approximately constant dt, and Vs, respectively, as indicated in Figure A.6. The

average power during generatiigg) is:

1 t -V D,Ts+DiTg
— H _ S'm —
P = JVOiIdt === | di=-V,,D, (A.30)

St s DiTs

The power transfer is from the phase winding toltaery so the average power during

generatingRg) is
Pe = -1(-V¢l,.D,) =Vl . D, (A.31)

During demagnetisation in the intental t;, the voltage is assumed to be constanj (-
during the interval and the current is approximatgda triangular wave with a peak
value of I, as indicated in Figure A.6. The equation for thépat power during

demagnetisation is:

All



1 ty _ D3Ts+D,Ts+DiTs
P, :T_Jv(t)i(t)dt =— s Ii(t)dt:—O.S\/SImD3 (A.32)

St, S D,Ts+DiTs

The power transfer is from the phase winding tolthttery so the average power during
demagnetisation is:

P, =-1(- 05Vl D,) = 05V, D, (A.33)

The average power loss during the intetyat t; is zero as the voltage and current is
zero during the interval. Therefore, the averagevgsgo(P) over the stroke during

starting and high speed generating is:

P = 05l V.D, +I VD, + 05| V.D, (A.34)
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A.3 Component Analysis

The analysis for each component of both the asyncaéhalf-bridge and full-bridge
synchronous rectification converter is divided intioree specific ISG modes of
operation: (a) starting and low speed motoring,l¢) speed generating and (c) high
speed generating. The mechanical rotor positiodudtance profile, the switching
waveforms for all components (Q1, Q2, D1 and D2y the associated phase voltage
and current are illustrated in Figure A.7 for (&grsng and low speed motoring and (b)

low speed generating.
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Figure A.7: Waveforms at speeds of operation (a) startingl@anvdspeed motoring (b)
low speed generating
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The mechanical rotor position, inductance profilee switching waveforms for all
components (Q1, Q2, D1 and D2), and the assocjgltede voltage and current are
illustrated in Figure A.8 for high speed generating
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Figure A.8: Waveforms for high speed generating operation
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A.3.1 Asymmetrical half-bridge

The determination of the relevant equations an@rpater values for evaluating each
component (Q1, Q2, D1 and D1) in each ISG modepefation (starting, low speed
motoring, and low and high speed generating) fag #symmetrical half-bridge

converter is presented in the following sectionke Bchematic of the asymmetrical
half-bridge converter including the converter mod#s operation (magnetisation,

freewheeling and demagnetisation) are illustrateigure A.9

VDCC °

1

o N
D, L 0

(@)

(b) (© (d

Figure A.9: The asymmetrical half-bridge or classic conveli@y Static view of
converter(b) Energization mod€c) Freewheeling modéd) Forced demagnetization
mode
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A.3.1.1 Starting and low speed motoring — @

Vg O
} 1) Lyin

Q1J|-<- TV(QI) A D,

I_,_/VW‘\_T_‘
D, x > LQZ
—

(a) (b)
Figure A.10: (a) Converter schematic with voltage and currengllad for Q.

(b)Voltage and current waveforms fog Quring magnetisation

The conduction losses are determined using equalidn The RMS current is
determined using equation A.2 as the current wawrefe assumed to be of the form of
a square wave with a peak valud gfas shown in Figure A.10b. D is the duty cycle of

continuous operation, which is determined in chagt® be 25%.

The switching losses are determined using equ&iénV,, = Vs (the applied voltage)
for Q; as shown in Figure A.10a ang is shown in Figure A.10b. The switching
frequencyfs, is 25 kHz. The, andt; time are obtained from the specific MOSFET data

sheet.
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A.3.1.2 Starting and low speed motoring — &
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Figure A.11: (a) Converter schematic with voltage and curremtllad for Q.

(b)Voltage and current waveforms fop Quring magnetisation and freewheeling

The conduction losses are determined using equatidn The RMS current is
determined using equation A.2 as the current wamefe assumed to be a square wave
with a peak value of;, as shown in Figure A.11b. D is the duty cycle ohtmuous

operation, which is determined in chapter 4 to %5

The switching losses are determined using equa&iénV,, = Vs (the applied voltage)

for Q, as shown in Figure A.1la ang is shown in Figure A.11b. The switching
frequency s, is determined from the speed of the SRM. Fromattedysis in chapter 4,

starting at 200RPM yields 20Hz and low speed motpat 1000RPM vyields 100Hz.
Thet, andt; time are obtained from the specific MOSFET da&esh
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A.3.1.3 Starting and low speed motoring — D
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Figure A.12: (a) Converter schematic with voltage and currengllad for D.

(b)Voltage and current waveforms fordiring freewheeling and demagnetisation

The conduction and switching losses are divided imto regions of operation, (1)

freewheeling and (II) demagnetization.

(I) Freewheeling

The conduction losses are determined using equ#ti@n The current waveform is
assumed to be of the form of a square wave withak palue of, as shown in Figure
A.12b.Vp = Vg (the forward bias voltage) fori@s shown in Figure A.12a and D is the
duty cycle of continuous operation, which is deteed in chapter 4 to be 25%. The
switching losses are determined using equationwh&reVp = Vs (the reverse voltage)
across B andfsis 25 kHz.Q,; for the specific diode is obtained for the diod¢adsheet.
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(I1) Demagnetization

The conduction losses are determined using equ#ti@n The current waveform is
assumed to be of the form of a triangular wave With peak current is assumed to be
0.9 D is the duty cycle of continuous operation, vhis determined in chapter 4 to
be 10%. The switching losses are determined usjugt®on A.8 wheré/p = Vs (the
reverse voltage) across Bndfsis 20 Hz for starting and 100Hz for low speed mioigpr
Qr for the specific diode is obtained for the diodgadsheet.

A.3.1.4 Starting and low speed motoring — P
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Figure A.13: (a) Converter schematic with voltage and curreingllad for .

(b)Voltage and current waveforms fop @uring demagnetisation

The conduction and switching losses are the sanferad; in the second region of

operation, (II) demagnetization.
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A.3.1.5 Low speed generating - Q
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Figure A.14: (a) Converter schematic with voltage and curremtllad for Q.

(b)Voltage and current waveforms fog Quring magnetisation

The conduction losses are determined using equatidn The RMS current is
determined using equation A.2 as the current wawrefe assumed to be of the form of
a square wave shape with a peak valug,ads shown in Figure A.14b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 25%.

The switching losses are determined using equa&iénV,, = Vs (the applied voltage)
for Q, as shown in Figure A.14a ang is shown in Figure A.14b. The switching
frequencyfs, is 25 kHz. The, andt; time are obtained from the specific MOSFET data

sheet.
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A.3.1.6 Low speed generating — £
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Figure A.15: (a) Converter schematic with voltage and currengllad for Q.

(b)Voltage and current waveforms fog Quring magnetisation

The conduction and switching losses for both reg@me the same as f05.Q
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A.3.1.7 Low speed generating — D
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Figure A.16: (a) Converter schematic with voltage and curremtllad for ).

(b)Voltage and current waveforms fogddiring generating and demagnetisation

The conduction and switching losses are divided imo regions of operation, (1)

generating and (II) demagnetization.

() Generating

The conduction losses are determined using equ#ti@n The current waveform is
assumed to be of a square wave with a peak valygasf shown in Figure A.16Np=

VE (the forward bias voltage) for;@s shown in Figure A.16a and D is the duty cycle of
continuous operation, which is determined in chapt® be 25%. The switching losses
are determined using equation A.8 whepe= Vs (the reverse voltage) across &ndfs

is 25 kHz.Qy for the specific diode is obtained for the diod¢adsheet.

(1) Demagnetization
The conduction losses are determined using equ#i@n The current waveform is

assumed to be of the form of a triangular wave whih peak current is assumed to be
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0.9, D is the duty cycle of continuous operation, whis determined in chapter 4 to
be 10%. The switching losses are determined usjugteon A.8 wheré/p = Vs (the
reverse voltage) across Bndfsis 200 Hz.Q, for the specific diode is obtained for the

diode data sheet.

A.3.1.8 Low speed generating — D
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Figure A.17: (a) Converter schematic with voltage and currengllad for D).

(b)Voltage and current waveforms fop @uring generating and demagnetisation
The conduction and switching losses are divided imo regions of operation, (1)

generating and (Il) demagnetization. The conductimal switching losses for both

regions are the same as for. D
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A.3.1.9 High speed generating — Q1

Lmin |

+Vy

Vioy

(@) (b)

Figure A.18: (a) Converter schematic with voltage and currenellad for Q. (b)Voltage

and current waveforms for;@uring magnetisation

The conduction losses are determined using equalidn The RMS current is
determined using equation A.4 as the current wawrefs assumed to be of the form of
a triangular pulse shape with a peak valug,@s shown in Figure A.18b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 40%.

The switching losses are determined using equa&iénV,, = Vs (the applied voltage)
for Q, as shown in Figure A.18a ang is shown in Figure A.18b. The switching
frequency, § is determined from the speed of the SRM. Fromathedysis in chapter 4,
high speed generating at 4500RPM yields 450Hz &QDBPM yields 600Hz. The
andt; time are obtained from the specific MOSFET dateesh
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A.3.1.10 High speed generating — Q2
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Figure A.19: (a) Converter schematic with voltage and currenellad for Q. (b)Voltage

and current waveforms for,@uring magnetisation

The conduction and switching losses for both regjime the same as for Q1.
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A.3.1.11 High speed generating — D1
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Figure A.20: () Converter schematic with voltage and currabelled for Q. (b)Voltage

and current waveforms foriRluring generating and demagnetisation

The conduction and switching losses are divideadl twb regions of operation, (1)

generating and (Il) demagnetization.

() Generating

The conduction losses are determined using equ#i@n The current waveform is
assumed to be of the form of a square pulse stape.the duty cycle of continuous
operation, which is determined in chapter 4 to 0% 3Switching losses are determined
using equation A.8 wherk for high speed generating at 4500RPM vyields 450htt a
6000RPM vyields 600Hz.

(I) Demagnetization

The conduction losses are determined using equ#i@n The current waveform is
assumed to be of the form of a triangular pulsgsheith a peak current is assumed to
be 0.5*ly. D is the duty cycle of continuous operation, whig determined in chapter 4
to be 10%. Switching losses are determined usingtemn A.8 wherd; for high speed
generating at 4500RPM yields 450Hz and 6000RPMIgi6D0Hz.
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A.3.1.12 High speed generating — D2
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Figure A.21: (a) Converter schematic with voltage and currenllad for . (b)Voltage

and current waveforms forJduring generating and demagnetisation
The conduction and switching losses are divided imo regions of operation, (1)

generating and (1) demagnetization. The conductimal switching losses for both

regions are the same as for. D
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A.3.2 Full-bridge with synchronous rectification

The determination of the relevant equations an@rpater values for evaluating each
component (@ Q,, @ and Q) in each mode of operation for the full-bridge twit

synchronous rectification is presented in the fellmg sections. The schematic of the
full-bridge synchronous rectification converter luding its modes of operation are
illustrated in Figure A.22.
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Figure A.22: The full-bridge converte(a) Static view of converte(b) Energization
mode.(c) Freewheeling modéd) Forced demagnetization mode
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A.3.2.1 Starting and low speed motoring — Qand Q,
The conduction and switching losses are the sarfa & and Q from the asymmetric
half bridge.

A.3.2.2 Starting and low speed motoring — Q3
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Figure A.23: (a) Converter schematic with voltage and currenellad for Q. (b)Voltage

and current waveforms fors@uring freewheeling and demagnetisation
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The conduction and switching losses are divideal twb regions of operation, (I)

Freewheeling and (II) demagnetization.

(I) Freewheeling

The conduction losses are determined using equatidn The RMS current is
determined using equation A.2 as the current wawrefe assumed to be of the form of
a square pulse shape with a peak valuk,@s shown in Figure A.23b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 25%.

The switching losses are determined using equéti6rwith the switching frequencys, f
of 25 kHz and W is equal to the peak voltagegs\across @as shown in Figure A.23a
andl sy = Im as shown in Figure A.23b. Theandt; time are obtained from the specific
MOSFET data sheet.

(I) Demagnetization

The conduction losses are determined using equalidn The RMS current is
determined using equation A.4 as the current wawrefs assumed to be of the form of
a triangular pulse shape with a peak valug,as shown in Figure A.23b. D is the duty

cycle of continuous operation, which is determimedhapter 4 to be 10%.

The switching losses are determined using equ&tiénThe switching frequencys, fis
determined from the speed of the SRM. From theyamalin chapter 4, starting at
200RPM vyields 20Hz and low speed motoring at 1000BAelds 100Hz. V, is equal
to the peak voltage, &/ across @as shown in Figure A.23a am@s) = Im as shown in
Figure A.23b. The, andt; time are obtained from the specific MOSFET datesh
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A.3.2.3 Starting and low speed motoring — Q4
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Figure A.24: (a) Converter schematic with voltage and currenllad for Q. (b)Voltage

and current waveforms for,@uring demagnetisation

The conduction and switching losses are the sanfera®3 in the second region of

operation, (II) demagnetization.
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A.3.2.4 Low speed generating — Q1 and Q2

The conduction and switching losses are the samdéorafQl and Q2 from the

asymmetric half bridge.

A.3.2.5 Low speed generating — Q3
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Figure A.25: (a) Converter schematic with voltage and currenllad for Q. (b)

Voltage and current waveforms fog Quring generating and demagnetisation

The conduction and switching losses are divideadl twb regions of operation, (1)

Generating and (II) demagnetization.

(I) Generating

The conduction losses are determined using equalidn The RMS current is
determined using equation A.2 as the current wawrefs assumed to be of the form of
a square pulse shape with a peak valug,@s shown in Figure A.25b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 25%.
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The switching losses are determined using equéti6rwith the switching frequencys, f
of 25 kHz and ¥, is equal to the peak voltageg\across @as shown in Figure A.25a
andls) = Im as shown in Figure A.25b. Theandt; time are obtained from the specific
MOSFET data sheet.

(1) Demagnetization

The conduction losses are determined using equatidn The RMS current is
determined using equation A.4 as the current wawrefs assumed to be of the form of
a triangular pulse shape with a peak valug,afs shown in Figure A.25b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 10%.

The switching losses are determined using equ&tiénThe switching frequencys, fis
determined from the speed of the SRM. From theyamalin chapter 4, low speed
generating at 2000RPM vyields 200Hz, ¥ equal to the peak voltageg,\across @as
shown in Figure A.25a anlghys) = Im as shown in Figure A.25b. Theandt; time are
obtained from the specific MOSFET data sheet.
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A.3.2.6 Low speed generating — Q4
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Figure A.26: (a) Converter schematic with voltage and currenllad for Q. (b)Voltage

and current waveforms for,@uring generating and demagnetisation

The conduction and switching losses are divided imo regions of operation, (1)
generating and (Il) demagnetization. The conductimal switching losses for both

regions are the same as for Q3.
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A.3.2.7 High speed generating — Q1 and Q2

The conduction and switching losses are the samdéorafQl and Q2 from the

asymmetric half bridge.

A.3.2.8 High speed generating — Q3
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Figure A.27: (a) Converter schematic with voltage and currenllad for Q. (b)

Voltage and current waveforms fog Quring generating and demagnetisation

The conduction and switching losses are divideal twb regions of operation, (I)

Generating and (II) demagnetization.

(I) Generating

The conduction losses are determined using equalidn The RMS current is
determined using equation A.2 as the current wawrefs assumed to be of the form of
a square pulse shape with a peak valug,@s shown in Figure A.27b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 30%.
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The switching losses are determined using equ&tiénThe switching frequencys, fis
determined from the speed of the SRM. From theyaislin chapter 4, high speed
generating at 4500RPM vyields 450Hz and 6000RPMIgi€00Hz. ¥, is equal to the
peak voltage, ¥, across @as shown in Figure A.27a amgs) = Im as shown in Figure
A.27b. Thet, andt; time are obtained from the specific MOSFET datesh

(1) Demagnetization

The conduction losses are determined using equalidn The RMS current is
determined using equation A.4 as the current wawrefs assumed to be of the form of
a triangular pulse shape with a peak valug,as shown in Figure A.27b. D is the duty

cycle of continuous operation, which is determiimedhapter 4 to be 10%.

The switching losses are determined using equ&tiénThe switching frequencys, fis
determined from the speed of the SRM. From theyamaln chapter 4, high speed
generating at 4500RPM yields 450Hz and 6000RPMigi€l00Hz. V, is equal to the
peak voltage, ¥, across @as shown in Figure A.27a amgs) = Im as shown in Figure
A.27b. Thet, andt; time are obtained from the specific MOSFET datesh
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A.3.2.9 High speed generating — Q4
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Figure A.28: (a) Converter schematic with voltage and currenellad for Q. (b)Voltage

and current waveforms for,@uring generating and demagnetisation

The conduction and switching losses are divideal twb regions of operation, (I)
generating and (II) demagnetization. The condudiot switching losses for both

regions are the same as for Q3.
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Appendix B — Power Analysis Computations

In the following appendix, the complete power asgl\ycalculation results generated by
a spreadsheet program are presented for the asyicwhdtalf-bridge converter and
full-bridge synchronous rectification converter. €Tispecific components that were
evaluated are tabulated in Table B.1, while a sumroathe operating conditions are
provided in section B.1. The power calculation hesfor the asymmetrical half-bridge
converter are presented in section B.2 and thetsefar the components that were
evaluated for the full-bridge synchronous recttiima converter are presented in
sections B.3 through B.9, respectively. A numbercafmponent configurations were
evaluated for the full-bridge synchronous rectifima converter and these included

single device and 2 or 4 devices mounted in pdratleach switching location ¢QQ.,

Qs and Q).

Device Manufacturer Model Number
Mosfet APT APT20M11JFLL
Diode ST Microelectronics STTH20002TV
Mosfet Fairchild FDP047ANO8AO
Mosfet Fairchild FDHO38ANO8BA1
Mosfet Fairchild FDPO60ANOSAO
Mosfet Infineon SPP80N08S2L-7
Mosfet Phillips BUK7506-76B
Mosfet Phillips PSMNO009-100V

Table B.1: Components evaluated

B1




B.1 Operating Conditions
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B.2 Asymmetric Half-Bridge — Single Devices

B.2.1 MOSFET- APT20M11FLL, Diode —STTH20002TV

Power Analysis

Component Manufacturel Model Manufacturer [Model
MOSFET: Q1, Q2, D1 and D2 APT APT20M11JFLL ST |STTH20002TV
Data Device No.: v 1.8V [
ty 500 ns Max Peak Current er@di/dt:IOOA/usl 275 nC
Roson@TI=175C 0.020 184A (T = 1150) |Rpg oy Coefficient @Tj=178C|  2.25
t, 500ns Max Cont. Current Rise and Fall time assumed worse
t 1us 80A  (Tc=144C) |Multiply by a factor of 10
Power Analysis Starting | Low speed | Lowspeed | High speed
motoring generating generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irmsion (A) 70 70 70 51
Peiog) (W) 121 121 121 65
Switching Losses
Psion) (W) 95 110 110 2
Total Losses
Prop (W) 216 232 232 67
Q2
Conduction Losses
Irmsio2) (A) 99 99 70 51
Peioz) (W) 243 243 121 65
Switching Losses
Psaz) (W) 0.076 0.4 110 2
Total Losses
Pron W) 243 243 232 67
D1
Freewheeling or Generating
Conduction Losses
Pero) (W) 63 63 63 76
Switching Losses
Psron) (W) 0.25 0.3 0.3 0.01
Demagnetization Losses
Conduction Losses
Peomoy) (W) 13 13 13 13
Switching Losses
Psomon (W) 0.0002 0.001 0.002 0.01
Total Losses
Pr oy (W), 76 76 76 88
D2
Total Losses
Prog W) 13 13 13 13
Power Loss Single Phase
Prspy (W)[ 547 563 552 234
Power Transfer of
Single Phase
Im (A) 140 140 140 28
Vs (V) 9 11 11 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vs (V) 0 0 11 42
P (W) 0 0 1470 1764
Im (A) 7 7 7 7
Vs (V) 36 42 42 42
Pou (W) 252 294 294 294
Efficiency of Single Phase
Ponas(W) 1512 1764 3234 3234
Pobasct Prispy(W) 2059 2327 3786 3468
Efficiency (%) 73 76 85 93
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B.3 Full-bridge with Synchronous Rectification

B.3.1 MOSFETs- APT20M11FLL - Single Devices

Power Analysis

Component Munufacturet Model
MOSFET: Q1, Q2, Q3 and Q4 APT APT20M11JFLL
Data Device No.: o 125V |
trr 1000 ns MaxPeak Current
Roson@Tj=175C (Coeff: 2.25) 0.02478 184 A (Tc = 115C) |Roson)Coefficient @Tj:17é’c| 2.24
tr 500 ns Max Cont. Current Rise and Fall time assumedevo
t 1000 ns 80 A (€=144C) [Multiply by a factor 0 10
Power Analysis Starting Lowspeed Low speed High speed
motoring generating generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
IrRMs(Q1) (A) 70 70 70 51
Pc(o1) (W) 121 121 121 65
Switching Losses
Ps(q1) (W) 95 110 110 2
Total Losses
Pro1) (W) 216 232 232 67
Q2
Conduction Losses
IrRMS(Q2) (A) 99 99 70 51
Pcz) (W) 243 243 121 65
Switching Losses
Ps@2) (W) 0 0 110 2
Total Losses
Pr(Q2) (W) 243 243 232 67
Q3
Freewheeling or Generating
Conduction Losses
IrRMsS(Q3) (A) 70 70 70 7
Pcr@3) (W) 121 121 121 146
Switching Losses
Psr@3) (W) 95 110 110 2
Demagnetisation Losses
Conduction Losses
IrRMsS(Q3) (A) 26 26 26 26
Pcom@3) (W) 16 16 16 16
Switching Losses
Pspm@3) (W) 0 0 1 2
Total Losses
Priqs) (W) 232 248 249 166
Q4
Total Losses
Pr4) (W) 16 17 249 166
Power Loss Single Phase
Prsp) (W) 707 739 960 465
Power Transfer
of Single Phase
Im (A) 140 140 140 140
Vi (A) 36 42 42 42
Pwv (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
vm (A) 0 0 42 42
PG (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 2 42
Powm (W) 504 588 588 294
Efficiency of Single Phase
PphasdW) 1764 2058 3528 3234
Pphaset Prisp)(W) 2471 2797 4488 3699
Efficiency (%) 71 74 79 87
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B.3.2 Parallel MOSFETs- FDP047ANO8SAO — Two Devices

Power Analysis
Component Munufacturer |Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild 8dfDP047AN0O8AO
Data Device No.: p | 1.25 V |
te 53 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.34 0.01R 184 A (T = 115C) Rosioy Coefficient @Tj=175C | 2.34
t, 880 ns Max Cont. Current Rise and Fall time assumadavo
t 450 ns 80A  (E=144C) |Multiply by a factor of 10
Power Analysis Starting |Low speed| Low speed  High speed|
motoring [generating] generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irus(on) (A) 35 35 35 26
Peoy (W) 13 13 13 7
Switching Losses
Pson) (W) 42 49 49 1
Total Losses
Pron (W) 55 62 62 8
Q2
Conduction Losses
lrus(o2) (A) 49 49 35 26
Pz (W) 27 27 13 7
Switching Losses
Psia2) (W) 0 0 49 1
Total Losses
ProgW)| 27 27 62 8
Q3
Freewheeling or Generating
Conduction Losses
Irms(03) (A) 35 35 35 38
Perioz) (W) 13 13 13 16
Switching Losses
Psriog) (W) 42 49 49 1
Demagnetisation Losses
Conduction Losses
Iruscoz) (A) 13 13 13 13
Peomoa (W) 2 2 2 2
Switching Losses
Psomo3) (W) 0 0 0 1
Total Losses
Prog W)| 57 64 65 20
Q4
Total Losses
Prog W[ 2 2 65 20
Power Loss Single Phase
Prep) (W)[ 283 312 508 111
Power Transfer
of Single Phase
Im (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 42 42
Pou (W) 504 588 588 294
Efficiency of Single Phase
Ponasd(W) 1764 2058 3528 3234
Pohas + Prisp)(W) 2047 2370 4036 3345
Efficiency (%) 86 87 87 97
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B.3.3 Parallel MOSFETs- FDP047ANO8AO — Four Devices

Power Analysis

Component Munufacturel Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild 8em FDP047ANO8AO
Data Device No.: 4] 1.25 V ]
te 53 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.34 0.011Q 184 A (Tc = 115C) Ros(on Coefficient @Tj=175C | 2.34
t, 880 ns Max Cont. Current Rise and Fall time assumeadeavo
1 450 ns 80 A (E = 144C) Multiply by a factor of 10
Power Analysis Starting Low speed Low speed High speed
motoring generating generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irms(oy) (A) 18 18 18 13
Pcoy (W) 3 3 3 2
Switching Losses
Pso1) (W) 21 24 24 0
Total Losses
Pr oy (W) 24 28 28 2
Q2
Conduction Losses
Irus2) (A) 25 25 18 13
Pez) (W) 7 7 3 2
Switching Losses
Psiqz) (W) 0 0 24 0
Total Losses
PoaW)| 7 7 28 2
Q3

Freewheeling or Generating
Conduction Losses

Irms(@3) (A) 18 18 18 19

Pers) (W) 3 3 3 4
Switching Losses

Psr(o3) (W) 21 24 24 0

Demagnetisation Losses
Conduction Losses

Irmsqa) (A) 6 6 6 6
Peomea) (W) 0 0 0 0
Switching Losses

Psowmes) (W) 0 0 0 0
Total Losses

Prs (W) 25 28 28 5

Q4

Total Losses

Prog W| 0 1 28 5

Power Loss Single Phase
Prsp) (W) 225 254 450 61

Power Transfer
of Single Phase

I (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Pow (W) 504 588 588 294
Efficiency of Single Phase
Ponase(W) 1764 2058 3528 3234
Pohas + Prse)(W) 1989 2312 3978 3295
Efficiency (%) 89 89 89 98
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B.3.4 Parallel MOSFETs- FDHO38ANO8A1 — Two Devices

Power Analysis
Component Munufacturer [Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild $fDHO38ANO8AL
Data Device No.: \o| 1.25V |
tr 50 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.34 0.009 184 A (T = 115C) | Ros(on Coefficient @Tj=175C | 2.34
t, 1410 ns Max Cont. Current Rise and Fall time assun@dav
t 1260 ns 80A  (£=144C) [Multiply by a factor of 10
Power Analysis Starting |Low speed| Low speed  High speed
motoring [generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irms(on) (A) 35 35 35 26
Peiory (W) 11 11 11 6
Switching Losses
Psioy (W) 84 98 98 2
Total Losses
Pr o1 (W) 95 109 109 8
Q2
Conduction Losses
Irms(oz) (A) 49 49 35 26
Pei) (W) 22 22 11 6
Switching Losses
Psica) (W) 0 0 98 2
Total Losses
ProgW)| 22 22 109 8
Q3
Freewheeling or Generating
Conduction Losses
Irvs(qa) (A) 35 35 35 38
Peri) (W) 11 11 11 13
Switching Losses
Ps(qz) (W) 84 98 98 2
Demagnetisation Losses
Conduction Losses
Irms(o3) (A) 13 13 13 13
Peomes) (W) 1 1 1 1
Switching Losses
Psomaa) (W) 0 0 1 2
Total Losses
Proz (W) 97 111 111 18
Q4
Total Losses
Pr s (W), 2 2 111 18
Power Loss Single Phase
Prsp) (W) 430 488 881 103
Power Transfer
of Single Phase
Im (A) 140 140 140 140
Vin (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Ppym (W) 504 588 588 294
Efficiency of Single Phase
Ponasd W) 1764 2058 3528 3234
Pohas + Prsp)(W) 2194 2546 4409 3337
Efficiency (%) 80 81 80 97
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B.3.5 Parallel MOSFETs- FDHO38ANO8A1 — Four Devices

Power Analysis
Component Munufacturel [Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild SfDH038ANOBAL
Data Device No.: 4 ool 1.25V |
tr 50 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.34 0.0082 184 A (T = 115C) RosonCoefficient @Tj=175C | 2.34
t, 1410 ns Max Cont. Current Rise and Fall time assunmdgev
t 1260 ns 80A  (F=144C) |Multiply by a factor of 10
Power Analysis Starting |Low speed| Low speedl  High speed
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Trws(on) (A) 18 18 18 13
Py (W) 3 3 3 1
Switching Losses
Psia1) (W) 42 49 49 1
Total Losses
Pr o1 (W) 45 52 52 2
Q2
Conduction Losses
Iamsi2) (A) 25 25 18 13
Pez) (W) 5 5 3 1
Switching Losses
Ps(q2) (W) 0 0 49 1
Total Losses
Prog(W)[ 5 6 52 2
Q3
Freewheeling or Generating
Conduction Losses
Irms(e3) (A) 18 18 18 19
Pcrqs) (W) 3 3 3 3
Switching Losses
Psr(a3) (W) 42 49 49 1
Demagnetisation Losses
Conduction Losses
lrmsis) (A) 6 6 6 6
Peomes) (W) 0 0 0 0
Switching Losses
Psom(qa) (W) 0 0 0 1
Total Losses
Proz (W) 45 52 53 5
Q4
Total Losses
Prog W] 0 1 53 5
Power Loss Single Phase
Prsp) (W)[ 383 441 835 62
Power Transfer
of Single Phase
I (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Ppy (W) 504 588 588 294
Efficiency of Single Phase
Pohased(W) 1764 2058 3528 3234
Ponas * Prise)(W) 2147 2499 4363 3296
Efficiency (%) 82 82 81 98
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B.3.6 Parallel MOSFETs- FDPO60ANOSAO — Two Devices

Power Analysis
Component Munufacturer [Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild $§FDPO60ANOSAQ
Data Device No.: F | 1.25 V |
t, 37 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.2) 0.01%2 184 A (Tc = 115C)| Ros(on Coefficient @Tj=175'C | 2.4
t, 790 ns Max Cont. Current Rise and Fall time assumadevo
t 380 ns 80A  (E=144C) [Multiply by a factor of 10
Power Analysis Starting [Low speed| Low speed  High speed
motoring |generating] generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irwsion) (A) 35 35 35 26
Pcio1y (W) 16 16 16 9
Switching Losses
Psion) (W) 37 43 43 1
Total Losses
Pror (W) 53 59 59 9
Q2
Conduction Losses
lrms@2) (A) 49 49 35 26
Pcioz) (W) 32 32 16 9
Switching Losses
Psia) (W) 0 0 43 1
Total Losses
Priop) (W) 32 33 59 9
Q3
Freewheeling or Generating
Conduction Losses
Irwsios) (A) 35 35 35 38
Pcroz) (W) 16 16 16 19
Switching Losses
Psr(03) (W) 37 43 43 1
Demagnetisation Losses
Conduction Losses
Trws(oz) (A) 13 13 13 13
Peomea) (W) 2 2 2 2
Switching Losses
Psomaz) (W) 0 0 0 1
Total Losses
Pr o3 (W) 55 61 62 23
Q4
Total Losses
Prog (W) 2 2 62 23
Power Loss Single Phase
Prsp) (W)| 286 311 483 130
Power Transfer of Single Phassd
Im(A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
P (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 42 42
Powm (W) 504 588 588 294
Efficiency of Single Phase
Pohase(W) 1764 2058 3528 3234
Panas. + Prispy(W) 2050 2369 4011 3364
Efficiency (%) 86 87 88 96
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B.3.7 Parallel MOSFETs- FDPO60ANOSAO — Four Devices

Power Analysis
Component Munufacturer [Model
MOSFET: Q1, Q2, Q3 and Q4 Fairchild S§FDPO60AN0SAQ
Data Device No.: 4 G| 1.25 V |
t, 37 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.2) 0.01%2 184 A (Tc = 115C) Ros(on Coefficient @Tj=175C | 2.4
t, 790 ns Max Cont. Current Rise and Fall time assumadavo
t 380 ns 80A  (F=144C) |Multiply by a factor of 10
Power Analysis Starting [Low speed| Low speed High speed
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irwsion (A) 18 18 18 13
Perony (W) 4 4 4 2
Switching Losses
Ps(on) (W) 18 21 21 0
Total Losses
Pror (W) 22 26 26 3
Q2
Conduction Losses
lrms2) (A) 25 25 18 13
Pea (W) 8 8 4 2
Switching Losses
Psiz) (W) 0 0 2 0
Total Losses
PropW)| 8 8 26 3
Q3
Freewheeling or Generating
Conduction Losses
Irwsios) (A) 18 18 18 19
Peroz) (W) 4 4 4 5
Switching Losses
Psr(03) (W) 18 21 21 0
Demagnetisation Losses
Conduction Losses
lrms(o3) (A) 6 6 6 6
Peomea) (W) 1 1 1 1
Switching Losses
Psomaz) (W) 0 0 0 0
Total Losses
Pr oz (W) 23 26 26 6
Q4
Total Losses
Prioy (W) 1 1 26 6
Power Loss Single Phase
Prsp) (W)| 217 242 414 70
Power Transfer of Single Phasq
Im(A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pe (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 42 42
Pow (W) 504 588 588 294
Efficiency of Single Phase
Pohase(W) 1764 2058 3528 3234
Pahas * Prise)(W) 1981 2300 3942 3304
Efficiency (%) 89 89 89 98

B10



B.3.8 Parallel MOSFETs- SPP80N08S2L-07 — Two Devge

Power Analysis

Component Munufacturer Model
MOSFET: Q1, Q2, Q3 and Q4 Infineon SPP80N08S2L-07
Data Device No.: ] | 13V |
tr 100 ns Max Peak Current
Roson@Tj=175C (Coeff: 1) 0.0182 184 A (Tc = 115C) [Roson Coefficient @Tj=175C | 1
t; 1220 ns Max Cont. Current Rise and Fall time assunadav
t 1170 ns 80 A (£ =144C) [Multiply by a factor of 10
Power Analysis Starting [Low speed| Low speed  High speed
motoring |generating] generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irus(an) (A) 35 35 35 26
Pciony (W) 20 20 20 10
Switching Losses
Pson) (W) 75 88 88 2
Total Losses
Pror (W) 95 107 107 12
Q2
Conduction Losses
Irumsi2) (A) 49 49 35 26
Pciz) (W) 39 39 20 10
Switching Losses
Ps2) (W) 0 0 88 2

Total Losses

Prigz) (W) 39 40 107 12

Q3
Freewheeling or Generating
Conduction Losses

lrus(@3) (A) 35 35 35 38

Pcra) (W) 20 20 20 24
Switching Losses

Psr(qa) (W) 75 88 88 2

Demagnetisation Losses
Conduction Losses

Irus3) (A) 13 13 13 13
Peom@a) (W) 3 3 3 3
Switching Losses
Psom(qs) (W) 0 0 1 2
Total Losses
Pros (W) 98 110 111 29
Q4
Total Losses
Pr g (W) 8 3 111 29
Power Loss Single Phase
Prsey) (W) 469 521 873 165
Power Transfer of Single Phasd
Im (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Pou (W) 504 588 588 294
Efficiency of Single Phase
Ponase(W) 1764 2058 3528 3234
Ponas + Prisp)(W) 2233 2579 4401 3399
Efficiency (%) 79 80 80 95
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B.3.9 Parallel MOSFETs- SPP80N08S2L-07 — Four Dews

Power Analysis
Component Munufacturer Model
MOSFET: Q1, Q2, Q3 and Q4 Infineon SPP80N08S2L-07
Data Device No.: 4 ool 13V |
ty 100 ns Max Peak Current
Roson@Tj=175CC (Coeff: 1) 0.0182 184 A (Tc = 115C)Rpgon Coefficient @Tj=175C | 1
t 1220 ns Max Cont. Current Rise and Fall time assunm@dev
t 1170 ns 80A  (F=144C) |Multiply by a factor of 10
Power Analysis Starting [Low speed| Low speed High speed|
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irms(on) (A) 18 18 18 13
Peony (W) 5 5 5 3
Switching Losses
Psa1) (W) 38 44 44 1
Total Losses
Pr 01 (W) 43 49 49 8
Q2
Conduction Losses
Irms(2) (A) 25 25 18 13
Peioz) (W) 10 10 5 3
Switching Losses
Psi2) (W) 0 0 44 1
Total Losses
Proz) (W) 10 10 49 3
Q3
Freewheeling or Generating
Conduction Losses
Irums(3) (A) 18 18 18 19
Per(ea) (W) 5 5 5 6
Switching Losses
Psr3) (W) 38 44 44 1
Demagnetisation Losses
Conduction Losses
Irms(a3) (A) 6 6 6 6
Peomoa) (W) 1 1 1 1
Switching Losses
Pspmaz) (W) 0 0 0 1
Total Losses
Priog (W), 43 50 50 8
Q4
Total Losses
Prog W[ 1 1 50 8
Power Loss Single Phase
Prse) (W)| 385 437 789 92
Power Transfer of Single Phasg
Im (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Ppy (W) 504 588 588 294
Efficiency of Single Phase
Ponase(W) 1764 2058 3528 3234
Ponas + Prisp)(W) 2149 2495 4317 3326
Efficiency (%) 82 82 82 97

B12



B.3.10 Parallel MOSFETs- BUK75/7606-75B — Two Dewas

Power Analysis

Component Munufacturer Model
MOSFET: Q1, Q2, Q3 and QPRhillips Sem BUK75/7606-75B
Data Device No.: ] | 12V |
te 86 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.7 0.0122 184 A (Tc = 115C)| Roson Coefficient @Tj=175C | 2.1
t 560 ns Max Cont. Current Rise and Fall time assumedgevo
t 480 ns 80 A (E = 144C) |Multiply by a factor of 10
Power Analysis Starting |Low speed| Low speed  High speed
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irmscon) (A) 35 35 35 26
Pean) (W) 14 14 14 8
Switching Losses
Ps(o1) (W) 33 38 38 1
Total Losses
Pror (W) 47 53 53 8
Q2
Conduction Losses
lrmso2) (A) 49 49 35 26
Pez) (W) 29 29 14 8
Switching Losses
Psia2) (W) 0 0 38 1
Total Losses
Prioz) (W) 29 29 53 8
Q3

Freewheeling or Generating
Conduction Losses

Irms@3) (A) 35 35 35 38

Pcros) (W) 14 14 14 17
Switching Losses

Psrqa) (W) 33 38 38 1

Demagnetisation Losses
Conduction Losses

Irms(@3) (A) 13 13 13 13
Peomga) (W) 2 2 2 2
Switching Losses

Psomes) (W) 0 0 0 1
Total Losses

Prog (W) 49 55 55 21
Total Losses

Proa (W) 2 2 55 21

Power Loss Single Phase
Prsp) (W) 254 277 430 116

Power Transfer
of Single Phase

Im (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Pow (W) 504 588 588 294
Efficiency of Single Phase
Pohase(W) 1764 2058 3528 3234
Ponas, + Prsp)(W) 2018 2335 3958 3350
Efficiency (%) 87 88 89 97
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B.3.11 Parallel MOSFETs- BUK75/7606-75B — Four Desgs

Power Analysis

Component Munufacturer Model
MOSFET: Q1, Q2, Q3 and QRhillips Sen BUK75/7606-75B
Data Device No.: J Gl 12V ]
ty 86 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.7 0.0122 184 A (Tc = 114Rpson Coefficient @Tj=175C | 2.1
t 560 ns Max Cont. Current Rise and Fall time assumadevo
t; 480 ns 80A  (F=144{Multiply by a factor of 10
Power Analysis Starting [Low speed| Low speeq High speed
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Irms(on (A) 18 18 18 13
Pcoy (W) 4 4 4 2
Switching Losses
Psio1) (W) 16 19 19 0
Total Losses
Pr o1 (W) 20 23 23 2
Q2
Conduction Losses
Irms(02) (A) 25 25 18 13
Peioz (W) 7 7 4 2
Switching Losses
Psi02) (W) 0 0 19 0
Total Losses
Prigz) (W) 7 7 23 2
Q3

Freewheeling or Generating
Conduction Losses

Irms(03) (A) 18 18 18 19

Peroz (W) 4 4 4 4
Switching Losses

Pse(qs) (W) 16 19 19 0

Demagnetisation Losses
Conduction Losses

Irus(o3) (A) 6 6 6 6
Peoma) (W) 0 0 0 0
Switching Losses

Pspwmea) (W) 0 0 0 0
Total Losses

Proza (W) 20 23 23 5)
Total Losses

Priog (W) 0 1 23 5

Power Loss Single Phase
Prse) (W) 193 215 368 62

Power Transfer
of Single Phase

I (A) 140 140 140 140
Vi (A) 36 42 42 42
P (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 42 42
Pom (W) 504 588 588 294
Efficiency of Single Phase
Pohasd(W) 1764 2058 3528 3234
Ponas + Prsp)(W) 1957 2273 3896 3296
Efficiency (%) 90 91 91 98
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B.3.12 Parallel MOSFETs- PSMNO009-100W — Two Devices

Power Analysis

Component Munufacturer Model
MOSFET: Q1, Q2, Q3 and Q4Phillips Semr PSMN009-100W
Data Device No.: ] | 12V |
t, 100 ns Max Peak Current
Roson@Tij=175C (Coeff: 2.7) 0.0242 184 A (Tc = 118C) [RygoCoefficient @Tj=175C | 2.1
t, 1000 ns Max Cont. Current Rise and Fall time assunwdav
1 1000 ns 80 A (T=144C) |[Multiply by a factor of 10
Power Analysis Starting |Low speed| Low spee High speed
motoring |generating] generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
Iruson) (A) 35 35 35 26
Peon (W) 30 30 30 16
Switching Losses
Ps(01) (W) 63 74 74 1
Total Losses
Pron (W) 93 103 103 17
Q2
Conduction Losses
Irusoz) (A) 49 49 35 26
Peoz (W) 60 60 30 16
Switching Losses
Ps (o2 (W) 0 0 74 1
Total Losses
Prioz) (W) 60 60 103 17
Q3

Freewheeling or Generating
Conduction Losses

Irms(03) (A) 35 35 35 38

Peroz) (W) 30 30 30 36
Switching Losses

Psro3) (W) 63 74 74 1

Demagnetisation Losses
Conduction Losses

Irmscoz) (A) 13 13 13 13
Peomoa (W) 4 4 4 4
Switching Losses

Psomea) (W) 0 0 1 1
Total Losses

) 97 108 108 42
Total Losses

Pr oy (W) 4 4 108 42

Power Loss Single Phase
PT@,, (W) 506 550 844 238

Power Transfer
of Single Phase

I (A) 140 140 140 140
Vi (A) 36 42 42 42
P (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
P (W) 0 0 1470 1764
Im (A) 140 140 140 140
Vm (A) 36 42 42 42
Pom (W) 504 588 588 294
Efficiency of Single Phase
Ponasd(W) 1764 2058 3528 3234
Ponas + Prse)(W) 2270 2608 4372 3472
Efficiency (%) 78 79 81 93
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B.3.13 Parallel MOSFETs- PSMNO009-100W — Four Devise

Power Analysis

Component Munufacturet Model
MOSFET: Q1, Q2, Q3 and Q4 Phillips Semi PSMNO009-100W
Data Device No.: 4 | 12V |
te 100 ns Max Peak Current
Roson@Tj=175C (Coeff: 2.7) 0.0242 184 A (Tc = 115C) Ros(on) Coefficient @Tj=175C | 2.1
t 1000 ns Max Cont. Current Rise and Fall time assunm@dev
1 1000 ns 80 A (E = 144C) Multiply by a factor of 10
Power Analysis Starting |Low speed| Low spee High speed
motoring |generating| generating
Speed (RPM) 200 1000 2000 4500
Q1
Conduction Losses
lrusoy (A) 18 18 18 13
Pcy) (W) 7 7 7 4
Switching Losses
Pso1) (W) 32 37 37 1
Total Losses
Pr o1 (W) 39 44 44 5
Q2
Conduction Losses
Irusoz) (A) 25 25 18 13
Pez) (W) 15 15 7 4
Switching Losses
Ps(g2) (W) 0 0 37 1
Total Losses
Prioz) (W) 15 15 44 5
Q3

Freewheeling or Generating
Conduction Losses

lrus(3) (A) 18 18 18 19

Pers) (W) 7 7 7 9
Switching Losses

Psra) (W) 32 37 37 1

Demagnetisation Losses
Conduction Losses

lrus(o3) (A) 6 6 6 6
Peomqa) (W) 1 1 1 1
Switching Losses

Psowmos) (W) 0 0 0 1
Total Losses

Pr o3 (W) 40 45 45 11

Q4

Total Losses

Proa (W) 1 1 45 11

Power Loss Single Phase
Prsp) (W) 379 423 717 127

Power Transfer
of Single Phase

I (A) 140 140 140 140
Vi (A) 36 42 42 42
Py (W) 1260 1470 1470 1176
Im (A) 0 0 140 140
Vm (A) 0 0 42 42
Pg (W) 0 0 1470 1764
Im (A) 140 140 140 140
vm (A) 36 42 42 42
Pou (W) 504 588 588 294
Efficiency of Single Phase
Ponase(W) 1764 2058 3528 3234
Ponas *+ Prsp)(W) 2143 2481 4245 3361
Efficiency (%) 82 83 83 96
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Appendix C — Thermal Analysis Computations

The following sections present the calculations to select the most suitable heat sink for
the full-bridge synchronous rectification converter. A spreadsheet program was used to
implement the thermal calculations for a number of MOSFETSs (Phillips BUK 7506-75B,
Fairchild FDPO47ANO8AO and FDPO60ANO8AQ). Calculations were implemented in
order to evaluate the effect of different number of devicesin parallel (2 and 4), variation
in ambient temperatures (45°C and 90°C), using alternative thermal conductor materials
and heat spreader sizes. These calculations were implemented for each 1SG mode of
operation (starting, low speed motoring and high speed generating). The specific
objective of the analysis was to determine the optimum heat sink selection (Rs.a Value).
The detailed spreadsheet calculations for the above conditions are presented in sections
C.1through C.12.

The value of sink-to-ambient thermal resistance (Rys4) IS determined using Equation 5.4,
where Py is the total power dissipation of the MOSFETSs from the single converter
phase, Tjmax IS the maximum junction temperature experienced by the MOSFETS (Qx,
Q2, Qs or Qg) in the single phase converter, T, is the maximum ambient temperature,
Rg-c is the thermal resistance of the TO-220 package, Ra-hs iS the thermal resistance of
the heat sink compound, Rasc IS the thermal resistance of the heat spreader and Racs iS

the thermal resistance of the thermal conductor.

The projected junction temperature experienced by the devices is determined using
Equation 5.5, where T, is the maximum case temperature and Prgeiice) IS the total power
dissipation of the each MOSFET devices (Q1, Q2, Qs or Qq).

The thermal resistance of the heat spreader (Rastc) and the thermal resistance of the
thermal conductor (Rac-s) is determined using Equation 5.2, where d is the thickness of
the material (m), A isthermal conductivity (Wm™°C™?) of the material and A is the cross

sectional area (m?)

The specific converter layout is illustrated in Figure C.1 for implementing two devices

in parallel and a side view of the structure illustrating the different thermal resistance
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layers (case, heat spreader, thermal conductor and heat sink) isillustrated in Figure C.2.
The heat flow path from junction to ambient isillustrated in Figure C.3.

Heat
spreader

Thermal conductor

Figure C.1: Top view of single phase converter layout

hermally
Conductive
Electrical

i Eac

Heat Spreader

Figure C.2: Side view of single phase converter layout
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C.1 FDP047ANO8AO — Two Devices — F 45°C
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C.3 FDP047ANO8AO — Two Devices — F 90°C
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C.5 FDPO60ANOSAO- Two Devices — E 45C
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C.6 FDPO60ANO8BAO—- Four Devices —,F
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C.7 FDPO60ANO8AO— Two Devices —F 90°C
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C.9 BUK75/7606-75B — Two Devices - F 45°C
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C.10 BUK75/7606-75B — Four Devices - F 45°C
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C.11 BUK75/7606-75B — Two Devices - F 90°C
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C.12 BUK75/7606-75B — Four Devices — E 90°C
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Appendix D — Experimental System

D.1 Schematics
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Figure D.1.1: Interconnect block diagram
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D.2 Photographs of the experimental system

Figure D.2.2: Converter and RL load
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Figure D.2.5: Interface electronics board

Figure D.2.6: Motor rig — SRM and Terco test apparatus
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Appendix E — ADSP-21992 EZ-KIT Lite
Evaluation System Board

The ADSP-21992 EZ-KIT Lite was developed by Analdgvices in order to allow for
fast and efficient system development. This boaas$ wmployed in the experimental
set-up for the development and test of the SRM edev operation and current control
strategy. The EZ-KIT Lite development board faatis access to all the capabilities of
the ADSP-21992 digital signal processor (DSP). bhard’s features include (Analog
Devices 2003b):

» Analog Devices ADSP-21992 160 MHz, mixed-sign&FD
» USB debugging interface

 Analog input circuitry

 8-channel 12-bit DAC (AD5328BRU) on SPI interface
* PWM outputs interface

» External memory interface

» Encoder interface circuitry

» General-purpose 1/O interface

* UART interface (RS-232)

» CAN interface circuitry

* Flash memory (512K x 8)

» External SRAM (64K x 16)

* Interface connectors

* 14-pin emulator connector for JTAG interface
 Analog inputs connector

* DAC outputs connector

* PWM outputs connector

» Encoder interface connector

* SPORT connector

* RS-232 connector

» External memory interface connector

This development board was designed for use inucatipn with the VisualDSP++
development environment. VisualDSP++ runs on a dPails Computer (PC) and
provides a single, integrated project management @ebugging environment for
advanced code development and debugging tasksperfemed. Access to the ADSP-
21992 processor on the EZ-KIT Lite board from tl&i® achieved through a USB port
or an optional JTAG emulator. An assembly drawimgthe ADSP-21992 EZ-KIT Lite
development board is shown in Figure E.1 (Analogi®es 2003b).
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Figure E.1: Assembly drawing for the ADSP-21992 EZ-KIT Liteveéopment board

The ADSP-21992 is ideal for SRM control applicaobecause of the number of
integrated special purpose and motor control pergdh. In the work described in this
thesis, a number of these special purpose unite weployed in the operation and
control of the converter, which included the AnatogDigital Converter (ADC), the
PWM Generation unit, the Auxiliary PWM Generatiomtuthe Program Sequencer and
the Peripheral Interrupt Controller and the Fla@ peripheral unit. A brief description
of each of these units is included below.

E1l. Overview of the Analog-to-Digital Conversion uit

The ADC unit on the ADSP-21992 accurately convapdo eight independent analog
signals, such as the signals required for highoperénce current regulation, into digital
signals through a 14-bit pipeline flash ADC. The @block rate is programmable with
a maximum ADC clock rate of 20MHz. The full convers of a single channel takes
7.5 ADC clock cycles.

All eight analog inputs applied to the analog inpahnector on the EZ-KIT Lite board
(Connector P4 in Figure E.1) must be in the ramgenf-1V to +1V. The analog
interface circuitry then converts thelV signals on the input connector to signals
centred on the ADSP-21992 reference voltage lesithdr the internally derived 1V
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level or the externally provided 1.024V level). é&ffively, the analog interface circuits

offset the analog connector inputs by the referattage level.

A functional block diagram of the ADC unit of theD&P-21992 is shown in Figure E.2
(Analog Devices 2003c). As can be seen, the eigitisignals are divided into two
banks of four signals. VINO-VIN3 makes up one bavtkle the other is comprised of
the signals on VIN4-VIN7. The internal multiplexemgse used to connect the various

analog inputs to the ADC.
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Figure E.2: Functional block diagram of the ADC unit

There are a number of different conversion modasdhan be selected using bits 4-6 in
the ADCCTRL register. However, during the courselo$ project only one mode of
operation was employed: simultaneous sampling nisdiected by clearing bits 4-6).
In this mode, two analog inputs (one from each -&ignal bank) are sampled
simultaneously. VINO and VIN4 are sampled firstidaled by the pairs VIN1/VINS,
VIN2/VING6 and VIN3/VIN7 with two cycles of the ADClock between the sampling
of one pair of analog signals and the next. Afeehepair of inputs are converted, the
14-bit digital numbers are written in 2’s complemdeft-aligned format to a dedicated
16-bit, register i.e. the ADC register ADCO stotles converted result for the signal on
VINO etc. In addition, a dedicated bit is sete tADCSTAT register. After the ADC
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has finished with all of the channels, an interraty be generated. Alternatively, the
ADCSTAT can be polled to detect successful coneersif a given pair of inputs.
There are a number of ways in which the converprocess can be started, determined
by bits 0-2 in the ADCCTRL register. For the worlksdribed in this thesis, the
conversion process was started by setting bit thefSOFTCONVST register (a mode
selected by setting bits 0-2 of the ADCCTRL registe

E2. Overview of thePWM Generation Unit

The PWM generation unit is a flexible, programmaltleee-phase PWM waveform
generator. The unit contains special functions thiatplify the generation of the
required PWM switching patterns for control of thkectronically commutated motor
(ECM). A special mode can also be implementediHer$RM. A block diagram of the
main functions of the PWM Generation Unit is givienFigure E.3 (Analog Devices
2003c).

PWIMCHA FWMSTAT
PWMCHE
PWMCHC
PWIALS PWIMCHAL
PUMCTRL ENICHBL [ pwioT | [ pwisEc | [ PwmcaTE |
P MTH PWMCHCL
F_J L______l L_______ T
| | - —=) &H
[ | -
- - =0 aL
l e | QUTPUT
: THREE-PHASE conmes HL— ! conrroL | o OB
| PWI TINENG UINIT UNIT | =  UNIT —a0 BL
|
|
| - l - al —=0 CH
| - " —=0cL
L
I N O R — | I
HELK
o SHUTDOWN
o PWRER
Lo WP OL
PAVMSY NG
PWMSYNCT
B PWMTRIP
—c
| pwm sHUTDOWN |—¢
AMD CONTROL FIOTRIE
UNIT
PWMSTNG Tl R {FROM FIO MODULE)
CONTROL LNIT
PWMTRIP_IRD =~ ———————

- O PWMSYNC

Figure E.3: Block diagram of the main functional units of R&/M Generator unit.

The PWM generator produces six PWM output sigrias tonsists of three high-side
drive signals (AH, BH and CH) and three low-sidevelisignals (AL, BL and CL). The
polarity of the PWM signals is determined by the M®OL input pin of the
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PWMSTAT register, so that either active HI or aetitO PWM patterns can be
produced by tying the PWMPOL input pin high or loWhe switching frequency and
the dead time of the generated PWM patterns agramumable using the PWMTM and
PWMDT registers. The PWMDT is internally forced @ by hardware when

PWMSRis low to signify that the switched reluctance mislactive. The duty-cycles
of the three pairs of PWM signals are directly colted by the three duty-cycle control
registers (PWMCHA, PWMCHB and PWMCHC). On the EZFHlite board shown in

Figure E.1, access to the 6 PWM output signal pmghe ADSP-21992 chip is via
connector P10 (Analog Devices 2003Db).

The PWMSTAT register provides status informatiommwtbthe PWM system. In this
project, the PWM polarity is always active HI PWMitputs (this requires placing
jumper JP5, on the EASY-KIT Lite board, in positi2+8 to connect the PWMPOL pin
to +3.3V), there is no external trip (this requipgacing jumper JP5, on the EASY-KIT

Lite board, in position 2-3 to connect tR®VMTRIPpin to +3.3V) and SRM mode is
activated (this requires placing jumper JP6, onBASY-KIT Lite board, in position 1-

2 to connect th®WMSRpin to GND). The status of which half cycle is setiis
provided by PWMPHASE bit (0 =%1half and 1 = ¥ half). This register also contains
the interrupt bits to indicate an interrupt hasurced (TRIPIRQ bit =1 when interrupt
has occurred from and external trip and SYNCIRQ=bit when an internal interrupt
has occurred due to the PWM synchronization signahly the synchronization
interrupt was used in this project. The source aodst write a 1 to clear the interrupt
bit and this is usually done during an Interruptvi#® Routine (ISR). An ISR is called

to update the duty-cycle values when the PWM geoetmit channel is active.

The PWMCTRL register is central to activating andfiming operating mode
characteristics of the PWM generator unit. It isfaqured to enable or disable PWM
generation (if PWM_EN bit is 1 or 0), implement @i or single update mode (if
PWMDBL bit is 1 or 0), set the operation after (Y NC_EN PWMSYNC bit is set to

1 to continue interrupts and this requires thatekiernal shutdown be disabled which

requires that th@ WMTRIPpin is connected to a logic HI), select internaleaternal
synchronization signal (external if EXTSYNC bitliy As the external synchronization

signal was used in this project, the SYNCSEL bis wgaored.
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A number of additional registers must be configured status read in order to
implement the PWM generator unit, including, the RBEG register, the PWMGATE
register and the PWMLSI register. Each of the aMMP output signals can be enabled
or disabled by separate output enable bits of WAMBEG register. An additional 3
control bits on the PWMSEG register permits indejger crossover of the two signals
of a PWM pair but this feature was not used in fingject. The PWMGATE register
controls a high-frequency chopping signal that isem with the PWM signals to drive
pulse gate-drive transformers. This feature wasuget in this project. When the SRM
mode is activate, the PWMLSI register is used &ate the four SRM chopping modes:
hard chop, alternate chop, soft chop-bottom on andsoft chop-top on. The low side
invert that is configured by the PWMLSI bits (1rvert) is the only difference between
hard chop mode and alternate chop mode. Soft chtipsb on uses a 100% duty-cycle
on the low side of the channel, while with the sabfop-top on it is the high side of the

channel that utilizes a 100% duty-cycle. Alternettep mode was used in this project.

The PWM switching frequency is controlled by the-di6 PWM period register,
PWMTM. The required code for the PWMTM registedetermined using equation E.1
(Analog Devices 2003c).

PWMTM = —Tex (E.1)

2%f om
The value of §k is the same as that for the peripheral clock, HOlKich was 64MHz
in this project andgym is the desired PWM switching frequency. Therefonethis
project the PWM switching frequency was 25 kHz #md yielded a PWMTM register
code of 1280. The hexadecimal value (0x0500) wétsenrto the PWMTM register.

Switched reluctance mode was selected in this gr@ed this requires that both the
high-side and low-side duty-cycle values had te&ie The high-side duty-cycle values
are controlled by the six 16-bit duty-cycle registePWMCHA, PWMCHB and
PWMCHC registers control the high-side duty-cyclekjle PWMCHAL, PWMCHBL
and PWMCHCL registers control the low-side dutylegc The high-side duty-cycles
are determined using formula E.2 (Analog Device332).

PWMCHx=((d,,, —0.5)x PWMTM)+PWMDT (E.2)
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The generic duty-cycle code PWMCHKX is replaced bg of the three high-side duty-
cycle codes, PWMCHA, PWMCHB or PWMCHC. The PWM shkihg frequency

code was 1280 and the desired duty-cycle valug) (inged from 0 — 1, while the dead
time code (PWMDT) was O in this application as #watched reluctance mode was
active. Therefore, a duty-cycle of 10% yielded a N@Hx code of -512, and the
corresponding hexadecimal value (OXFEOO) was writte the register. The low-side

duty-cycles are determined using formula E.3 (Agddevices 2003c).
PWMCHxL =((0.5-d,, )x PWMTM) - PWMDT (E.3)

The generic duty-cycle code PWMCHXL is replacedohg of the three low-side duty-
cycle codes, PWMCHAL, PWMCHBL or PWMCHCL; otherwisthe equation
components are the same as equation E.2. Therefodety-cycle of 90% yields a
PWMCHXL code of -512, which corresponding hexadediwalue (OXFEOQQ) is written
to the register. To save time during code executiencode for high-side channel was
assigned to the low-side channel as both valueg Wer same as can be seen in the
examples. In this project, the alternate chop mads selected and when in this
configuration all the low-side channels were ingdrtSo when the high-side channel
was on for a particular duty cycle, the correspongdow-side channel was off for the

same duty-cycle.

E3. Overview of theAuxiliary PWM Generation unit

The ADSP-21992 contains a two-channel, 16-bit, laryi PWM output unit that can
be programmed with variable duty-cycle, variabkgfrency and may operate in either
an independent or offset operating mode. On theKBZLite board shown in Figure
E.1, access to the 2 auxiliary PWM output signakpmn the ADSP-21992 chip is via
connector P10 (Analog Devices 2003b). The switchangnals can be externally

shutdown using the input piUXTRIP . In this project, there was no external trip

(this requires placing jumper JP8, on the EASY-Hlife board, in position 2-3 to
connect theAUXTRIP pin to +3.3V) (Analog Devices 2003Db).

The auxiliary PWM generator unit can operate imegitindependent or offset modes.
Only offset mode was used in this project, so thes only mode that is discussed here.
In this mode, there is an offset time between iag edge of channel one (AUXO0) and

channel two (AUX1) and this implements alternatepimode for switched reluctance
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mode operation. The switching frequency for the twi@nnels is controlled by the
AUXTMO register, the duty-cycles for channel onedamvo are controlled by the
AUXCHO and AUXCH1 registers, respectively, and tifset time is controlled by the
AUXTML1 register.

The auxiliary PWM control register (AUXCTRL) enabl¢éhe auxiliary PWM output
(AUX-EN bit, 1 = enable), defines operating moddJpA PH bit, 1 = independent, 0 =
offset) and enables the synchronization signal @&$ bit, 1 = enable) to allow for
interrupt operation. The auxiliary PWM status régis(AUXSTAT) provides the
interrupt or raw status. The raw status bit (AUXPRIL = HI, 0 = LO, active trip)
defines if an external trip has occurred. The syowisation interrupt bit (AS_IRQ, 1 =
occurred) provides notification that an interrugtshoccurred on the synchronisation
signal while the trip interrupt bit (AT_IRQ, 1 = aarred) signals that an interrupt has
occurred due to and external trip. A 1 must betenitto these interrupt bits to clear
them. A synchronisation interrupt was only usedhis project. An ISR is called to
update the duty-cycle values when the auxiliary PWéherator unit is active. The

offset time also has to be updated during his neuti

The auxiliary PWM switching frequency for both chais is controlled by the 16-bit
auxiliary PWM period register, AUXTMO, in offset ™e. The required AUXTMO

register code is determined using equation E.4 |ggnBevices 2003c).

AUXTMO = Tauo (E.4)

tCK

The value of ¢« is the fundamental timing unit of the auxiliary RAWunit is the
switching period of the peripheral clock, HCLK, ahdd a frequency 64MHz in this
project. This yields a fundamental time incremehtsa of 15.625nS. The auxiliary
PWM switching period, Auxo, for a switching frequency of 25 kHz is i and this
yields an AUXTMO register code of 2559. The hexauet value (OXO9FF) must be
written to the AUXTMO register.

In offset mode, the AUXTML register defines thesefftime from the rising edge of the
signal for the AUXO0 output to that of AUX1 outputhe required AUXTM1 register
code is determined using equation E.5 (Analog DesvR003c).

E8



AUXTM1 = JoFFser _g (E.5)

CK

The offset time, $rrses IS equivalent to the on-time for the AUXO0 channehich in
turn depends on the duty-cycle of the channel. 8foeg, the offset is equal to the duty-
cycle multiplied by the auxiliary PWM switching ped (4Qus). For a 10% duty-cycle
for the AUXO channel, this yields an AUXTM1 registsode of 255. The hexadecimal
value (OxO0FF) must be written to the AUXTML1 registThe code is updated at the
beginning of the next AUXO0 switching period.

The duty-cycle or on-time for the AUX0 channel antrolled by the AUXCHO register
and is updated at the beginning of the next AUXGtawng period. The required
AUXCHO register code is determined using equatidg (Bnalog Devices 2003c).

AUXCHO = Jave X Tow

CK

(E.6)

For a 10% duty-cycle, @dxo, for the AUXO channel and an auxiliary PWM switadi
period, Tsw, of 4Qus, yields an AUXCHO register code of 256. The hexadal value
(0x0100) must be written to the register. The duygle or on-time for the AUX1
channel is controlled by the AUXCHL1 register anduxlated at the beginning of the
next AUX1 switching period. The formula to determitine register code is the same as
equation E6. The duty-cycle for AUX1 is determinaging equation E7 (Analog
Devices 2003c).

Chux1 = 1 — dhuxo (E.7)

E4. Overview of the Program Sequencer and the Pereral Interrupt
Controller

In order to understand how to implement interrugitviee routines with the ADSP-
21992 DSP, a fundamental understanding of the progrequencer and the peripheral
interrupt controller is required. The program sewes of the ADSP-21992 controls
program flow where it is constantly providing thédeess of the next instruction to be
executed by other parts of the DSP. Program flothénDSP is mostly linear yielding

sequential executing of program instructions. Thare non-sequential program
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structures that direct the DSP to execute an iostmu that is not at the next sequential
address and these structures include: loops, stiesujumps, interrupts and idle. The
program flow variations for the DSP are illustrated Figure E.4 (Analog Devices
2003c).

LINEAR FLOW LOOP JUMP
ADDRESS: N [INSTRUCTION DO UNTIL JUMP
H+1 [INSTRUCTION INSTRUCTION INSTRUCTION
H+2 [INSTRUCTION INSTRUCTION INSTRUCTION
H+3 [INSTRUCTION INSTRUCTION|y TimES INSTRUCTION
H+4 [INSTRUCTION INSTRUCTION INSTRUCTION
H+§ [INSTRUCTION INSTRUCTION INSTRUCTION
SUBROUTINE INTERRUPT IDLE
IRQ B
CALL —¥{insTRUCTION IDLE :‘ >
—INSTRUCTION —|INSTRUCTION INSTRUCTION| WAITING
FOR IRG
INSTRUCTION INSTRUCTION INSTRUCTION
VECTOR
INSTRUCTION
INSTRUCTION
INSTRUCTION INSTRUCTION INSTRUCTION
INSTRUCTION INSTRUCTION INSTRUCTION
INSTRUCTION INSTRUCTION INSTRUCTION
L] RTS — RTI

Figure E.4: Program Flow Variations for the DSP

The sequencer manages the execution of these progfraictures by selecting the
address of the next instruction to execute. As @lattis process, the sequencer handles
the following tasks: Increment the fetch addressintains stacks, evaluates conditions,
decrements the loop counter, calculates new aderessaintains an instruction cache
and handles interrupts. To accomplish these tak&ssequencer uses the blocks shown
in Figure E.5. The sequencer’s address multipleedgcts the value of the next fetch
address from several possible sources. This addrdess the instruction pipeline and
ends with the program counter (PC). The pipelinetaios the 24-bit addresses of the
instructions currently being fetched, decoded, axelcuted. The PC couples with the

PC stack, which stores the return addresses.
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ADSP-2199X l ADSP-2199X DSP CORE
DSP SPECIFIC (COMMON TO ADSP-219X FAMILY)

PH{)GR&MMAELEJ—. |¢— COUNTER EXPIRED (CE)

FLAGS
CSJPTEPHEG%J [— ARITHMETIC STATUS
l¢—LOOP STATUS

PM DATA BUS

ADDRESS

FROM DAGS l4—PC STATUS
l LOOP & BRANCH
CONTROL
INTEFIHUPT!
- * )
v v
NTEHHUPTCOHTHULLEH| |L_0{JP STJACKH PCSTACK |
l h 4 h 4 F ¢ i -
l VECTOR -IND DIR PC-REL LOOP RT RE INCR
ADDR BRAN ERAN BRAN ADDR ADDR ADDRADDR
| g INSTRUCTION PIPELINE_
- - .- l —*IILOOKJ;HELD&DDHESS [LA:||:—
]
1
l || PREFETCH ADDAESS (PA)
l '| FETCH ADDRESS (FA)
1
DMA REQUESTS |
l I| ADDRESS DECODE (4 D)
l :| INSTRUCTION DECODE (D)
1
l || EXECUTE {PC)
¢ h k. ===

PM ADDRESS BUS

Figure E.5: Program Sequencer Block Diagram

To manage events, the sequencer’s interrupt ctertrblndles interrupt processing,
determines whether an interrupt is masked, and rgtse the appropriate interrupt
vector address. A set of system control registersigures or provides input to the
sequencer. These registers include ASTST, MSTATODBE, IMASK, IRPTL and
ICNTL.

Interrupts can stem from a variety of conditionsthbexternal and external to the
processor. In response to an interrupt, the segugirocesses a subroutine call to a
predefined address, the interrupt vector. The DS$tgas a unique vector to each
interrupt. The DSP core supports five fixed intptrisources (Emulator, Reset,

Powerdown, Loop and PC Stack and Emulation kemmriupts) and up to 12 user
assignable interrupts. The user assignable intexrape generated by the peripheral
units of the ADSP-21992 and their connection andrpization is managed by the

Peripheral Interrupt Control Unit.
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The masking of the various interrupts is controllgdthe IMASK processor register
and the latching of the pending interrupts is adied by the IRPTL processor register.
There are dedicated bits of these registers tleahssociated with the various fixed and
user assignable interrupt sources. Each interraptahdedicated 32-bit address in the
interrupt vector table. The dedicated bits and @ased vector addresses for each of the
ADSP-21992 five core and 12 user assignable imé&srare shown in Table E.1
(Analog Devices 2003c).

Interrupt Source IRPTL/IMASK Vector Address
Bic

Emularor (non-maskable)  highest prioricy N/A NiA

Reset (non-maskable) 0 0000000
Powerdown (non-maskahle) 1 0000020
Loop and PC Stack 2 0000040
Emulation Kernel 3 0000060
USRO - user assignable 4 0x000080
USRI - user assignable 5 Ox0000AD
USR2 - user assignable 6 0x0000C0
USR3 - user assignable 7 0x0000E0
USR4 - user assignable 8 0x000 100
USRS - user assignable 9 0x000120
USE6 - user assignable 10 0x000 140
USR7 - user assignable 11 0x000160
USES - user assignable 12 0x000 180
USRY - user assignable 13 0x000 A0
USE10 - user assignable 14 0x0001C0O
USRI - user assignable lowest prioricy 15 0x00 01ED

Table E.1: ADSP-21992 Interrupt Mask
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Peripheral | IPR Register Interrupt Name Interrupt Source and Description
Interrupt Bits

Identifier

0 [PRO[3:0] SPORTO_RX_IRQ | SPORT Receive Interrupt

1 IPRO[7:4) SPORTO_TX_IRQ | SPORT Transmit Interrupt

2 IPRO[11:8] SPI_IRQ) SPI Receive/Transmit Interrupe

3 [PRO[15:12] Reserved

4 IPR1[3:0] Reserved

5 [PR1[7:4] Reserved

& IPRI[11:8] Reserved

7 [PRI[15:12] Reserved

& [PR2[3:0] PWMSYNC_IRQ | PWM Synchronization Interrupe
9 IPR2[7:4) PWIMTRIP_IRG PWM Shutdewn Interrupt

10 IPR2[11:8] Reserved

11 IPR2[15:12] Reserved

12 IPR3([3:0] EIUOTMR_IRQ EIU Loop Timer Interrupt

13 IPR3(7:4] EIUOLATCH_IRQ | EIU Latch Interrupe

14 [PR3[11:8] EIUDERR_IRQ EIU Error Interrupt

15 IPRA[15:12] ADCO_IRQ) ADC End of Conversion Interrupt
16 IPR4[3:0] Reserved

17 IPR4[7:4] Reserved

18 IPR4[11:8] Reserved

19 IPR4[15:12] Reserved

20 IPRS[3:0] TMRO_IRQ General Purpose Timer 0 Interrupt
21 IPRS[7:4] TMRLI_IRQ General Purpose Timer 1 Interrupt
22 IPRS[11:8] TMR2_IRQ) General Purpose Timer 2 Interrupt
23 IPR5[15:12] MEMDMA_IRQ) Memeory DMA Interrupt

24 IPR&[3:0] FIOA_TRQ) Flag IO Interrupr A

25 IPRG[7:4] FIOB_IRQ) Flag 10 Interrupt A

26 IPR&[11:8] AUXSYNC_IRQ Auxiliary PWM Synchronization Interrupt
27 IPR6[15:12] AUXTRIP_IRQ Auiliary PWM Trip Interrupt

28 IPR7([3:0] Reserved

29 IPR7[7:4] Reserved

30 IPR7[11:8] Reserved

3l IPR7[15:12] Reserved

Table E.2: Peripheral Interrupt Sources

The ADSP21992 has 32 individual peripheral interrepurces that are tabulated and
identified in Table E.2 (Analog Devices 2003c). flhes a unique 4-bit code that allows
each peripheral interrupt source to be assignedn® of the 12 user-assignable
interrupts of the DSP core. Four of the 4-bit codescontained in each of the 8, 16-bit
Interrupt Priority Registers (Interrupt Priority ¢ister O (IPRO) to Interrupt Priority
Register 7 (IRP7)).
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The user may write a value between 0x0 and OxBatth el-bit location in order to
connect the particular interrupt source to theasponding user assignable interrupt of
the ADSP-21992 DSP. Writing a value of Ox0 connglets peripheral interrupt to the
USRO user assignable interrupt of the DSP corelewtniiting a value of 0xB connects
the peripheral interrupt to the USR11 user assignaberrupt. The core interrupt USRO
is the highest priority user interrupt, while USR&1he lowest priority. Writing a value
between 0xC and OxF effectively disables the pemghinterrupt by not connecting it
to any ADSP-21992 DSP interrupt input. The maskargl interrupt flagging are
controlled by the core registers IMASK and IRPTIhefe are additional features and
registers that are available if the user wishesstagn more than one peripheral interrupt
to any given DSP interrupt but this scheme wasimptemented in this project. Only
two peripheral interrupts were assigned in thiggot) PWMSYNC_IRQ was assigned
to USRO and AUXSYNC_IRQ was assigned to USR1.

E5. Overview of the Flag I/O peripheral unit

The Flag I/0 (FIO) unit is a parallel 1/O interfatteat supports 16 bi-directional general
purpose I/O signals (PF0-PF15). Each flag bit canirfdividually configured as an

input or output depending on the contents of tmeation (DIR) register. They can also

be used as a source for an interrupt (Analog De2€93c).

When a flag is configured as an input, the FIO lbarprogrammed to invert the input
value, latch a level or detect a signal edge @isfalling or both) depending on the
contents of the POLAR, EDGE and BOTH registers. Whadlag is configured as an
output, the output value is driven from the FLA@ister. The 16-bit FLAG register
exhibits ‘sticky’ behaviour; only writing a ‘1’ ta bit can modify that bit. Writing a ‘1’

to a bit of the FLAG register at the even addre€¥002 (FLAGC) clears the FLAG bit
while writing a ‘1’ to a bit of the FLAG registert ¢he odd address 0x0003 (FLAGS)
sets the FLAG bit. Writing a ‘0’ to any bit in eeh FLAGC or FLAGS has no effect.
On the EZ-KIT Lite board shown in Figure E.1, accés the 16 FIO programmable
flag pins on the ADSP-21992 chip is via connectdr P
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Appendix F — VisualDSP++ 3.0 and implementing
the ISR

VisualDSP++ 3.0 has a number of built in iotrinsic functions designed to make
programming a DSP in a C environment even more-fugsdly. These intrinsic

functions require the inclusion of a number of hexafiles in order to access these
functions and to define symbolic names for thegtegs of the ADSP-21992 DSP. The
specific registers and functions that were access#ds project include Flag I/O, ADC,
PWM, auxiliary PWM and the various functions regdirto implement an interrupt

service routine (ISR) to update the PWM and thelianx PWM duty cycles.

F.1 Overview of VisualDSP++ 3.0 Features

The built-in functions eliminates the need for refecing-dereferencing scheme using
cast pointers (*(int*)) to access memory-mappedstegs. Access to all non-memory-
mapped registers in C required embedded assemhlycesccode. The intrinsic
functions to access non-memory-mapped system eegiate sysreg read and
sysreg_write and the functions to access all the memory-mapi@dpace registers are
io_space read andio_space write (Analog Devices 2003d). These four functions and
other bit manipulation instructions are definedhe header filesysreg.h. There is also
an enumerated type in this header file that pravidding of the system registers that

can be accessed usisgreg read andsysreg_write.

The io_space read andio_space write intrinsic functions require the inclusion of the
architecture definition header fileadsp-21992.h, adsp-2199x.h, def2191.h, def219x.h
when using the ADSP-21992 DSP. The definition hedike, adsp-21992.h, allows
access the symbolic names that are unique to th8PAPL992, specifically the CAN
system registers. The common header fdsp-2199x.h, is required to access the
registers that are common to all the ADSP-2199x D&mRily, which includes 1/0
registers, interrupt controller registers, PWM stgjis, encoder interface unit register,
auxiliary PWM registers, watchdog timer registe SDC module registers. The
definition file, def2191.h, is also required when using the ADSP-21992 DSHt as
contains additional symbolic names including: thdABus Bridge, External Access
Bridge, JTAG debut, clock and system control, inipt controller, SPORT, SPI and

UART communications controllers and the timer. Hedinition file, def219x.h, defines
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the symbolic names for all the system registeabd addresses that are common to all
ASDP-219x DSP cores. The Flag 1/0 block definedhie header fileadsp-2199x.h,
supersedes the definitions already called out i@ tleader file,def2191.h. The
definitions for the interrupt controller provided the header fileadsp-2199x.h, results

in those in header definition fildef2191.h, been undefined.

F.2 Implementation of the intrinsic functions

An example of using the built-in functions is capfting the Flag 1/0 (FIO) Peripheral
unit to set the general purpose I/O signal pins (®B0-3) to be outputs (Analog
Devices 2003d). This information is contained ia IR register, where a 1 means that
the particular pin is an output. The first stepoisccess the correct IO page for the DIR
register. Thesysreg_write intrinsic function is used to access the IOPGeaystegister.
The first argument is the register to be written d¢gsreg 10PG (as defined in the
enumeration irsysreg.h). The second argument is the value to be writtethé IOPG
register, FIO_Page, which is #defined inadsp-2199x.h to be 0x06 (the page offset

required to access the FIO register set).

Once the IOPG register is set appropriately to sxtiee FIO registers, the DIR register
is accessible. The DIR register is an 10 spacestegiand is written to using the
10_space write intrinsic function. Here, the arguments are thdrass to be written to,
FIO_DIR, which is #defined iradsp-2199x.h to be 0x000 (the physical I/O address on
IO page 6 of the DIR register) and the value towr#ten to that address, OxO0OF,
where bits 0-3 are set to 1 to enable the correpgrPF pins 0-3 to be outputs. The
source code to implement these instructions is shiawrigure F.1. Access to the ADC,
PWM, and auxiliary PWM is done in the same manmev,illustrated in the code

examples shown in Figure F.2 — F.4, respectively.

#i ncl ude <sysreg. h>
#i ncl ude <adsp-2199x. h>
mai n( )
{
sysreg_wite (sysreg_|OPG FlI O Page); //CGo to FlI O page
io_space_wite (FIOD R 0xO000F); /1Set DIR register for PFO-3 as outputs
}

Figure F.1: Configuring the Flag 1/0 pins 0 3 (PF0-3) of th®©HPeripheral Unit as

outputs.
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#i ncl ude <sysreg. h>

#i ncl ude <adsp-2199x. h>

mai n( )

{
sysreg_write(sysreg_| OPG ADC_Page) ;
i o_space_write(ADC_CTRL, OxOFOF);

}

/1 Go to ADC page
/I max cl ock, sim sanp.node
/land pwrsync convert trigger (000),

/ | SOFTCONVST( 111)

Figure F.2: Go to ADC page, set ADC clock to maximum, implem&ntultaneous
sampling mode, and trigger when SOFTONVST bit tsvac

#i ncl ude <sysreg. h>
#i ncl ude <adsp-2199x. h>
mai n( )
{
sysreg_wite(sysreg_| OPG PWW_Page);
i 0_space_wite(PWWD_SEG O0x03F);
i o_space_write(PWD_CTRL, 0x000);
i o_space_wite(PWD_TM 0x0500);
i 0_space_wite( P\WD_CHA, 512);
i o_space_wite( P\WD_CHAL, 512);

i o_space_wite(PW SI, 0x0);

/1 Go to PWM page
/1 Disabl e all pwm out puts Ox03F
/1 Di sabl e PWM gener ati on

/1 25kHz PWM Swi t chi ng Frequency
//Set PWM AH Duty Cycle to 90%
//Set PWM AL Duty Cycle to 10%

//No invertion of |ow side outputs,

/1SR Al ternate npde

i 0_space_write(PWD_SYNCW, 63); /1 Set pwm sync signal width for 500ns

Figure F.3: Go to PWM page, disable the PWM output and germrasiet the
switching frequency to 25kHz, set the duty cycletfee high-side channel to 90% and
the duty-cycle of the low-side channel to 10%, mvee low-side output due to
switched reluctance mode and enable the PWM syniation signal with the pulse

width to 500ns

#i ncl ude <sysreg. h>

#i ncl ude <adsp-2199x. h>

mai n( )

{
sysreg wite(sysreg_| OPG Aux_PWM Page); /1 Go to AUX PWM page
i 0_space_write( AUX_TMAO, 2559); /1 25kHz PWM Swi t chi ng Frequency
i 0_space_write( AUX_CHAO, 256); /110%initial high-side duty-cycle
i 0_space_write(AUX_CHAl, 2304); /190% initial |owside duty-cycle
i 0_space_write( AUX_TNMAL, 255); [/ OFfset for |owside duty cycle
i 0_space_write(AUX _CTRL, 0x000); /1 Di sabl e out puts and interrupt

Figure F.4: Go to auxiliary PWM page, set the switching frequeto 25kHz, set the
duty-cycle for the high-side channel to 90% andduty-cycle of the low-side channel

to 10%, set the off-set for the low-side outpusathle outputs and disable interrupts
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F.3 Implementation of the Interrupt Service routinein C

The interrupt handling in C utilizes the headerted interrupt(signal, subroutine)
module to take care of everything [(Analog Devicd02) and (Analog Devices
2003d)]. This function associates a specific ISRlate to be run for a given signal that
could be received during run-time. The list of pbles signals §G_INT value) is
detailed in thesignal.h header file. The interrupt handling function atsis the correct
bit in IMASK to enable servicing for that interrupin this project, the option to

prioritize the interrupts was utilized.

When using the ADSP-21992, the peripheral interaqirces, PWMSYNC_IRQ and
AUXSYNC_IRQ, must be assigned to the user assignabte interrupts. The PWM
interrupt was assigned to the highest user asdgraie interrupt, USRO, and the
auxiliary PWM interrupt was assigned to the secdmghest user assignable core
interrupt, USR1 (Analog Devices 2003c). The highestr assignable core interrupt,
USRO, has the signal numif@G_INT4 and the second highest user assignable interrupt,
USR1, has the signal numi@G_INT5 (Analog Devices 2002).

PWM_ISR() andAUXPWM_ISR() are the ISR functions that is called to servieeuker
assignable interrupts, USRO and USRI, respectivEhe ISR function is called to
service the interrupt once the correct bit is latthn theinterrupt latch (IRPTL)
register. This bit must be cleared when the ISRaited. In addition to this interrupt-
registering scheme, all interrupts must be clearedeset at the initial source code
execution, the user must globally enable interruptsusing the intrinsic function
enable interrupt() that is defined in thesysreg.h header file. The source code
instructions to clear or reset the interrupts at ittitial source code execution, assign
the user interrupts to the DSP core, assign theopppte ISR to in corresponding
signal number and finally to globally enable alteimupts are implemented in an
initialization function in the project source codghe source code to implement these

initialization steps is shown in Figure F.5.
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#i
#i

ncl ude <sysreg. h>

ncl ude <adsp-2199x. h>

mai n( )

{

//C ear/Reset Al Interrupts

sysreg_wite(sysreg_| RPTL, 0x000);

sysreg_wite(sysreg_| CNTL, 0x000);

sysreg_wite(sysreg_| MASK, 0x000);

/1 Assign Peripheral interrupt to the core interrupt

sysreg wite(sysreg_|OPG IntCrl_Page); /1 Go to Peripheral Interrrupt
/1 Control page

i o_space_wite(lPR2, OxFO0); /1 Assi gn PM\WBYNC | RQ t o hi ghest user
/l assignable core interrupt priority
/1 (USRO)
i o_space_wite(lPR6, OxF1FF); /1 Assi gn AUXSYNC | RQ to second hi ghest
/luser assignable core interrupt priority
/1 (USR1)
interrupt (Sl G INT4, PWLISR); [1INT4 is for interrupt USRO
interrupt (Sl G_INT5, AUXPWM I SR); [TINT5 is for interrupt USRL
e Enable Interrupts--------------ommmmmi oo I
enabl e_interrupts(); /1 d obally Enable Interrupt

The ISR functions, PWM_ISR() and AUXPWM _ISR(), haveommon requirement to
clear the interrupt latch bit associated to th&.I8 the case of the PWM, this latch bit
is the SYNCIRQ bit of the PWM status (PWMSTAT) r&ter and for the auxiliary
PWM the latch bit is the AS_IRQ bit of the auxifaPWM control (AUXCTRL)
register. Once the interrupt latch bit is cleare, specific source code instruction for

that particular ISR can be implemented. An exangfl¢he source code to clear this

Figure F.5: The source code to initialize the ISR functions.

interrupt bit is shown in Figure F.6

e PAWM | SR - - - m e e e /1
#pragma interrupt
voi d PWM I SR()
{
sysreg wite(sysreg_| OPG PWWD_Page); // Go to PMMi/o page
PWM Cycl eA = i o_space_read( PWD_STAT) ; /1 Read the PWM Status Register
i 0_space_write(PWWD_STAT, 0x20A); /1 Clear PWM I nterupt Latch bit

Figure F.6: The source code for the ISR function to clear tterrupt latch bit.

FS




Appendix G — DSP Implemented Source Code

G.1 srm_pipwm_current_reg.c

e e T P
Il File: srm_pi pwm current_reg.c
/1 Date: 29/ 06/ 2008

/1 Author: Anthony Muirphy
/1 Purpose: This is the source file to inplenent the PWM and AUXPWM Generator Unit and

/1 read the ADC system on the ADSP-2199x

/1 Ref: ADSP- 2199x M xed Signal DSP Controller Hardware Reference,

/1 P/ N: 82- 000640-01 Rev. 0, 2003

/1l Detail: This file used to initialise the PAW Generator Unit, then in the ISR

/1 i mpl ements adc readi ng and cal cul ate and update the pwm duty cycles and

I i mpl ement reading a switch to determne if mag/free node or demag nobde. The
/1 pwm controller was finally inplenented in its own function,

I nmotor _control _a() for phase A

e I e
e I e
//1nclude files

e I e

#i ncl ude <signal . h>

#i ncl ude <mat h. h>

#i ncl ude<sysreg. h>

#i ncl ude<adsp-21992. h>

/1 Symbol ic constants
e e e

#define P 0.015 /1 Val ue of proportional gain
#define | 0.1 /1 Value of integral gain

e I e
/] Functi on prototypes

void initialization (void);

void PWM I SR(); /1 PWM I SR Prototype

voi d AUXPWM | SR() ; /1 AUXPWM | SR Pr ot otype

void nmotor _control _a(); /1 SRM Phase A current control prototype

voi d comut ati on_four_phase(); /1 SRM commut ation of all four phases prototype
void read_rotor_angl e(); /! Read rotor angle

/1 d obal data variables
e e R TR

int i=0,j=0,count,|oop=10;

i nt DutyCyl eUpdat eA=0, DutyCyl eUpdat eB=0, DutyCyl eUpdat eC=0, DutyCyl eUpdat eD=0;
i nt Enabl ePhaseA=0, Enabl ePhaseB=0, Enabl ePhaseC=0, Enabl ePhaseD=0;

i nt Enabl eSRM=0, MagFr eeDemagA=0, MagFr eeDenagB=0, MagFreeDemagC=0, MagFr eeDenmagD=0;
i nt DenmagPWWA=0, DenmagPWvB=0, DemagPWMC=0, DemagPWD=0, PWM Cycl eA=0;

int StartupA=1, StartupB=1, StartupC=1, StartupD=1,;

i nt ADCSt at usA, ADCVal ueA, DutyCycl eTenpA, DutyCycl eAL, DutyCycl eAH;

i nt ADCSt at usB, ADCVal ueB, DutyCycl eTenpB, DutyCycleBL, DutyCycl eBH,

int ADCSt at usC, ADCVal ueC, DutyCycl eTenpC, DutyCycleCL, DutyCycl eCH;

int ADCSt at usD, ADCVal ueD, DutyCycl eTenpD, DutyCycl eAUX0, DutyCycl eAUX1, AUXPWMX fset;
int Angl eM nA=10, Angl eMaxA=80, Angl eM nB=200, Angl eMaxB=220, Angl eM nC=230,
Angl eMaxC=240;

int Angl eM nD=250, Angl eMaxD=260, Angl eDemagA=0, Angl eDenagB=0, Angl eDemagC=0,
Angl eDemagD=0;

i nt Angl eDemag=20, Angl e f A=0, Angl eOnA=0, Rot or Angl e=0;

i nt MagFreePeri odPWM = 1280; //25kHz = 1280, 50kHz = 640, 100kHz = 320;

i nt DenmagPeri odPVM =  320; /1200kHz = 160, 500kHz = 64, 1Mhz = 32;

float Ith=0, la=0, 1b=0, 1c=0, 1d=0, Iref = 0;

float error=0, errorlow = 0, errorhigh =0, Da=0, integral=0, deltaT=0.00004;
float |_a[4096], Ilow = 0, lhigh = 0;

float tenpA=0, tenpB=0, tenpC=0, tenpD=0;
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/1 Mai n Program
e e e

mai n()

initialization ();
Iref = 90.00;
Ith = 5.00;
lhigh = Iref*1. 1;
Ilow = Iref*0.09;
errorhigh = Iref-11ow
errorlow = Iref-1Ihigh;

whi | e(1) /1 wait for interrupts
{

}

comut ati on_f our _phase(); /1 Activate SRM commut ati on
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/I Functi on: initialization()
//Description: To initial the DSP cl ock speed, interrupts, PW auxiliary PWM FI O and
ADC

/11 nputs: -
/'l Returns: -
e L R R TP P
void initialization (void)
{
//1ncrease the dsp clock speed from 32Miz to 128Mhz
/ / Bypass npode enable and PLL shutof f
asm("iopg = 0x00;");
asm("axl = 0x0120;");
asm("i o(0x200) = ax1;");
asm("nop;");
/I Bypass node enable and wite the correct nultiplier value
asm("iopg = 0x00;");
asm("axl = 0x0950;");
asm("io(0x200) = ax1;");
asm("nop;");
/I Bypass node di sable and naintain the same nulitplier value as before
asm("iopg = 0x00;");
asm("axl = 0x0850;");
asm("i o(0x200) = ax1;");
asm("nop;");
e Reset Interrupts-----------------mmmmo
//dear/Reset Al Interrupts
sysreg_write(sysreg_| RPTL, 0x000);
sysreg_wite(sysreg_I CNTL, 0x000);
sysreg_write(sysreg_| MASK, 0x000);
I R T Initialize Interrupts---------------------------
/1 Assign Peripheral interrupt to the core interrupt
sysreg_ wite(sysreg_|OPG IntCrl_Page); //Go to Peripheral Interrrupt
/] Control page
i o_space_write(lPR2, OxFO); /1 Assi gn PWWBYNC_| RQ t o hi ghest user
// assignable core interrupt priority
/1 (USRO)
i o_space_wite(lPR6, OxF1FF); /1 Assi gn AUXSYNC | RQ to second hi ghest
[ luser assignable core interrupt priority
/1 (USR1)
interrupt (Sl G.INT4, PW.ISR); [1INT4 is for interrupt USRO
[linterrupt (Sl G_INT5 AUXPW/ ISR); [/INT5 is for interrupt USRL
e Enable Interrupts---------mmmmmmmmm oo
//d obally Enable Interrupt
enabl e_interrupts();
N e Intitialize PAM ------mmmmmmm oo
sysreg wite(sysreg_| OPG PWWD_Page); /'l Go to PMMi/o page
i o_space_write( P\WD_SEG O0x03F); /1 Di sabl e all pwm out puts Ox03F
i o_space_write(PWD_CTRL, 0x000); /1 Di sabl e PWWM gener ati on
i o_space_write(PW SI, 0x0); /I No invertion of |ow side outputs,
/1SR Al ternate node
i o_space_write( P\WD_SYNCW, 31); /1 Set pwm sync signal width for 500ns
N Intitialize AUX P ------mmmmmmm oo
// Go to AUX PWM i/o page
sysreg_wite(sysreg_| OPG Aux_PWM Page);
i o_space_write( AUX CTRL, 0x000); /1 Disabl e outputs and interrupt
I e Intitialize FIO --------mmmmmmm oo
sysreg_write(sysreg_| OPG Fl O _Page);
io_space_wite(FIOD R, OxFFFCQ); /1 set outputs except PFO and PF1
i o_space_write(Fl O EDCGE, 0x0000); /1 PFO and PF1l are |level sensitive
i o_space_write(Fl O POLAR, 0x0000); /1 PFO and PF1 are active high input
I e Intitialize ADC ---------mmmmmm oo
sysreg_write(sysreg_| OPG ADC _Page); /llntitialize ADC
i o_space_write(ADC_CTRL, 0xO0F07); /I max cl ock, sim sanp. node
/land pwnrsync convert trigger (000),
/| SOFTCONVST(111)
}
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/1
/1
11
/1
11

Functi on: PWM | SR()
Description: The pwminterrupt service routine
I nputs: -
Ret ur ns: -

#pragma i nterrupt
void PWM I SR()

{

sysreg_wite(sysreg_| OPG PWW_Page); I
PWM Cycl eA = i o_space_read( PWWD_STAT) ; /1
i o_space_write( P\WD_STAT, 0x20A); I
PWM Cycl eA = PWM Cycl eA & 0x0001;
i f (PWV Cycl eA==1) /1
{
sysreg_wite(sysreg_| OPG Fl O _Page); /1
i o_space_write(Fl O FLAGS, 0x0020); I
i o_space_write(Fl O FLAGC, 0x0010); I
}
el se /11If
{

sysreg_write(sysreg_| OPG Fl O _Page); I
i o_space_write(Fl O FLAGS, 0x0010);

i o_space_write(Fl O FLAGC, 0x0020);
}
i f((DutyCyl eUpdat eA==1) &&( PWM Cycl eA==1))

sysreg_write(sysreg_| OPG ADC Page);

i o_space_write( ADC_SOFTCONVST, 0x1);
ADCSt at usA = 1;

whi | e(! (ADCSt at usA & 0x0001))

ADCSt at usA = i o_space_read( ADC_STAT) ;

ADCVal ueA = i o_space_read( ADC_DATA4);
ADCVal ueA=ADCVal ueA>>2;

t enpA=(f | oat ) ADCVal ueA;

I a=(t enpA/ Ox1FFF) *90. 09;

t enpB=cei | f (1 a*10);

in the 1st half cycle,

Go to PMM i/ o page
Read the PWM St atus Regi ster
Clear PMM I nterupt Latch bit

If in the 2nd half cycle, update pwm
Go to FI O page
Activate (PF5)
Di sabl e (PF4) =>2 for 2nd half cycle
no update of pwm

Go to FI O page

/1l Activate (PF4)
/1 Di sabl e (PF5)

=>1 for 1st half cycle

/1 Set the soft convert start bit

//Wait till conversion of ADC4
/lis complete

/| Read val ue from ADC4

/1 ADC value is leftnost 14 bits =>
[/shift right 2 bits

/] Cast convert to a float for
//cal cul ati ons

// Determ ne current measurenent
//val ue, divide by 8191 or Ox1FFF
//and scale 90 if 11.lohms
//Current val ue rounded off for

| a=(t enpB/ 10) +1. 6; //to one decimal place
i f(j<4097)
I _a[j]=la; //Capture initial current data for plotting
i f(j==4096)
j=1
j ++
}
e Duty Cycle Update Algorithm--------------
tenpA = ceil f(tenpA); //Duty cycle val ue rounded off for
//duty cyle cal culation
error = lref-1la;
integral = integral +(error*deltaT); //Calculate newintegral value
Da = (P*error)+(l*integral); /[/1f error in range, cal duty cycle

if(MagFreeDemagA==1)
{
i f((1a>lth)&&(1a<=lhigh))
{

Dut yCycl eAH
Dut yCycl eAL

(int)((Da-.5)*1280);
Dut yCycl eAH;

sysreg_wite(sysreg_| OPG PWWD_Page);
i o_space_write( PWWD_CHA, DutyCycl eAH);
i o_space_write( P\WD_CHAL, DutyCycl eAL);

St ar t upA=0;
}
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Duty Cycle Update Start
[/ Mag/ Free nmode of operation

/11 mplement full PWMduty cycle update
/Il Cal cul ate high side duty cycle

//Due to SR npde and alt node | ow and
/1high side dutycycle are the sane.

/[l Go to PMMi/o page
/ /' Update duty cycle for high side
/lUpdate duty cycle for |ow side



el se

{

i f(1a>lhigh) [/ Current too hi gh=>Freewheel

Dut yCycl eAH = (int)((0-.5)*1280); //Cal cul ate high side duty cycle

Dut yCycl eAL = Dut yCycl eAH, //Due to SR node and alt node | ow and

/1 hide side dutycycle are the sane.

sysreg write(sysreg_| OPG, PWWD_Page); //Go to PMM i/ o page
io_space_write(PWWD_CHA, DutyCycleAH); //0%duty cycle for high side
io_space_wite(PWD_CHAL, DutyCycleAL); //100% duty cycle for |ow side
St art upA=1,

}
el se /11 nplement Startup PWM duty cycl e update

{

DutyCycl eAH = (int)((0.025-.5)*1280);//Cal cul ate high side duty cycle
Dut yCycl eAL = Dut yCycl eAH; //Due to SR mbde and alt node | ow and

/1hide side dutycycle are the sane.

sysreg_write(sysreg_| OPG PWW_Page); //Go to PWM i/ o page
i o_space_wite(PWD_CHA, DutyCycleAH); //1%duty cycle for high side
i o_space_wite( PWWD_CHAL, DutyCycleAL);//99% duty cycle for |ow side
}

}
}
el se
{
i f (MagFr eeDemagA==0) /1 Demag node of operation
{
if(la>lth)
{
Da = O;
Dut yCycl eAH = (int)((Da-.5)*320); [/ Cal cul ate high side duty cycle
DutyCycl eAL = (int)((.5-Da)*320); //Cal cul ate | ow side duty cycle
sysreg_wite(sysreg_| OPG PWW_Page); //Go to PMM i/ o page
i o_space_write(PWD_CHA, DutyCycleAH); /10%duty cycle for high side
i o_space_wite(PWWD_CHAL, DutyCycleAL); /1100% duty cycle for |ow side
DemagPWVA=1,
}
el se
Da = O;
Dut yCycl eAH = (int) ((Da-.5)*320); [/ Cal cul ate high side duty cycle
Da = 1;
Dut yCycl eAL = (int)((.5-Da)*320); //Cal cul ate | ow side duty cycle

}

sysreg_write(sysreg_| OPG PWWD_Page) ; //Go to PMM i/ o page

i o_space_wite(PWD_CHA, DutyCycleAH); //0%duty cycle for high side
i o_space_wite( PWWD_CHAL, DutyCycleAL); //0%duty cycle for |ow side
Demag PWVA=0;

}

}
Dut yCyl eUpdat eA=0;
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/I Functi on: not or _control _a()
[/ Description: |nplements the converter nodes of operation nagnetisation/freewheeling,

11

demagneti sation depending on control signals

/11 nputs: -
!/ Returns: -

void notor_control _a()

}

el se

i f ((MagFreeDenangA==1) &&( Enabl ePhaseA==1))// Mag/ Free node of operation - Commutation

{
i f(DutyCyl eUpdat eA==0) /'l mpl ement Mag/ Free node PWM - | SR
{
R R PW Start --------------------------- /1
sysreg_write(sysreg_| OPG FI O Page);// Co to Fl O page
i o_space_write(Fl O FLAGC, 0x0100); /1 Di sabl e MD2 (PF8)
i o_space_write(Fl O FLAGS, 0x0200); /1 Activate MR (PF9)

/[l Go to PMMi/o page
sysreg_write(sysreg_| OPG PWWD_Page);
i o_space_wite(PWD_TM 0x0500); [/ 25kHz PWM Swi t chi ng Frequency
i o_space_write(PWD_SEG O0x00F); //Activate AH and AL)
/] Enabl e Phase A PWM outputs, 0 = enable,
/11 = disable. Disable all pwm outputs 0xO3F,
//enable all pwm outputs 0x0, only enable
// phase A O0x00F, only enabl e phase B 0x033,
//only enable phase C 0x03C
i o_space_wite(PW SI, 0x1); [/l nverts |ow side outputs, SR Alternate
/I node, disabl es when phase is off
//lnvert all=0x7, invert none = 0x0, invert
/1 A=0x1, invert B=0x2 and invert C=0x4
i o_space_write(PWD_CTRL, 0x007); /] Enabl e PWM generation wth PWSYNC signal .
/[ doubl e update (0x007), single update (0x003
Dut yCyl eUpdat eA = 1;

el se;
/1 Do nothing, update duty cycle next tinme

{
i f ((MagFreeDenmagA==0) &&( Enabl ePhaseA==1)) //Denag node of operation
{

i f(DutyCyl eUpdat eA==0) /11 mpl ement Dermag node PWM
{
i f(DenmagPWWA==1) /11 mpl emrent Full DemagPWM node
{
sysreg_write(sysreg_| OPG FlI O Page);//Go to FI O page
i o_space_write(Fl O FLAGC, 0x0200); //Disable M2 (PF9) => end of comutation
/1 (mag and free node)
i o_space_write(Fl O FLAGS, 0x0100); //Activate MD2 (PF8) => denmg node
sysreg_write(sysreg_| OPG PWWD_Page);
io_space_wite(PWD_TM 0x0140); /1 100kHz PWM Swi t chi ng Frequency
i o_space_write(PWWD_SEG O0x00F); //Activate AH and AL)

[/ Enabl e Phase A PWM out puts, 0 = enable,
/11 = disable. only enable phase A
i o_space_wite(PW S, 0x0); //1nverts | ow side outputs, SR Alternate
/I node, disabl es when phase is off
[/l nvert none = 0x0
i o_space_write(PWWD_CTRL, 0x007); /1 Enabl e PWM generation with PWSYNC signal .
/ / doubl e update (0x007), single update (0x003
Dut yCyl eUpdat eA = 1;
}

el se
{
i f (DemagPWWA==0) // Di sabl e Full DeMag PVWM node

sysreg_wite(sysreg_| OPG FIO Page);//Go to FI O page

i o_space_write(Fl O FLAGC, 0x0300); //Di sable M®2 (PF9) and MD2 (PF8)

sysreg_wite(sysreg_| OPG PWWD_Page);

i o_space_wite(PWD_TM 0x0140); /1 100kHz PWM Swi t chi ng Frequency

i o_space_wite( PWD_SEG O0x00F); //Activate AH and AL)
// Enabl e Phase A PWM out puts, 0 = enable,
/11 = disable. Only enable phase A 0xO00F

i o_space_wite(PW SI, 0x0); //1nverts | ow side outputs, SR Alternate
/I node, disabl es when phase is off
[/l nvert none = 0x0

i o_space_write(PWD_CTRL, 0x007); /I Enabl e PWM generation with PWSYNC signal .
/ / doubl e update (0x007)
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Dut yCyl eUpdat eA = 1;
}

}
}
el se; /1 Do nothing, update duty cycle next tinme
}
el se
if ((MagFreeDenagA==0) &&( Enabl ePhaseA==0)) //Shut down Phase A operation
{
sysreg_wite(sysreg_| OPG FI O Page); /1 Go to FIO page
i o_space_wite(Fl O FLAGC, 0x0300); //Di sable M®2 (PF9) and MD2 (PF8)
sysreg_wite(sysreg_| OPG PWW_Page); //Go to PMM i/ o page
i o_space_wite( P\WD_SEG 0x03F); //Disabl e all pwm out puts Ox03F
i o_space_wite(PWSI, 0x0); //No invertion | ow side outputs,
//1nvert none = 0x0
i o_space_write( PWWD_CTRL, 0x000); /1 Di sabl e PWM generation with
/I PMWSYNC si gnal .
Dut yCyl eUpdat eA=0; //This allow nmotor control to start pwm again
}
}
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/] Functi on: comut ati on_f our _phase()

/I Description: Selects the converter nodes of operation magnetisation/freewheeling,

/1 dermagneti sati on depending on rotor data

/11 nputs: -

/| Returns: -

voi d comut ati on_four_phase()

{

read_rotor_angle(); /I Read current rotor angle

i f ((Angl eM nA<Rot or Angl e) &&( Rot or Angl e<=Angl eMaxA))

{

Angl eDermagA=Angl eMaxA- Angl eDemag; /160
Angl eOF f A = Angl eMaxA- 10; /170
Angl eOnA = Angl eM nA+10; /120

Enabl ePhaseB=0;
Enabl ePhaseC=0;
Enabl ePhaseD=0;

i f((Angl eOnA<Rot or Angl e) &&( Rot or Angl e<=Angl eDermagA) )
{
MagFr eeDemagA=1; /11 npl ement Phase A Mag/ Free node
Enabl ePhaseA=1;
sysreg wite(sysreg_| OPG FIO Page);// Go to FIO page

i o_space_write(Fl O FLAGS, 0x0040); /1 Activate (PF6)

i o_space_write(Fl O FLAGC, 0x0080); /1 Di sabl e (PF7) =1
}

el se

{
i f ((Angl eDemagA<Rot or Angl e) &&( Rot or Angl e<Angl eOf f A) )

MagFr eeDemagA=0; /11 npl ement Phase A Denmg node
Enabl ePhaseA=1;
sysreg wite(sysreg_| OPG FlI O Page);// Go to FIO page

i o_space_write(Fl O FLAGC, 0x0040); /1 Di sabl e (PF6)

i o_space_write(Fl O FLAGS, 0x0080); /1l Activate (PF7) =2
}

el se

MagFr eeDemagA=0;

Enabl ePhaseA=0; /1 Shut down Phase A
sysreg_ wite(sysreg | OPG FIO Page);// Go to FlO page
i o_space_write(Fl O FLAGS, 0x00Q0); /Il Activate (PF6 & PF7) =>3
}
} .
notor _control _a(); [/ Activate Phase A PWM current control
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/I Functi on: read_rotor_angl e()

//Description: Determnes the rotor position value depending on input pul se conbination.
/11 nputs: -

/| Returns: -

voi d read_rotor_angl e()
{
/1 Go to FIO page
sysreg_ wite(sysreg_| OPG FI O Page);
/1 Get val ue of PFO Flag
Enabl eSRM = i o_space_read(Fl O DATA I N);

if ((Enabl eSRM & 0x0003) ==3) //If Signal pulse is high => inplenent mag and free node
{

Rot or Angl e = 40; /Il Constant angle in turn on angle range

}

el se

{
if ((Enabl eSRM & 0x0003) ==1) //If Signal pulse is low => inplenent denag node
{

Rot or Angl e = 75; /1 Constant angle in turn off angle range
j =0;
}
el se
/] Shut down phase operation
Rot or Angl e = 75; [/ Constant off angle
j =0;
}

}
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