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ABSTRACT

This thesis is focused on the torque production and costrategies of variable flux
reluctance machines (VFRMS).

Based on energy conservation, an instantaneous torque equation is developed and analysed,
which reveals the contributions of harmonic currents and inductances to the torque production.
By using Fourer series, albf the harmonics ithe phase currents and winding inductances are
considered. ltvasfound that the average torque of a 6/4 VFRM is mainly produced by the dc,
fundamental and second harmonic components of the phase currents. Based oivdtie de
torque equation, magnitudes and phases of the current harmonics are optimised so that the
average torque is maximised under a given rms cutdentesirabldevel oftorque ripplewas
found, due to the inductance harmonics. The third harmonic torque ripple is dominant in the
6/4 VFRM, whilst the 6/7 VFRM haa lower magnitudsixth harmonic component. In order
to reduce the torque ripple, a harmonic field current is injected. Since the tapgle
reduction method utilises the machine parameters, the influence of the parameter mismatch is
investigated. The torque waveforms predicted by the derived torque equation are compared
with the results directly calculated by ADite element analysi$FEA). Additionally, the
experimental results verify that the derived torque equations can predict the torque production
of the VFRMsto a good degree of accuracy

In order to improve the machine efficiency and extend the operating speed range, an
integraed field and armature current control strategy has been proposed. The field and
armature currents are injected into a single coil as a sinusoidal current biased by a dc offset,
rather thara separate field and armature winding. In the integrated curogritot scheme, a
zero sequence current generates a virtual rotor flux as the field current, whilst theghtsee
sinusoidal currents produce a rotating stator field. The zero sequence current is generated by
adjusting the ottime of zero vectors betwedwo inverters. In the case of the 6/4 VFRM, an
open winding configuration is utilised since the field and armature windings have the same
polarity in each tooth winding. In contrast, a dual thphase windingonfigurationhaving a
neutral point is adoptefor the 6/7 VFRMdue to the opposite polarity between the field and
armature windings. For the vector control, the voltage and torque equations are derived in the
synchronousdg-axis frame. With the aid of MATLAEBimulink these equations are also
utilised for the dynamic simulation. The simulation and experimental results validate that the
proposed strategy can effectively increase the efficiency and extend the operating speed range
of the VFRMs As an extended worlg torque ripple reduction method @so applied to the

integrated current control by injecting harmonic components into the zero sequence current.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

The interest imonpermanenimagnet(PM) machines ha®eenincreasedcontinuously
With the advanced technologies in the power electronics devices and controlgfitues
machineshave beenutilised as an alternative to conventional electrical machines such as
induction or brushlesPM machines[HUSO05], [JEO15] [ZHU14]. VFRMs are stator
electrically field excited synchronous machines havingimilar structure with switched
reluctance machimg(SRMs) [LIU13b], [ZHU14], [LIUl4a]. The stator and rotor are doubly
salient structure without any coil or magnet on the rotor.figh@ and armature windings are
identically wound on the stator tooth using raerlapping windings. As a result, the rotor is
simple and robust, and the heat can be dissipated esdiitionally, bruskesor slip rings are
not required to feed the dadatation currentThe VFRMs havahe advantage of widenge
constardpower operation, since the dc field current can be controlled independently from the
armature current when the input voltage is limitechdtigh speed region [MBA12]The
flux-linkage can be adjusted in order to improve the efficiency in the igbed range
[SHIO7]. Because of its capability of flux control by the field current adjustniieatjoubly

fed configuration can achieve a very wide range of flux regulation, which realiseg a h

1



starting torque ah low speed operation and maintains a constant output power over a wide
speed range [CHU15]. Hence, these two features are highly desirabtbefardustrial
applications for various purposddg. 1.1 shows the category of the éliecmachines based

on thePM usage, i.e. PM machines, hybrid PM machines, andPhMmachines.

Electric Machines

PM Hybrid PM Non-PM
""" Machines -7 Machines """ Machines
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Fig. 1.1. Electric machines category based on the PM usage.

1.1.1 PM Machines

PM machines have been used in many applications such as automotiuedasidial

market sectors due to high torque/power density, high efficiency, high controllability and wide

speed range operation [BIA0O1], [ZHUO07], [CHAO08], [DOR18&urfacemounted PM (SPM)

and interior PM (IPM) machine types are both popular among thenBbhines. The SPM

machines are easier to be manufactured, whilst the IPM machines have a very good overload

capability over the entire speed range. For a continuous torque production, both SPM and IPM

machines exhibit practically the same performancegaten inverter rating and given size of



the mechanical parts [VAG10]. In terms of high speed losses, the SPM machines are mainly

affected by PM losses, but the IPM machines are sensitive to slot harmonic losses [PEL12].

The PM machines can be classifietbim different category depending on location of the

PM excitation [LIA95]. Due to the PMs in the rotor, the SPM and IPM machines can be

suffered from the possibility of irreversible demagnetisation by armature reaction or high

temperature. Also, mechaniacaliability may be degraded at high speed operation [CHEO1].

When the PMs are placed on the stator side, the rotor geometry should be a salient pole, which

is similar to that of switched reluctance machines (SRMs). Hence, it can have a potential for

high speed operation due to its simple and robust rotor structure [CHE11], [ZHU11], [WU15].

Additionally, the temperature is easier to be managed with forced liquid cooling.

When the PMs are located between the stator teeth, it is switched flux PM (SFPM)

machnes [ZHU10]. The PMs can be also placed in the stator-ibagkwhich is known as

doubly salient PM (DSPM) machines [CHE11]. As a major drawback of the DSPM machines,

the torque density is relatively low due to its unipolar fimkage waveform. It can e

overcome with the SFPM machines, which produces a bipolar phasinkage waveform

andmoresinusoidal baclelectremotive force émf). As a result, the torque capability can be

significantly improved due to its flufocusing characteristic comparedgttwthat ofthe DSPM

machines [ZHU10].

However, it becomes more important to consider the machines with less or teanthre

magnet due to the relatively high PM material cbébdreover, in order to extend the speed

range a negativd-axis current is reqred for aflux weakening operatigrwhich results in an



additional los§JAH87], [MOR90], evendemagnetisatiom the PMs[SAR12]. Additionally,

the flux weakening capability may be limited dyuncontrollable PM fludinkage.

1.1.2 Hybrid PM Machines

Variableflux PM (VFPM) machines are those which utilise some ways of changing the
PM flux level [OWEL11]. It allows flexibility in terms of optimising efficiency over a machine
operating range. As examples, many VFPM machines have been researched including
hybrid-excited machines with field windings [LUOOQQ], which are one major category of the
VFPM machines. Acompromised design fahe PM machines, which utilisethe dc field
winding in rotor[AMAQ9], has been developddr the SPM and IPMmachines [AKEQQ]
Additionally, a mechanical structure is altered to adjust the flux level [ZHU15a], whilst the
machines with other means of varying the PM flux have been used [SWAg&jdISFPM
machines [OWE10], [AFI15] and hybri@SPM machines [CHAO3], [ZHA12] have ba
proposed, in which both dc field windingad PMsare utilised on the stator. Those machines
canalsoutilise the coordinated operation between the PMs and field excitation cumremt.
an integration of the topology between the PM machines and symelwroreluctance
machines (SynRMs), a saliency ratio can be increased for the torque density enhancement
[SO095].

As a drawback of the hybrid PM machiné&ggh magneteanotive force(mmf) from the
field windings is required tehangethe flux densityin air-gapproduced bythe PMs although
it is relatively much easier to weaken the flux. It is because that magnetic saturation is

significant and winding excitation is weaker compared with the PM excitataitstionally,
4



the part of the stator should be oceapfor the PMs, which reduces the area for the field and

armature windings in the statdn the case of the mechanically adjusted VFPM machines, it

requires an extra actuation hardware which causes more complex system.

1.1.3 Non-PM Machines

SRMs have been applied to many applications since theyasweple and robust rotor

structure[HUSO5], [V1J08], [TAK12]. They can be operated under high magnetic saturation

and high temperature. Additionally, the SRMs exhibit inherent capability of tiaeltance

[RAHOQ]. However, the SRMs also produce a large torque ripple and high noise and vibration.

Induction machines are also one of the most used electric machines ttie@ taggedness

and availability for different applications [BENOO]. It can lsemmonly thought of a

threephase transformewhose shortened secondary winding is freely rotatorgning an

asynchronous machine [NAM10]. Additionallihe SynRM uses a rotating sinusoidaif

and a reluctance concgmMAG98]. However, the rotor geomegtdesign is quite complex, and

numerous parameters are involved for an optimal design. More importantly, they exhibit

relatively low torque densitgind low power factor.

Rotor wound field synchronous machines (RWFSMs) have been recently used for electric

vehicle (EV) propulsion [JEO15]. Apart from the stator windings, they have the field windings

ontherotors. As a main drawback of the RWFSMs, brushes or slip rings should be utilised for

the field current excitatiowhich reduces mechanical reliabyltSAN12].

In stator wound field (SWHFnachinesit does not require any brush or slip rings for the

field excitation since the field windings are placed on the stator [ZHUE4t. the
5



development of the nerare earth PM machines, doudisd doublysalient machines

(DFDSMs) have been researched for electric vehicles and hybrid electric vehicles [FANOS8], in

which the PMs irthe DSPMmachines are replaced by the field excitation windings [LIA94].

Additionally, by substitutingall of the PMs in the SFPM macleisto the field windings, SWF

switched flux machines (SWFSFMbBave beermproposedZHU11]. The DSDFMs exhibita

simple and robust structure, which can save the cost of maintenance and manufacture.

However,its phase fluxinkage waveforms are not identida¢tween the phaseaicea flux

path is asymmetric ithe DFDSMs.It causesa high torque ripple and different amplitudess

each harmonic in the thrgdasewindings. Hencethe dclink voltage cannot be effectively

utilisedsince the positive and negagi peak voltagekavedifferentmagnitudegCHAOQ02].

Compared with other DFDSM#he VFRMs exhibit the short flux path, and the identical

flux distribution for each phase since the field and armature windings are identically wound on

the stator tootfizHU14]. This symmetrial flux distribution allows the identical ba&mf for

all of the phases, which reduces the cogging torque and torque tippike the SRMs or

other noAPM machinesthe main advantage tfe VFRMs is thepossibility of odd rotor ple

numbers whilst the doubly salient structurie maintained For example, irthe three-phase

SRMs with 6stator pole odd rotor pole numbers cannot be applied [DESHO}vever,the

combinations of the stator/rotor patethe VFRMs are no longelimited by the equations for

the SRMs or doubly salient machines. Hence, the VFRMs with séator/rotor pole

combinatios can be categorised as a new family tbé reluctance machines [LIU13b],

[LIU14a]. For example, in the-statorpole VFRMs, an odd rotor polaachine (5or 7-rotor



pole) is applicable as well @ even rotor pole such as dr 8rotor pole. However, the odd
rotor pole number causes unbalanced magnetic force (UMF). In order to awbelUMF, a
12-statorpole with either 10or 14rotor pole machines has been proposed by doubiivey

number ofthe stator and rotor poles together [LIU144].

1.2 Variable Flux Reluctance Machines

1.2.1 Winding Configurations and Flux-Linkage

The VFRMs have the dc field windings identically wound in each statath It allows 5
or 7-rotor pole VFRM whose field flux can pass though the adjacent stator poles [LIU13b]. As
a result, thinner baekon can be achieved due to shorter field flux path comparedtigth
SRMs and DFDSMs. Fig. 4.shows the cross sectiomasid winding configurations dahe
6-stator pole VFRMs with different rotor pole combinatioie initial position ¢, = 0°) is
defined, in which the centre of the rotor pole is aligned wiith toothwound by Al. Hence, if
a constant current is excited the A1 winding, the rotor will be aligned with the stator tooth
wound by Al windingFig. 13 shows the back emf vectors edichcoil for the 6-stator pole
VFRMs with different rotor pole combinations. Based on the coil back emf vectors, the
winding confgurations can be determined. the 6/4 and 6/8 VFRMseach coil of the
armature windings in one phase has the same polarity. On the other hand, since the field and
armature fluxes can pass through the adjacent sttin the 6/5 or 6/7 VFRMseach oil
back emf of the same phase ha®pposite polarity. It can be geometrically explained that the

rotor pole is aligned with the stattyoth whilst the rotor slot is align with the other stator

7



tooth simultaneously shown in Fig.2.As a result, everder harmonics in the armature

windings are cancelled due to its opposite polarity connectithrei®y5 and6/7 VFRMs.

AC Armature Winding D Field Winding AC Armature Winding

DC Field Winding

(a) 6/4 VFRM (b) 6/5 VFRM

AC Armature Winding D Field Winding AC Armature Winding

DC Field Winding

(c)6/7 VFRM (d) 6/8 VFRM
Fig. 1.2. Cross sections and windings of thet@or pole VFRMs withilifferent rotor [LIU13b].

Cl,C2 BI, B2’ Cl,C2 BI, B2
C B C B
A A A A
Al A2 Al LAY Al LAY Al A2
B C B C
Bl, B2 Cl,C2 Bl, B2’ Cl,C2
(a) 6/4 VFRM (b) 6/5 VFRM (c) 6/7 VERM (d) 6/8 VFRM

Fig. 1.3. Coil emf vectors in the®tator pole VFRMs with different rotor poles [LIU13b].
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(c) 6/7 VFRM (d) 6/8 VFRM
Fig. 14. Finite element messof the 6stator pole VFRMs wh different rotor polewumbes.

The entire cross section region is subdivided into triangular finite elements, in which the
sides of therianglescoincide with the boundary of each materialthis thesis, Flux2D finite
element software is utilizedThe finite element subdivision meshes of the VFRMs are

presented in Fig. 1.4. ¢tan be seethat there is a higher concentration of elements near the air

gap



The fluxlinkage waveforms and the harmonics @resented in Fig. 8. It shows that the

dc component does not exist in the flinkage due to its opposite connection of the coils in

the same phase in the 6/5 and 6/7 VFRMs. Additionally, the even and third harmonics in the

6/5 and 6/7 VFRMs areelatively less compared with the 6/4 and 6/8 VFRMs. Hence, more

sinusoidal fluxlinkage waveforms can be found in the 6/5 and 6/7 VFRMs.

Due to the short flux path through the adjacent stator teeth, the symmetrical field flux

distribution can be achievddr each phase which provides the identical back emf for all of the

phases. Fig. 6.shows the back emf waveforms and the corresponding harmonics for the

VFRMs having different rotor pole combinations at 400 rpm and the field current of 2 A. It

can be seethat the even order harmonics of the back emf are relatively small in the 6/5 and

6/7 VFRMs compared with the 6/4 and 6/8 VFRMs. Additionally, the third harmonic

component is also negligible. This cancelation of the back emf harmonics can be also

explainel by the opposite connection and its flinkage cancelation, which cannot be

obtained in the 6/4 and 6/8 VFRMSs.
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(a) Flux-linkage waveforms
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=
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(b) Corresponding harmonics
Fig. 15. Fluxlinkage waveforms and corresponding harmonic analysis ob+tator pole

VFRMs with different rotor poles [LIU13b].
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(b) Corresponding harmonics
Fig. 16. Back emf waveforms and corresponding harmonic analysis ofdtetd@ pole VFRMs

with different rotor poles [LIU13b].

1.2.2 Self- and Mutual Inductances

The selfinductance waveforms of the armature windings show a significant difference
between the machines with different numbers of the rotor poles in Hg).1IThe 6/4 and 6/8

VFRMs exhibit the significant selhductance variation, which is synchronous with one cycle

12



rotation. On the contrary, the selinductance of the armature windings is almost constant in

the 6/5 and 6/7 VFRMs due to the adjacent flaathp It is worth mentioning that the

selfinductance variation is utilised for the average torque production in the SRMs, whilst it

only contributes to torque ripple in the VFRMs [LIU13a]. Hence, it can be expected that the

constant sefnductance wavefons of the armature windings in the 6/5 and 6/7 VFRMs will

produce the low torque ripple compared with the 6/4 and 6/8 VFRMs.

Fig. 1.7(b) shows the selhductance waveforms of the field windings. It can be found that

the VFRMs exhibit the relatively consitawaveforms in any rotor combinations. In the

VFRMs, the field windings are configured in a series connection among all of the field coils.

Hence, although each coil of the field windingsy produce the variation, the variation

component will be cancelieout except for a multiple of the third harmonic components due

to the identical winding. From the field current control point of view, it is desirable to control

the relatively constant inductance. The field current can be easily controlled, whilst a

corverter rating for the field current can be selected with less consideration about the

inductance variation.

The mutual inductance waveforms between the field and armature windings are shown in

Fig. 18(a). Unipolar inductance waveforms are observed in6fheand 6/8 VFRMs, whilst

bipolar mutual inductance waveforms are seen in the 6/5 and 6/7 VFRMs due to the opposite

connection of the armature windings. More importantly, compared with the 6/4 and 6/8

VFRMs, the 6/5 and 6/7 VFRMs exhibit more sinusoidavefarns. Since the average torque

of the VFRMSs ismostly produced by the mutual inductance between the field and armature

13



windings, it can be also expected ttiadre idess torque ripple in the 6/5 and 6/7 VFRMSs.

o]
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(a) Selfinductance waveforms of tleemature windings
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(b) Selfinductance waveforms of the field windings
Fig. 17. Selfinductance waveforms of the-sfator pole VFRMs with different rotor pole

[LIU13b].

Fig. 18(b) shows the mutual inductance between the armature phases. The mutual
inductances are almost negligible in the 6/4 and 6/8 VFRMs, whilst the 6/5 and 6/7 VFRMs
have almost constant mutual inductance waveforms. It confirms that thinftage of the
armature windings in the 6/5 and 6/7 VFRMs passes through the adjacenpstaso which

14



results in a short flux path, whilst the 6/4 and 6/8 VFRMs have a long flux path. The
negligible mutual inductance in the 6/4 and 6/8 VFRMs is the same as the SRMs. In contrary,
the mutual inductance between the armature windings in thené/®/7 VFRMs is given by

the half of the selinductance in the armature windings except for the leakage inductance. In
the same principle of a synchronous machine such as the PM and induction machines, it is

because that each phase winding is placedadigdiy 2/3 and cos(2/3) =-1/2.

100
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(a) Mutual inductance waveforms between the field and armature windings
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(b) Mutual inductance waveforms between the armature windings

Fig. 18. Mutual inductance waveforms of thestator pole VFRMs with differeniotor poles

[LIU13b].
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1.2.3 Torque Waveforms

Fig. 19 shows the torque waveforms thie VFRMs with different rotor pole combinations
when the armature current is excited at 2 A and the field current is 1 A andVhéeh the
field current is excited at 2 A the average torque is almost doubled than that with theéA of
field current in allof the stator/rotor pole&eombinations. However, a significant torque ripple
can be observed ithe 6/4 and 6/8 VFRMSs. It is becausigatthe selfinductance variation of
the armature windings contributes to the torque ripple. Especially, the fundamental component
of the selfinductance produces the third harmonic torque ripple. Hence, a significant
reduction ofthe torque ripples canébobtained usinghe VFRMs havingthe odd rotor pole
numbes, which has almost constant sielfluctance [ZHU14].

The cogging torque waveforms thie VFRMs with different rotor poles at 2 A field current
are shown in Fig. 10. In the PM machines, theogging torque is produced by the interaction
between the saliencies of the stator and the magnetised pole of hfK®MO03]. In the
VFRMSs, the cogging torque is defined as a torque at which the field current is only excited.
Since the variation cycles giermeance are different depending on the stator/rotor pole
combinations, the least orders of harmonic will also be different [LIU14a)]. The least order
harmonic ofthe cogging torque is 3 ithe 6/4 and 6/8 VFRMs, whilst 6 ithe 6/5 and 6/7

VFRMs. Additionally, a high field current will result ira higher cogging torque [LIU13b].
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Fig. 19. Torque waveforms of thegator pole VFRMs undég = 2 A [LIU13b].
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Fig. 110. Cogging torque waveforms of thesator pole VFRMs unddy= 2 A [LIU13b].

Thetorque generation in théFRMs can be explained by the rotational force generated by
the excited stator poles attracting the rotor poles. Fig. 1.11 shows the torque produtt&én of
6/ 4 VFRM when the el ect 9 Clal@ nrdes@ectitelyioes i t i on
diagram shows the flux path, excited current and directions of the torque production in the

case of the excitation current shown in Fig. 1.12. For the simple explanation, the excited

currents are presented as a summation of the fielchemature currents since both windings

17



are wound on the sanséator tooth.

(c)de= 180 - (dyde= 270 o
Fig. 111. Torque production of 6/4 VFRM at different rotor positions

In this description, the field current is 2 A and the armature current is 3.83 A. The excited
currents ar@resentedn Fig. 1.11 as current symbols depending on the current magnitude and
excitation direction. WhEBhas B iheecitesel htaround 4i3da | ro

whilst Phase A is excited at 2 A. Due to the stator tooth excitation wound by Phase B, an

18



electromagnetic force is produced to minimize the reluctance on the main flux peth At9 0 o
both Phase B and Phase C are exditddwed by Phase C af. = l1ahdPhase A af, =

27.0 «

Phase A ===== Phase B Phase C

(a) (b) (c) (d)

0 90 180 270 360
Electrical angle [degree]

Fig. 112. Current waveforms of 6/4 VFRM.

The torqueproduction in6/5 or 6/7 VFRMs can be explained in the same manitbr6i4
VFRM torque productionrAs an example, torque production of B6RM is presented in Fig.
1.13 with different electrical rotor positionkr 6/5 VFRM, one winding set has the same
polarity between the field and armature windings, whilst the other winding set has different
polarity. Hence, the excitation currents intstatoothhave six balanced waveforms shown in
Fig.1.14When t he el ectri cal ,Phase BlranddPbhase Q2 are excitéeds | o
In order to minimise the reluctance on the main flux path, the rotor rotates with counter
clockwise. Atd, = 9 Phase: A2, Phase B1, and Phase C1 are excited, which leads to the
torque production in the same directidttowever, the torque is produced on only one side. It
is different from 6/4 VFRM, in which the torque is generated by both sides. Hence,@/5 o

VFRMs produce the unbalanced magnetic force (UMF). It should be noted that it can be
19



overcome by doubling the numisaf stator and rotor poldREF].

(c)de= 180 - (dyde= 270 o
Fig. 113. Torque production of 6/§¥FRM at different rotor positions
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Fig. 114. Current waveforms of 6/5 VFRM.

1.3  Torque Production

1.3.1 Switched Reluctance Machines

In a general way, when the mutual inductance is negleitted/oltage equation for Phase

A can be written as [MILO1]

dy,
a a dt

d{Li [
R + ( aa):Ri L $+Wi dLa, (1.1
=t ©otdt "tdg

e

The instantaneous powerof Phase A is

Vaia = RI; + Laia% + Weijg_l;l' (12)

The supplied energy\,, into the windings can be presented with the two parts, mechanical
energyW,, and stored energy in magnetic circiis The mechanical energy only contributes

to the torque production, whilst the stored energy in magnetic circuits does not affect the
torque.

W, =W, +W,. (1.3)
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At any instant, the change rate of magnetic stored energy is

5 .0 L dL Cdi
da}leg—ll2 ay]j—a

a@ aag_Ea dt aaa'

1.4
Based on energy conservation, the converted mechanical power can be obtained by
subtracting the resistive 108 and the rate of change of the magnetic stored energy from the

input powervi. Then, the instantaneous electromagnetic torque of Phase A is

T —1'2%

e 2|a dqe' (15)

The torque of the SRMs is generated by the tendency of the rotor pole tavilhgthne
stator pole so that the fltinkage distance is shortened. When the phase current is excited in
the stator winding, the stator poles generate theliiflkage. Then, the nearest rotor pole is
pulled to align with the excited stator poles, in Whike phase inductance increases. Figh 1.1
shows the diagram of the phase inductance, phase current and the rotor position. When the
edge of the rotor pole starts to be overlapped with the edge of the stator giplthatphase
inductance starts to increase. When the rotor pole is aligned with the stator dg)ethes
phase inductance reaches to the maximum inductégcé hen, the aligned rotor pole and
stator pole will be separated due to the rotor rotationeWthe rotor pole is aligned with the
centre of the stator slot openingdf the phase inductance is at the minimumnd,, is the
rotor position, which is starting point of the phase current conduction, whils the end
point of the phase currenbnduction. It is worth mentioning they, is placed betweed, and
d, so that the phase current increases to its maximum quickly under the lowest phase

inductance.
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Fig. 115. Diagram of the phase inductance, current and rotor positions [MILO1].

Fig. 1.16 illustrates the torque production of the ideal phase inductance under a constant
phase current. When the slope of the phase inductance is positive, it generates positive torque
at +Tp,, Whilst the negative inductance slope produces negative torgug,att can be seen
that the constant inductance does not produce any torque. In order to obtain a continuous
positive torque, the phase current should be excited only at the positive slope of the phase
inductance. In a threghase SRM, the phase curreah be consecutively excited so that all of
the phase currents utilise the positive slope of each phase inductance. Then, resultant torque

will be close to a constant torque ideally.
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Fig. 116. Ideal torque production under a constant phase currenOfMIL

1.3.2 Permanent Magnet Synchronous Machines

The terminal voltages of the PM machines can be written with the phase currents and the

flux linkages as

D

(1.6)

g@\ (g_é‘D\mgz
[« ] 2]
pu)
= )
@D~ (D (D~ (D~
E%TE»'&
< < X<

o

wherey,, Yp andy. are theabcaxis flux-linkages, respectively. These fHirkages can be
defined in terms of the inductances, phase currents ardirfkages by the rotor as follows

ya = Laaia _Lati b H-aL c J/tu
Yo=Laa tolp b W4 (1.7)
yc:Lcaia -Lclib Ij—c'(:c y'Er

wherey .., Yor andy ., are the fludinkagesproduced by the PMs on the rotor. The op#&ouit

back emfs can be presented as

ea = dyar
dt

d d
- ybr e = ycr (18)

S dt * °  dt
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Then, the electromagnetic torque can be calculatfid@$3a]

Te:i(eaia +eo|b ecir:) Ea. d_Ld |2_g'_L_b izcg-lr-c_

22°4d °d
Wm g 4 z q eq eq (19)
+iaibﬁ :,.gcﬁ H.;c—Lm-
dq, dg d .qg

The first term of (1.9) is the synchronous torque, which is generated by the interaction
between the phase current and fluinkage generated by the PMs. Fig. Zillustrates how a

PM machine produces a constant power. With a balanced-pghese winding, having
threephase sinusoidal emfs, resistances, and inductances;pttase sinusoidal currents
produce a positive power. Then, the total electrical powerc@natant value. The torque can

be given by dividing the obtained power by a machine speed. The second and third terms are
the reluctance torque, which is proportional to the change rate of the inductance with the rotor
position. In thd PM machines, thinductance of any phase has two maxima and two minima

in one electrical cycle rotation, representing a doftgdguency harmonic variation. The
mutual inductance between any two phases exhibits a similar characteristic. These inductance

variations contribte to the reluctance torque produced by rotor saliency of the machine.
Pa=e,i,

a4
NN AVAV,

Ph— esiy
tr:_:}‘\ *'.-._ _ ﬁ,‘_f_i_.. , \ /\\ f/\
- P, el

e,

Fig. 117. Constant power generated from thpdmse sinusoidal currents and back e

[NAM10].
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1.3.3 Variable Flux Reluctance Machines

Based on (1.5), the instantaneous torque yston is extended tdhe 6/4 and 6/8 VFRMs
aspresentedLIU12b]

_Eé-2£ dLh LO Pa dLO a | a+" Mb+ii dMﬁ 110
e 2 dqe bdq quo 2 qu_ éﬂ cqug ( )

It is shown that the instantaneous torque of the 6/4 VFRM is generated by three components.

Firstly, the seHinductance variation of the armature windings produces the torque component.

The torque production principle resulted from the-sediictance irthe 6/4 VFRM is the same

as that of the 6/4 SRM. It is proportional to the square of the armature current magnitude, but

not related to its polarity. Under a sinusoidal armature current and constant field current

condition, the selfnductance of the armate windings contributes to the torque ripple in the

6/4 VFRM, whilst it generates the average torque in the SRMs [LIU13b]. Secondly, the

selfinductance of the field windings generates the torque ripple. This component can be

regarded as a cogging torgae mentioned earlier. Lastly, the mutual inductance variation

between the field and armature windings interacts with the field and armature currents and

generates torque. The principle of the torque generation with the mutual inductance is similar

to thatof the PM machines having PM fldixkage, where the torque is generated by the

interaction between the fleinkage and armature current. The relationship between the field

current and the mutual inductance generateslitikage, and the flutinkage corributes to

the torque production with the armature current. Since thelifik@ge of the armature

winding is varying over one periodic cycle with respect to the rotor rotation, the maximum

torque generation can be achieved by using the armature cumrguitase. Under the
26



sinusoidal phase current and constant field current, the average torgastligproduced by
the mutual inductance between the field and armature winfliig$3a].

On the other handhe instantaneous torque production of the 6/5 and 6/7 VFRMs is

1200 S el Moy My M
e 2 dqe bd A queg ?b dqe bc dqe ca dqe 9
+pé,2de§+ é_i dm . dM“’+ii M 8 (1.11)
Zgéf quQ péséaf dqe b'f dqe e dqe 9

Unlike the 6/4 VFRM, the 6/5 and 6/7 VFRMs have the mutual inductance component
between the armature windings. Hence, this mutual inductance componéributes to the
torque production, which is presented in the second component of (1.11).

TheVFRMs can be divided into two categories based on the winding configurations of the
armature windings [LIU13b]. As a first category, the 6/4 and 6/8 VFRMs aasignificant
fundamental component of the selfiuctance in the armature windings since the armature
windings in each phase are connected with the same polarity. Based on the torque production
in the SRMs, the selinductance can be utilised for the adifial average torque generation
with the harmonic current injection. In contrashe 6/5 and 6/7 VFRMs have a relatively
constant selfnductance due to the opposite connection of the armature windings. This
characteristic is similar withhe SPM machins, which does not have a saliency between
dgaxis inductances ia synchronous reference frame. Hence, the maximum average torque
can be obtained by maximum torque per ampere (MTPA) control, in whighxis current is

maximised with zeral-axis current ontrol [NAM10].

27



1.4  Control Strategies

1.4.1 Switched Reluctance Machine Control

Typically, the SRM is excited by the unipolar excitation usamgasymmetric bridge
inverter [WANO5]. Although the SRMs have a simple and robust structure, they have some
issues to be improved, i.e. high torque ripple, acoustic noise and vibrations. In order to
improve a performance of the SRMs, many methods have been proposed, mainly for the
torque ripple reduction. From the control point of view, the methods can be risgelgato

the following groups.

1.4.1.1 Current Waveform Shaping

This method is a conventional technique to reduce the torque ripple of the SRMs. The
phase current waveforms are modified so that a smooth torque can be achieved by using a
precedent calcation [MIK13]. The similar concept can be accomplished based on the
flux-linkage waveform modification instead of the phase current [RUS98]. During the process
of the current calculation, the torque sharing profile, optimisation, or overlapping angle
between the phase currents have been utilised for the torque ripple reduction [HUS96].
Additionally, both voltage and current waveforms have been optimised to avoid the spike
voltage since high peak current can be excited at the rotor position having a |@tanugu
[STA99]. A modulated unipolar current waveform has been proposed and compareal with
bipolar excitation current in terms of torque/current ratio and motor efficiency [NAK12]. The
torque ripple was minimised by a combination of machine design anmokcmtrategy
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[MIK13]. Through a simulation, the required current prafilgere found and the resultant

current harmonics were given based on the Fourier series. For the elimination of the third

harmonic component in the sum of radial forces of the statih,the acoustic noise and

vibration reduction method has been proposed basdéteartilisation ofthe dc, fundamental,

second and third harmonic currents [TAK15]. As an extended study, a general case is derived

by exploring optimised solutions, whicdonsiders not only the minimisation of the acoustic

noise and vibration, but also copper loss, peak current or torque ripple [BAY16].

1.4.1.2 Feedback Method

For the torque ripple reduction, the opargtconditions including machirgarameters are

fed ba& to acontrollereither directly or indirectly. A hysteresis torque controller has been

utilised, in which the reference currents are calculated by comparing the directly measured

torque and the reference torque [FUEO5]. Instead of the direct torqueremaast) the torque

is estimated based on the measured phase currents and rotor position due to its high cost

[KIMO1]. Additionally, co-energy is employed for the torque calculation [LUKO04], whilst the

flux-linkage feedback is utilised for the torque estiorafrom the phase current and rotor

position in a linear condition [BAR98].

1.4.1.3 Advanced Control Method

Since the currenshapingtechnique and feedback methods are still complex, advanced

control strategies have been proposed. The current prafiléisef torque ripple reduction have

been provided from an iterative learning controller [SAHO1], whilst fuzzy logic provides a
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turn-off angle for the same purpose [RODO1]. The fuzzy logic is also implemented in the
current loop for the reference curreningeation [MIR99], and in the speed loop [SIN98].
Additionally, a neural network is adopted in a learning process of the torque estimation
[LINO6]. However, the advanced control strategies have a slow dynamic responsethie to

high computatioroverloads

1.4.1.4 Bipolar Current Excitation

A conventionalthreephase inverter has been used for a sinusoidal current excitation to
reducea noise emission and vibration due to its smooth phase current excitation [AHN99],
and torque ripple reduction [MOR12]. However, as a drawback of the sinusoidal current
excitation, the torque density is inevitably decreass#dce some harmonic currents
contibuting to the average torque production are not utiljt¢d10]. One of the challenges
for the modern SRM driveis the achievement of the torque density with smooth current
excitation. In order to improve the torque densiybipolar norsinusoidal ctrent excitation
has been proposed by using different current excitations. The bipolar excitattenSRM
phases can result in a short flux path magnetic cjranil lead t@eneratinga higher torque
with less pulsationin addition tothe efficiencyand power quality improvement [EDRO5].
The sinusoidal current biased bydc offset was applied to each circuit, which provides the
precise torque control and MTPA control. Although this method utilised the virtual rotor flux
and rotating stator field, tHendamental component of the phase currents and inductances are
only considered [NAK14]. Space vector control frarsynchronous machine control has been

adopted for the SRM drives [CHEOQ2]. This scheme has a major advantage, which requires
30



neither the tague nor current profile.

1.4.2 Permanent Magnet Synchronous Machine Control

In general, the machine control methods can be categorised to three types, i.e. scalar
control and vector controlyhich have been widely utilised for various machines [LIP96], and
more recently direct torque control (DTC) [TAK89]. In this chapter, vector control and direct

torque control are briefly reviewed.

1.4.2.1 Vector Control

The vector control allows an induction machine or synchronous mathinecontrolled
like a separally exciteddc machine. The basic concept of the vector control is to transform
threephase quantities to two equivalent dc components cdtieth whichd andqg are two
perpendicular axes [PAR29This allows the torque and fluto bedecoupled and controlled
separately [NAM10]. In vector control, the rotor position should be known in order to
transform the machine quantities.

Generally, the operation conditions of the vector control are a constant torque and flux
weakening region. Tlse operations are determined due to the physical limitation of the
machine and inverter [MOR90]. MTPA control and flux weakening control have been widely
utilised. The MTPA control produces a maximum torque of the machine under a given current
condition bymaintaining a particular current angle [NAM1Q@n the other handhe objective
of the flux weakening control is to increase the machine speed above the base speed [MOR90].
The basic concept is to reduce the flunkage in the akgap by injecting a deagnetising
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armature currentni the synchronous machine driva this thesis, the vector control will be

utilised, and more detailed control strategies will be given in Chapter 2.

1.4.2.2 Direct Torque Control (DTC)

The basic concept of the DTC is to cahtthe torque and fluwinkage directly by using
lookup tableswith voltage vectorgTAK89]. The DTC employs two hysteresis controllers
typically, in which one is to correct torque error and the other one is fofifilkexge error
correction [FRE96]. Theotque controller maintains the estimated torque within a hysteresis
band, whilst the flux controller makes the rotating stator flux following a reference trajectory.
The DTC has many advantages compared with the vector control. Of all the machine
parametes, the stator winding resistance is only required for the DTC. Since the DTC utilises
the reference voltage from a lookup table, the computation time of the control system can be
reduced. Additionally, because it controls the torque and statofifikege directly, a faster
torque response is achievedrgmared with the vector control.

However, the main drawback of the DTC method is high torgpple and stator
flux-linkage rippledue to hysteresis controller [CAS00]. The DTC scheme is incorporated
with space vector pulse width modulatioB\(PWM) for the induction machines. It reduces
the torque, flux, current, speed ripples in steady state as well as the acoustic noise [LAS0O].
Additionally, snce the switching frequency varies with operating conditiotudting the
machine speed, load torque, and bandwidth of the controllers, a modified DTC has been
proposed for the torque and flux ripple reduction at almost fixed switching frequency

[TANO3]. Meanwhile, when the stator fldinkage is estimated based on eategration of
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voltage, it may lead to a long estimation time for both-flakage and torque [BOS97]. The
compensation for the dc offset error has been utilised in the IPM machine drives [RAHO4].
Since the fludinkage estimation is mainly depended thie stator resistance, thesisance
variation can cause a mismatah the estimation. Especially at low speed operation, the
variation of the stator resistancansignificantly affect the integratioprocesslue to the low

back emf. Hence, the statorsigance estimation scheme has been applied by using

proportional and integraP({) controllers based on the error in the flinkage [HAQO1].

1.4.3 Variable Flux Reluctance Machine Control

1.4.3.1 External Field Current Control

For the VFRM drives, thexéernal field excitation current control scheme has been utilised
as shown in Fig. 18 [LIU12a], [FUK12]. For the armature current control, the thpbase
bridge inverter carbe employed, which has been commonly used in the PM machine and
induction machine drives. The dc field excitation current can be obtained by using a separated

current source or additional inverter bridge.
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Fig. 1.18. External field current control methddr VFRM drives [LIU12a].

1.4.3.2 Harmonic Current Injection

The current shaping techniques in the SRM drives can be regarded as a harmonic current
injection into the phase currentswas shown that the second harmonic current injection into
the armatte winding could contribute to the average torque in the S&&M [LIU12b].
However, the principle of the average torque production resulted from the second harmonic
current was nofully explained, and the optimal excitation current was obtained from the
numerical calculatiofBAY16]. Since the 6/4 VFRM has the same structuréhasSRMs
except for the divided field and armature windings, the contribution of the harmonics will be
investigated by using the 6/4 SRM. The derived torque equation is able tateville torque
productiondor all of the current harmonics the SRMs.

In contrast, the main source causing the torque ripple can be divided into three parts based
on the torque production mechanism the VFRMs. Firstly, the selinductance of the

armdure windings produces the third harmonic torque ripple. Different ttee6/5 or 6/7
34



VFRMs, the 6/4 VFRM produces the significant third harmonic torque ripple, which is

proportional to the square of the phase current magnitude [LIU13thle IRM machires, the

selfinductance of the phase windings changes at twice frequency per one rotor revolution,

which results in a reluctance torque. However, the 6/4 VFRM has only one periodic change in

the self-inductance with respect to the electrical rotor positibinis fundamental component

of the selfinductance generates the significant torque ripple hategthird harmonic

component irthe 6/4 VFRM. Secondly, the harmonic components of the mutual inductances

cause the torque ripple, which is similar with th@&monics inthe back emf in the PM

machines. Lastly, the cogging torque exists when only the field current is applteéd in

VFRMs. The interaction between the stator slot openings and the field excitation current

causes cogging torque, which is indepenid# stator armature currents. Hence, in order to

reduce such torque ripples the harmonic field current injection scbambeapplied to the

VFRMs.

Forthe torque ripple reductiomany investigations have been researched over the past few

decadesbased on the harmonic current injection. The torque ripple was minimised by

selecting the appropriate current harmonics [LEH86]. A series of specific harmonic currents

were added intdhe g-axis reference current to suppress the torque ripple. The addlition

torque components was generated to counteract the fundamental and second harmonic

components ofthe cogging torque forthe SFPM machine [JIA10], and PM machirge

[LEEOS8]. These prior works were extended to consider the inverter limitations including the

finite supply voltage and the finitdi/dt capability [HAN94]. Since these schemes were
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studied under the assumptions thatoalthethreephasesrave i dent i c al back
and have 120~ el ec. phase shift eformshwere opt i n
calculated considering thrgmhase unbalanced conditions [PARO00]. In [NAK12], the
enhanced half sinusoidal phase current has been proposed to achieve the smooth torque
production when the excited phase is switched over the adjacent phaseAMa5]B a

numerical solution has been proposed by using the combinatidins ledirmonic components

in the phase currents in order to reduce the acoustic noise and torque ripple.

1.5 Integrated Current Control for VFRMs

Thereis a possibility to inject th field and armature currents together into a single coil as
sinusoidal current biased by a dc offastshown in Fig. 19[LIU12b], which is hamed aan
integrated field and armature current. Since both field and armature windings are wound on
the same tator tooth inthe VFRMSs, the field and armature windings can be connected in
parallel to integrated phase windings as shown in FRP. T hen, the threphase currents
having dc offset can be injected into the integrated phase windings.

Generally, the phise winding resistands proportional to the winding length, whilst it is
inversely proportional to therosssection area of the windingince the integrated current
control allows using field and armature windingsaiparallel connection, the cross section
area becomes double compavégth thatof theexternalfield excitation control, and it leads to
the half of the winding resistance. As a result, the copper loss can be dedredsat

Meanwhile, the number of tusnper phase is the same betw#emexternal field excitation
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current and the integrated current control. Thus, the static and varying componémgs of
phase inductance in both current control methodsnamtained athe same because the
inductance is portional to the square of the number of turns. The output torque is only
related to the winding inductance components rather tt@winding resistance. As a result,

the torque can be maintained in both control method if the current condition ismbe Isa
should be noted that the derived voltage and torque equations are still applicable when the

integrated current control is adopted.
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Fig. 1.19. Winding configurations of external field current antégrated current control.
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Fig. 120. Cross sections and windings of thetétor pole VFRMs with different rotor poles.

1.5.1 6/4 Variable Flux Reluctance Machine

For the sinusoidal phase current control with dc offset, the zero sequence current control
has been utilised by usiren asymmetric Horidge inverter in Figl.21 [NAK14]. In this
method, the dc component of the phase current prodaicédgual rotor flux, whilst the
sinusoidal phase current generatesotating stator field. In order to generate the dc

component othe zero sequence current, an open winding inverter topology can be used, in
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which two threephase inverters are connectedhe terminals of the open winding machine in

Fig. 1.22 [TAK89], [MUNOO]. Although it requires an additional inverter set compared with

the conventional threghase inverter, the increased output voltage leads to an extended

operating speed range [KIMQ4PAN14].

Inverter
o B
. Current labe” | Current [—>
T"— Reference » Hysteresis —»
ﬁ-:
Table Control :

s
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Fig. 121. Asymmetric Hbridge inverter [MILO1].

In the open winding inverter using two isolated dc link voltage sources, there is no zero

sequence current path for the dc compornienEig. 1.22(a) [STE93], [LEV12], [SRI13].

Hence, it cannagenerate the zero sequence current across the machine wit@linde other

hand, the open winding inverter can be implemented with a single voltage source in Fig.

1.22(b) [BAIO4], in which this configuration allows the current flowing through a common

mode loop. However, it also generates the alternating zero sequence current through the

machine windings depending on the inverter switching patterns, which may cause the

undesirable losses and decrease the efficiency [CHEO6], [SOM13]. Therefore, thesscheme

reducing the alternating componentghe zero sequence should be paid to the open winding
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inverter with a common dc link voltage source.
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(b) Open winding inverter with a commenltage source [BAIO4]

Fig. 122. Open winding inverter topology.

To suppress the alternating zero sequence curretiiteiopen winding configurationa
common mode voltage elimination has been proposed [BAIO4]. The zero sequence voltage
can be avoided by utilising the certain switching pattern in order to obtain the same common
mode voltage betwedhetwo inverters. Also, 120° phase shift method basetherSVM has
been introduced [SOMO2Additionally, the optimal control scheme of switching anglethin

two inverters has been proposed for the minimisatiothezero sequence component and
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current harmonic distortion [EDP15]The zero vector placemenstrategy has been

investigated witha sub hexagonal ceamtand decoupled vector based on PWM switching

scheme [SOMO08a], [SOMO08b]. The switching-time for the zero vectors is modified in

order to minimise the common mode voltage and zero sequence charetiie suppression

of the zero sequence current caused by open winding PM machines, the zero vector

redistribution concept has been proposed, in wttietzero vector is utilised to counteract the

third-order harmonic back emf themachines [ZHO15].

1.5.2 6/7 Variable Flux Reluctance Machine

In the integrated current control scheme, the dc offset component generates a virtual rotor

flux as the field current, whilst the thrphase sinusoidal currents produce a rotating stator

field. To generate the gisoidal phase currents with a dc offset, the zero sequence current has

been utilised by usinghe asymmetric Hbridge inverter INAK14]. The zero vector

redistribution technique has been proposed to implement the integrated current control based

on the open winding configuratianNfZHU15a] However, these configurations can only be

applied to the 6/4 and 6/8 VFRMs because they have the same polarity between the field and

armature windings for all stator teeth. In contrast, in the 6/5 and 6/7 VFRMs, dhe of

threephase winding sets has the same polarity between the field and armature windings, but

the other set has a different polarty shown in Fig. 19[LIU13b]. Therefore, the integrated

control method based on theldidge inverter or open windingverter cannot be directly

applied to the 6/5 and 6/7 VFRM drives.

In order to drive the 6/5 and 6/7 VFRMs with the integrated current control, the integrated
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windings should be divided into two winding setsFig. 123, and the resultant winding

configw ati on is similar tphaseiwi mpdiansge hoav i chuga

difference. For VFRM drives with the dual thrpkase configuration, the mathematical model

should be derived to apply the vector control in the synchrodgasis frame. A &-phase

induction machine has been analysed [NEL74], in which an equivalent circuit has been

derived with an arbitrary angle displacement between the two windingAsktgionally, the

machine model fothe six-phase induction machine was developed engynchronoudgaxis

frame [LIP80], [SINO5]. Similar concepts can be found in the dual {phase and doubletar

threephase configurations. The digital fietdiented control for dual thrgghase induction

motor drives has been proposed with the maekiynamic model, based on the vector space

decomposition [BOJO03]. For the control simplicity, a space vector control technique has been

proposed for dual thrgghase machines, in which three tdionensional orthogonal subspaces

are introduced for analytitenodeling and machine control [ZHA95].

Based on the open winding configuration, the zero vector redistribution has been proposed

for suppressing an alternating zero sequence current [ZHO15]. In the same manner, zero

vector modification has been propoded the 6/4 VFRM in order to generate the constant

zero sequence current, whilst suppressing the alternating compdhtiht5a). This method

utilised the zero vector difference between two inverters for the generation of the common

mode voltage introducinthe zero sequence current. When a neutral point is linked between

two winding sets in the dual thrghase configuration, the zero sequence current can flow

through the machine. This quantéyhibitsa standing wave in the air gap, and this component
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is crucial because it generates the field current in the integrated current control. Hence, the

zero vector redistribution technique is also applicable for the dualphigse inverter through

the neutrapoint[ZHU16b].
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Fig. 123. Dual threephasenverter configuration with a neutral point [LIP80].
1.53 FEA Calculation for External and Integrated Current Control s

When the electromagnetic torque of the VFRMs is calculated with the aid of FEA software,
the dc and ac components of the currents eaexgited to stator tooth together or separately.

In this section, it will be shown that the electromagnetic torque of the VFRMs is identical
when the dc and ac components of the currents are excited together or separately. Then, due to
the identical torge production, the FEA results under the external current control scheme can
betransferre to FEA resultswith theintegrated current control scheme.

Fig. 1.24 shows the circuit view of the Flux FEA software in the 6/4 VFRM drives. In the
external current control scheme, the field windings from DC Al to DC C2 are connected in
series with the equivalent inductances and resistances in F¢a)l.Zhe armature widings
are connected in ~¢onnection, and these windings are excited by thhase currents. The
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excited current waveforms are presented iig. E.5(a), which shows the constant dc field
current and the threghase armature currents. On the other hamel,circuit view of the
integrated current control in théux FEA software is presented in Fig. 4(2). The dc and ac
windings are in parallel connection, whilst the integrated current waveforms are excited as

shown in Fig. 1.8 (b)
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Fig. 124. Circuit view of Flux FEA software the 6/4 VFRM drives
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Fig. 125. Current waveforms in thé/4 VFRM drives

Meanwhile,Fig. 1.2 shows the circuit views of the FEA softwanethe 66 VFRM drives.
The field windings are connected in series having the same polarity, whilst the armature
windings have the different polarity in one phase as shown in1F¥(a). As with the
external field current control of the 6/4 VFRM, the field and armature cunawforms are
presented in Fig. 172a). In order to realise the integratedrrent control scheme in the56/
VFRM, the dc and ac windings are connedtegarallel as shown in Fig. 6@). The current

waveforms are shown in Fig. 1(®§ due to thalifferent polarity.
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Fig. 126. Circuit view of Flux FEA software in the 6/5 VFRM drives
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With bothconfigurationsn the 6/4 and 6/5 VFRM drives, the calculated torque waveforms
are presented in Fig. 182t shows that the torque waveforms are identical when dc and ac
componerg of the currents are excited separately or together in both 6/4 and 6/5 VFRM drives.
Hence, the FEA results will beonvertedbetween the external field current control scheme

and the integrated current control method in this paper.
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Fig. 128. Torque waveforms calculated by Flux FEA software.

1.6  Outline and Contributions of the Thesis

VFRMs and other machines have been reviewed in this chapter, whilst the torque
production principle and the possibility of the integrated current control are addressed. This
thesis mainly investigatdbetorque production and control methods tlee VFRMs as shown
in Fig. 1.D. The torque production of the 6/4 VFRM is éstigated in Chapter 3. Based on

the analytic torque equation, the torque ripple is minimizieg using the harmonic field
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current injection in Chapter Moreover the integrated current control strategy is applied
the 6/4 VFRM with the open winding inverter in Chapter 5, and 6/7 VFRM with the dual
threephase inverter in Chapter 6. Further investigatiothef6/7 VFRM torque production

and torque ripple reduons are presented in Chapter 7.
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6/4 current control
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VFRM Integrated
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Fig. 1.2. Diagram of whole thesis structure and corresponding topic for each chapter.

The contents of thibllowing chapters are summarised as follows:

Chapter 2: A detailed experimental setup is descrifbeldding the hardware platform and
software implementation is given. For the VFRM drives, a vector control strategy is provided,

in whichthe MTPA control and fluxweakening contrcdre presented
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Chapter 3: The torque equation tbk 6/4 SRMis derived considerm the harmonicsn

inductances and currents. Due to the fundamental component of tirdsetaince variation,

the harmonic current injection method is introdufmrdhe average torguenprovement

Chapter 4: Based on the derived torque equations, tlgigtoripple waveforms are

predicted analytically. By injectinthe harmonic field current, the torque ripple minimisation

method is proposed foine6/4 VFRM.

Chapter 5: The integrated field and armature current control strategy is propabeddiar

VFRM usingthe open winding. The proposed method can increase the machine efficiency and

extend the operatingpeedange due to smaller winding resistantie zero sequence current

is utilised as the field current, whilsteQlg-axis currents generate thetating field.

Chapter 6: In order to drive the 6/5 and 6/7 VFRMs with the integrated current cterol,

dual threephase configuration witlithe neutral point is adopted due to the its winding

configuration. The conventiondlraxis current control schesris applicable fothe armature

current control based on the vector contrahiesynchronous reference frame.

Chapter 7: The instantaneous torque equatiahe®/7VFRM is derived considering all

the harmonics of the inductances and currents. Based on the derived torque equations, the

torque ripple waveforms are predicted analytically. By injecting a harmonic field current, the

torque ripple minimisation method is proposedthe 6/7 VFRM. Additionally, the harmonic

components are injected to the zero sequence current in the integrated current control

configurations for the torque ripple reduction.

Chapter8: The research works are summarised and future disdussios are given.
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The major contributions of this thesis are:

The instantaneous torque equations tbé VFRMs are derived considering all the

harmonics of the inductances and currents, which provide a better understanding of the

torque production ithe VFRMs. Contribution of the current harmonics is studied from the

respects ofanalytical investigationand experimentatest It is found that the average

torque ofthe6/4 VFRM is mainly produced by the interaction between the dc, fundamental

and second harmonammponents of the phase currents and the fundamental component of

the selfinductance.

It is shown that the third harmonic torque rippiethe 6/4 VFRM is primarily resuled

from the fundamental component of the getfuctance irthe armature windingsOn the

other handthe 6/5 and 6/7 VFRMs exhibit the torque ripple with a multipletha sixth

harmonic component due to the opposite polarity of the armature windings. Based on the

harmonic field current injection, the torque ripples thie VFRMs are effectively

minimised.

With the zero sequence current conttbk integrated field and armature current control

strategyis proposed and integrated into the conventional vector control over the entire

operating rangdt allows the efficiencymprovement and extended operating range due to

the reduced winding resistance through the integrated windinte field and armature

windings. Due to its different winding configurations, the open winding inverter is utilised

for the 6/4 VFRM, whilstthe dual threephase inverter having a neutral pasadopted for

the6/7 VFRMdrives.
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CHAPTER 2

EXPERIMENTAL SYSTEM AND VECTOR CONTROL

2.1 Introduction

The experimental system isplementedbased on a dSPACE platform, which is a
commercial engineering tool for developing and testing mechatronic control systems.
dSPACE has different peripheral modules such as host interface, pulse width modulation
(PWM) generator, encoder interface, andlogligital (A/D) and digitalto-analog (D/A)
interfaces. The overall block diagram of the experimental system consists of three parts, i.e.
control system, power stage and test rig ac
command, the programmed dSPR generates PWM signals to the inverter so that a machine
is controlled at a certain operating point. It should be noted that the power stage and test rig
were developed by former Ph.D. students in the Electrical Machines and Drives Group in
University of Sheffield. For the machine drives, the vector control will be briefly given
including constanttorque region and flux weakening region. In order to avoid the degraded
performance in the flux weakening operation due to a parameter mismatch, a feedbadk meth

is implemented, which does not require the machine parameters.
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2.2  Experimental system
221 Control System

The main processor board providedasis of thelSPACE modular system, especially in
laboratory environments for different purposes. Based MDAOpterod™ processor, the
reattime calculation is performed and it gives the {tgak interface to the 1/O boards and the
host PC. The host interface provides information exchanges and debugging functions between
the host PC and the dSPACE. Hence, tdmenmand input, parameter acquisition and

waveform capture can be easily accomplished with the aid of themeatommunication.

! Control System

Power Circuit

Fault signal

PWM | ipa! ‘{} DC
—— Power

A
5 Host
I <> " PACE Generator + > !
User w Interface dSPACE (Dss101) | | Dual Three-phase Supply
P Platform ' I Inverter
. i D/A A/D -« — T
Converter Converter [« fabe If
(DS2101) (DS2004) | e A Torque
Oscilloscope —_ Meter
H . Encoder :
. : H . H .
e, @) e (e &g S ] 2,
uttc J i nterface (DS3001) achine
[T 1 L1 1

Fig. 2.1. Overall block diagram of experimental system

The PWM signals are generated &{pS5101 digital waveform output board. It has been

developedto generate complex, higgpeed digital signalsvith high resolution. The board

supports the generation of TTL pulse patterns up to 16 channels, which includes PWM signal

generation Additionally, all output channels can be configured as input charfioetrigger

signals. For the mechanical rotor position measurement, an incremental encoder is mounted to
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the shaft of the prototype machine. The encoder signals are linke®$8001 incremental
erncoder interface board. It has bedgvelopedo offer precise position measurement in many
applications such as machine drive control and robotics. The interface board provides five
independent channels and is able to process phase signals from digitadeintal encoders
having either differential RS422 or singgeaded TTL. Forthe machinespeed measurement
from the encoder pulses, M method is widely utilised. The principle is shown in Fig. 2.2,
wherem is the number of pulses in a fixed sampling pefigdA sampling periodepresents
interval time to count the number thie pulse periodically. The counted pulsgis utilised for

the rotor angular speed calculation by difference derivative. The following equations present

the measured angular speeddAM10]

_2pm,

w
NT,

(2.1

whereN is the encoder pulse number per rotation. The switching frequency of the inverter is
set to 10 kHz, whi ch i sT.TlRelnecrenentaf rotary encoder s a my
(Hengstler RI5&D hollow shafttype) is adopted, which has the number of the encoder pulse

per rotation at 5,000n practical operation, the machine shaft should be rotated marmually

initial condition for index pulsedetecton due toits incremental encoder propertyfhe
maximumspeedof the encoder is 5,000 rpm, and experiments are performed up to 1,500 rpm

in this thesis.

54



> pulse

Sampling
period

\ 4

le— T, —>je— T, —>|

ith (i+1)m

Fig. 2.2. Principle of M method for rotor angular speed measurement.

In order to measure the actual currents and dc link voltage, A/D conveirigylénented

by DS2004 higtspeed A/D board. It has been designed for digitising analog input signals at

high sampling rates. The A/D conversion can be supported up to 16 independent channels

equipped with a separate A/D converter. BNC connectors are utilised for the minimisation of

noise influence, and selectable input mode is available at €8ndkd or differential mode.

For the data acquisition through the oscilloscope, D/A converter is implementedawith

DS2101 D/A board with five 1Bit D/A channels. The board has been desigoegenerate

analog signals from dSPACE digital signals so that the oscilloscope can capture the

waveforms Additionally, when the push button is activated by a user, the main dc link power

line is disconnected by a relay in the inverter. As a resultpwdtn ASPACE generates the

PWM signals to the switching devices in the inverter, the inverter and machine can be

protected from an emergency situation.

2.2.2 Power Circuit

In order to drive the VFRMs with the external current control configuration, the

conwentional thregphase inverter is required for the armature current control. An additional
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current source or an inverter leg is necessary for the field current control. Also, two

conventional thre@hase inverters should be implemented for the open windusggter and

dual threephase inverter so that the integrated current control can be implemented. Two

threephase inverters consist of four parts, iveo inverters, fans, sensor board, and terminals

as shown in Fig. 2.3. The commercial inverter board uslised, which is

STEVAL-IHM027V1 manufactured by STMicroelectronics. The inverter board is designed

for threephase machine control demonstration featuring STGIPS10K60A 600 V, 10 A IGBT

intelligent powemodule This boardcan be utilisedvith singlephase ac supplypto 220 V,

or dc supplyup to 350 V. As a dc link voltage supplier, the microprocessor controlled

laboratory power supply (ERSI836030) is utilised. It can produce the output voltage up to

360 V, and output current up to B0with maximumpower rating at 3,000 W.

Fig. 2.3. Top view of two threphase inverter.

The sensor board provides the measurement of the actual phase currents and dc link voltage.

The phase current of the machines is measured by the current transducers. The output voltage

of the current transducer is transformed to a bipolar voltage signalslmg analog
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conditioning circuits. Then, theneasuredvoltage is converted to a digital signal by the
dSPACE A/D converter. Thecalebetween the actual currenaind the voltage of the sensor

\, is set as
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1000

100 6.4 (2.2)

On the othehand, the scale for dc link voltage measurement is presented as

V,=—n_ »5 300 e 2.3
20000 8¢

whereV,, is the measured dc link voltage. In practice, in order to consider the manufacture

error and component tolerance, the offset adjustment is pedarperimentally.

2.2.3 TestRig

The mechanical part consists of three components, i.e. prototype VFRMs, torque
transducer, and dc load machine. The prototype machines are the VFRMs hstétay ole
with different rotor pole combinations. Thesechines are developed and made by former
Ph.D. students in the Electrical Machines and Drives Group in University of Sheffield. The
major parameters of the prototype machines will be presented in the corresponding chapters.
For the instantaneous torqueasarement, the torque transducer (MAGTROL TM 308/011)
is implemented between the test machine and dc machine. It provides extremely accurate
torque up to 20 Nm with Sensitivity 250 mV/Nm and speed measurement over a very broad
range.Additionally, a condiioning electronic module is integrated providing/Go = 10 V
torque output and an open collector speed output. A torque display (MAGTROL 3410) is
designed for use with the torque transducer, which powers the transducer and utilises high

speed digital sigal processing (DSP) to displdlge torque, speed and mechanical power.
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Reattime torque values can be obtained by connectimg torque output to the data
acquisition system ithe dSPACE. Although the average torque can be observed in the torque
display equipment, the torque waveforms are captured by the capture function in order to
obtain the data accurately. According to the user manual [MAG12], the gain of the A/D
converter is set to 20, whilst the offset is adjusted experimentalg. mechaacal loal, A dc
load machine isonnectedo the prototype machine. In order to dissipate the generated power
from thedc load machinea power resistor is utilised connecting to the armature winding of
the dc machine. The field current of the dc machinsugpled by a dc power supply
externally so that the load condition can lbhangedby adjustingthe field current or the
resistance of thpower resigir.
Based on the operation principle of dc machine, the generated torque can be presented as
T, = K (2.9)
R+R
wherek is a constant; is thefield excitation currenty, is the mechanicahachinespeedRR,
is the resistance of the armature windinghie dc machine, andR_ is the resistance of the
external resistor, respectively. Theat, a given load resistance and field current, the load
torque generated by the dc machine is proportional to the shaft speed as
T.=Bw, (2.5)
whereB, = ki/(R.+ R)), it is constant for a giveinandR_. Therefore, the load torque is speed

dependent by the dc generator. The description of the prototype VFRMs will be presented in

each chapter
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2.3  Vector Control

The vector control has been extensively used for ac machine drives in industrial and
commercial applications. ltheac machine drives, torque is expressed as the outer product of
flux and current vectors. Therefore, the two vectors should be placedhogomialfor the
maximised torque generatioiit can be achieved dynamically ansynchronous reference
frame by transforming the phase currents to the equivdépaxis currents for a field oriented
control. The transformedg-axis currents are controlldd obtain the required magnitude of
flux and torque over the constant torque and constant power regions.

Thedaraxis currents are defined from the phase cullgeamd current anglb as

i = 4.sin(b) (2.6)
i =1 cog(b) (2.7)
From the basic mathematical model of the PM machjN&M10], the voltage and torque

equatios can be written using the defindd-axis currents as

. di .
Vs = Rslds -l-l‘dsd_(::S WJ‘ qg C (28)
i |
Vqs = Rslqs +qu di WJ— dls ds Wey (29)
3P . .
Te =7{y ml as -(L ds L q)l ds l}s (210)

whereR; is the phase winding resistaneg,is the electrical angular speed of the machine, and
¥ mis the opertircuit flux-linkage produced bthe PMs, respectively.
In thedg-axis current planghe current constrain forms a circle whose eistlocated at
the origin with the radiuk,, Which is maximum phase peak current as
i *izg &2 (2.11)
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The voltage limit locus in thelg-axis current plane can be obtained from the voltage
constraintVpacas

Vit Vo, OV (2.12)
If the winding phase resistance is neglected, the voltage constraint can be simplified to

2,
a (0]
v el (2.13

(quiqs)z"’('-dL ¥ ) &
This is the equation of the ellipse centered on the ppifiL{s 0) in thedg-axis current plane.
An operating point catbe positioned in the intersection between the current circle and the
voltage ellipse unless it exceeds the inverter voltage or current limits.
The machines can have three operating regions limited by the different constraints.
1 Region| :constant torquesgion Is = Imax Vs < Vimax
1 Region Il : flux weakening region |s=lnas Vs = Vinax

1 Regionlll : flux weakening region |5 <lmnas Vs < Vimax
2.3.1 Constant Torque Operation

The circle diagram is a graphical technique to determine optimal currentsfecteector
controlled ac drive systenis Fig. 2.4 [JAH87], [MOR90], [KIM96]. It can show how these
limits restrict the operation region in tlokeraxis current planelf the cente point of the
voltage ellipse is located outside the current circle, the machine only has Region | and II.
Region Il only exists wheg/Lgsis lower thantie current limit) ,ax

Region | corresponds to the constant torque region, which is mainly lilmitélde phase
current. Geometrically, Region | operates at the point from O to A in2HglIn the constant
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torque region,the MTPA control is widely used due to its simplicity and significant
performance. Fathe PM machines with saliency, such as thbaging inset and interior PMs,
the d-axis inductance.y is smaller than the-axis inductance.,. In that case, the MTPA

control results in a negativkaxis current in order to utilise the reluctance torque component.

Current limit circle

FW line
MTPV line

MTPA line

) L

Voltage limit circle, w, = wy,

0

Voltage limit circle, w, = Wpqse

(a) Yn/Lds > | max

MTPV line

[N

FW line Current limit circle

,— MTPA line

L\

Voltage limit cirgle, w, = Wpase

(b) lel—ds< Imalx
Fig. 2.4. Current and voltage trajectories in SPM machines.
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If Ly is equal toLy, which means no saliency suchthe SPM machines, the zembaxis
current is maintained due to its no contribution to the torque. It should be noted that although
the VFRMs havethe doubly salient structure, the torque is mainly determinethbyy-axis
current in the synchronous reference frame rather thhe d-axis current because the
inductance saliency can be assumed asrotiee VFRMSs[LIU13b].

Under the vector control, the constant torque of the machine can be maintained from zero
speed to the base speed of the machipg. along with the MTPA contour. The machine
operates under the current limitation of the inverter, whilst the inverter estaldupply a
voltage higher than the required voltdgem the machine in the constant torque region. At the
base speed, the required voltage of the machine will reach at the maximum voltage which the
inverter can produce. Over the base speed, the mabbhméo be operated under the flux

weakening control.

2.3.2 Flux Weakening Operation

In the PM machines, the magnetic flux cannot be controlled directly, since tHmKage
decreases irreversibly if a demagnetisation occurs significantly. wkakening control
utilises the stator current component to counteract the fixed amplitude magngtp dlinx
generated by the PMs, performing a similar role with the field weakening in a separately
excited dc machine. In other words, thegap flux ca be adjusted by injectinthe d-axis
stator current. With the separated excited dc machine, it can be accomplished by reducing the
field current of the machine as the speed increases.

Region Il corresponds to the flux weakening region which is limitethdiip constraints
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from voltage and current of the inverter. Typicallge machines are designed to reach the
maximum inverter voltage at the rated speed and full load conditions. Above the rated speed,
the current angl®é should be increased due to the glyproltage and current limitations. By
using more negativd-axis current and lesg-axis current, the aigap flux is weakened and
the speed increases. Itdearfrom a geometric viewpoint that the maximum operating point
is found at an intersection b of the two curvesetween the current and voltagéhe
intersection point satisfies the necessary conditions of the current and voltage constraints.
According to (2.13) the voltage ellipse shrinkalong with the current limit circlas the
machine sped increases. When the machine does not have Region lll, the operating;point B
is the maximum speett ., because the intersection point does not exist over the speed at
point B.

Region 1l corresponds to the flux weakening region limited by the voltagstraint, in
which the cene point of the voltage ellipse is positioned inside the current limit circle.
Between the operating points from B to C, the machine operates in the flux weakening control
along with the maximum torque per voltage (MTPV) contdMhen operating point reaches
the point B, the magnitude of the magneticgap flux is fully counteracted by thdaxis
current. Clearly, further increase in the-axis current will reduce the machine efficiency
because thd-axis current does not caitiute to the torque generation or weakening the field
of the air-gap in the SPM machinesTherefore, above the region Il speeg the optimal
d-axis current will be fixed at. = -¥m/Lgs @nd it moves along with the line from point B to C
in Fig. 2.4 with speed increas&hen theg-axis current will be reduced gradually as the speed
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increases due to the voltage limitatiéiithe centre point of the voltage limit ellipse intersects

with the current circle, the operating point can be maintained toten§peed theoretically.

Many flux weakening control schemes have been proposed to realise the optimal current

trajectories for different purposes since 1990s. These flux weakening control schemes can be

generally classified as two categories, i.e. fesd/ard method and feedback method.

Feedforward method utilises the machine parameters, machine speed and dc link voltage

in order to calculate the reference currents based on the voltage equations of the machines

[JAH86], [MOR90]. Fast transient responsea main advantage of the fefedward method

since thed-axis current is calculated directly from the voltage equations. Additionally, these

calculations can be applied for low cost applications with look up table [TUR10]. However,

although the feedbrward methods have the fast transient respotisey aresignificantly

sensitive to the operating points and machine parameters sutfe asductances and

flux-linkage.

In contrast, feedback methods utilise the difference between the reference value and

predicted value in terms of voltages, currents or machine speed in order to gémerate

negatived-axis current [KIM97]. These schemes do not require the machine parameters such

asthe dg-axis inductances and fldinkage. Flux weakening control method iaising the

voltage utilisation factor has been proposed for Region I, which is shoduavds reference

current modification part in Fig. 2.5 [KWOO06]. This scheme is also designethen

synchronous reference frame using the PI current controller &SI with over

modulation block. It utilises thdg-axis voltage differences between the output of the current
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controller and the output of over modulation block to generate the demagnetising current

preventing the saturation of current controllers. It oa@ximise the output torque the flux

weakening region with fast dynamics due to maximised voltage utilisation, which is ckse to

six-step operation. Additionally, steadystate torque per ampere ratio (T/A) has been

introduced affecting influence onehransient performance and average torque. Larger flux

weakening gainp results inbetter transient performance, but lower T/A.

In order to drive the machine in Region lraxis reference current modification scheme

has been also proposed as shown ¢n Ei5 [LIU12c]. Resistive voltage drop in the machine

and inverter notlinearity are considered witlpaxis voltage controller since the output of the

current controller is not actual voltage. Tdpaxis current modification allows the machine to

operatealong with MTPV line. With these two current modification methods, the voltage

utilisation can be maximised which is closetlie six step operation, artie operating point

of the machine cafollow the real MPTV line in Region 1.

I

\l‘,-"'lﬂr'.;\.‘, + Ar',a_\z . :
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g-axis reference current modification H

Fig. 2.5. Vectorcontrol block diagram for all the operating ranges [KWOO06], [LIU12c].
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2.4 Conclusion

This chapter provides a detail description of the developed drive systgmecially
hardware platform software implementatignand brief vector control strategyThe
experimental setup is based on dSPACE with MATL8BAulink The commercial inverters
are utilised for high accuracy phase current control, whilst the incremental encoder provides
the information of the instantaneous rotor position. For bmihstanttorque and flux
weakening operations, the vector control schematilsed in the synchronous reference
frame. In theconstanttorque region, MTPA control is used with zet@xis current control,
whilst the feedback method is implemented for the flux weakeapwyation. The control

schemes are successfully implemented in the hardware platform.
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CHAPTER 3

CONTRIBUTION OF CURRENT HARMONICS TO
AVERAGE TORQUE AND TORQUE RIPPLE IN
SWITCHED RELUCTANCE MACHINES

3.1 Introduction

The average torque of the VFRMs is mainly produced by the mutual coupling between the
field and armature windings [LIU13a]. For more-dapth investigation of the torque
production, the instantaneous torque equation is derived in this chapter, whicls tbeeal
contributions of the harmonics in the phase currents and inductances. The 6/4 VFRM has the
same structure as the 6/4 SRM except for the divided field and armature windings.
Conventionally, the SRM is excited by the unipolar excitation uliegasymnetric bridge
inverter [WANO5]. The dc component of the unipolar phase current can be replaced by the
field current, and the armature currents can be exchanged for the ac components in an
excitation ofthe SRMs. Hence, the investigation of the torque prtidndn the SRMs can be
directly applied to the 6/4 VFRM.

For specific purposes, many different current excitations have vepoged in the SRM
drives, i.e.maximum average torque [NAK12], [LIU1Q], torque ripple reduction [NAGOQ],

[MOR12], [MIK13], and roise and vibration [AHN99], [TAK15]. Additionally, optimised
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solutions are derived based on the numerical calculations, which consider not only the
minimisation of the acoustic noise and vibration but also copper loss, peak current or torque
ripple [BAY15]. However, the principle of the torque production was not presented
theoretically. Moreover, the influence of the excitation current harmonics on the torque
production has not been investigated.

This chapter focuses on the contribution of the current draics to the average torque and
torque ripple in the SRMs as well as the optimal current waveform for the maximum torque
under a given rms current. In order to make it more general, the analyses are analytically based.
In the following section, an instamtaous torque equation, which is able to predict the torque
contribution of each current harmonic, is derived by using the Fourier series analysis. Then,
the contribution ofthe current harmonics on the average torque and torque ripple is
quantitatively inestigated based on the developed torque equation and five designated current
waveforms. Additionally, the optimal current waveform for the maximum average torque
under a given rms current is further discussed. The experimental validation is provided, whils
the validation by 2D notinear finite element analysi§FEA) is given in all sections

[ZHU16d].

3.2 Instantaneous Torque Equation of 6/4SRM

For SRMs, their torque production is very often calculated as a function of the phase

inductances and phase @nts as [MILO1]

o
o

T =

e

N | T
cgee
o
g

i iw@% (3.1)
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whereP is the numberof rotor poles d; is the electrical rotor position,, i, andi. are the
abcaxis phase currents, and, L, and L. are the abcaxis phase seihductances,
respectively.

Actually, this equation is derived based on two assumptions. First, the mutual inductances
between different phases are neglected, which is applicable to SRMs [MILO1]. Second, the

store magnetic energy in the machine is predicted as:

1/, . . .
Vvanalytic = E( Lali +L1Ji H-(! i) (32)

When SRMs are on light load and not magnetically saturated, the stored magnetic energy
in the machine can be predicted by (3.2). Hence, (3.1) can predict the instantaneous torque of
SRMs under light load which will be validated later in this chapter bytineerical results.

When SRMs are magnetically saturated, the stored magnetic energy can no longer be
accurately predicted by (3.2). Although (3.1) is still able to predict the average torque
accurately, it cannot predict the torque ripple accuratelfigndase. With the stored magnetic
energy calculated by FEA, more general instantaneous torque equation for SRMs machines
even under the magnetically saturated operations can be presented as:

T _Pdedl, b g db gpﬁ(\gvanm We). (3.3)

®2c'dg, "dg “d.ge d

e

whereWg is the stored magnetic energy by EEA

In this chapter, the contribution of current harmonics to the average torque and torque
ripples is firstly quantitatively discussed under light load condition based on (3.1) and FEA
results. The influence of magnes8aturation is also discussed later based on (3.3) and FEA
results.
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In order to identify the contribution of current harmonics to the average torque and torque
ripples, the phase current and relevant-iselfictance are expressed as Fourier series of the
rotor position. Due to the symmetric winding distribution of tiphase SRMs, thabca x i s
phase cur riemdwsc taanndc esselfave t he same waveforr

Hence, only the-phase current and seéffductance expressions are givenexample.

@) =1, Al Sint g+ (34)
L@)=L, A L,cos0 g +4 35

wherem andn are the current and inductanbarmonicorders.L, is the dc component of
selfinductancel,, andb,, are the magnitude and phase of itk phase current harmonit,,
andU, are the magnitude and phase ofrtieselfinductance harmonic, respectively.

Please note that any arbitrary periodic current can be expressed by (3.4). For the
selfinductance, it depends on the current wavefornother words, the SRM and its load
current determine the sétiductance waveform. In order to predict the inductance accurately
under different current amplitudes and waveforms, theisglictances are calculated by using
frozen permeability metltb[CHU13 and shown in Appendix.

By substituting (3.4) and (3.5) into (3.1), the instantaneous torque equation can be derived

under ararbitrarycurrent excitation as

=3, -
T = -Pa_?nthosm(nqe ) n=x

n=lmz ) (36)
é_3n \ (mirtn=0o0rXx

o o] DA+§Ln|mlrSin(¢n-r chne -lﬁ] -rb n)a:
T I |
n=1m=1r1:’|ro§|_n|m|rsin(¢n ¥ r?)qe & rb n)ﬂ (m+rin):00l’3<
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wherer is the harmonic order of the phase currentskaedin integer starting from 1.

It should be noted that for alif thetorque components in (3.6), they are zero unless the
relevant constraints listed on the right hand side are Feetexample, the first term is zero
when ni 3k. This is due to the sutbmponents of this term produced by thpbase cancel
each other when h3k.

The first term of (3.6) is due to the dc current only and a pure torque ripple, which is
similar to the cogging torque ithe PM machines. For the second term, it is due to the
interaction between the dc and the other current harmonics. Whem= 0, it contributes to
the average torque. When+ n = 3k, it only contributes to the torque ripple. For the third
term, it is due to the interaction between the current harmonics except the dc onem#hen (

+ n) =0, it contributes to the average torque. Wfrent r £ n)=3k, it only contributes to the
torque ripple. It also should be noted that the lowest torque ripple order is three, which will

confirmed later in Figs3.6-3.7.

3.3  Torgue Production Under Different Phase Current Waveform

Excitations

From thederived torque equation (3.6), it can be seen that different current waveforms
result in the different average torques and torque ripples. Hence, in this section, the influence
of current waveform and contribution of current harmonics are quantitativelgtigated.

The widely used rectangular unipolar current waveform is selected as the bench mark. Its

phase current waveform and spectra are given in Fig. 3.1. It can be seen that the rectangular
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unipolar current waveform contains aif the current harmoics except the third and its

multiple harmonics. In order to quantitatively investigate the contribution of the current

harmonics on the average torque and torque ripples, another four current waveforms are

developed by only selecting relevant low orderreat harmonics from the spectra of the

rectangular unipolar current waveform. The amplitude and phase of the current harmonics are

kept the same. These current waveforms are also shown in Fig. 3.1(a) and their harmonic

contents are listed in TabBl From Case | to Case |V, each case contains one more current

harmonic than previous case. For example, the Cases | only contains the dc and fundamental

harmonics. The Case Il contains the dc, fundamental and second current harmonics. Thus, the

contribution ofthe current harmonics can be represented by the differences between two

relevant cases.

TABLE 3.1
HARMONICS OF RECTANGWAR WAVEFORM AT 2 APEAK

lo I P I4 Is é
Amplitude (A) 0.667 1.102 0.551 0.276 0.221 é
Phase (rad) - 0 ]2 ]2 ’ é
Rectangular a a a a a a
Case | a a
Case Il a a a
Case lll a a a a
Case IV a a a a a
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Rectangular waveform
Case | —
2 o4 e=ceses Case II % A

Case III F) \
Case IV

Current [A]
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Electrical angle [deg]

(a) Different phase current waveforms
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3

1.2 A Z2 Current waveform
(<)) ‘S 14
509 - s,
o} h Y Y
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< Electrical angle [deg]

0.3 A
O i ! 8 LI T T LI T T l_l_. T T ._

dc 1 2 3 4 5 6 7 8 910 11 12 13
Harmonic order

(b) Corresponding current harmonics of rectangular unipolar current waveform

Fig. 3.1. Phas current waveforms at 2 Apeak.

On the other hand, it can be seen from theugtdnce spectra in the Appendhat the
inductance is dominated by the dc and fundamental components for all investigated cases.
Since the dc inductance component does not influence the torque and torquéhippleput
torque can be approximated by only considering the fundamental inductance harmonic. Thus,
the torque equation (3.6) can be greatly simplified to help reveal the influence of current
harmonics.

When onlythe fundamental inductance component isigidered, the average torque is

derived from 8.6) as
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Combined with the current harmonics listed in Teble the output torque expressions for the

four cases only considering the fundamental inductance component can be obtained and listed
in Table3.2 Please note that by adding the second current harmonic, another torque term is
produced due to the interactidvetween the fundamental and second current harmonics.
However, no additional torque is produced when the fourth current harmonic is added if only
the fundamental inductance component is considered. By further adding the fifth current
harmonic, another tque term is produced due to the interaction betweefotivéh and fifth

current harmonics.

TABLE 3.2
AVERAGE TORQUE COMPORNTS PRODUCED BY FURAMENTAL SELF-INDUCTANCE UNDER

DIFFERENT CURRENT EXCITATIONS

Case
Average torque

(current harmonics)

3P
Case | Ta_1 == Llolsco8(4, - 4)
3P .
Case II Tavgill :TangI -‘7 L1I1|25|n(b2 _@ 1%
Case lll Tavg_ll ~ Tavg_
3P .
Case IV Tag v = Tavg m "7 Llls Sln(bs - I;l

In the similar way, the expressions for the torque ripples considering the fundamental
inductance component can also be obtained. Since the third torque ripple harmonic is the

lowest order harmonic and the dominating one [LIU10], the expression for tae aiter
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torque ripples are not presented. The expressions of the third torque ripple harmonic only
considering the fundamental inductance component are listed in 3&blBeing different
from the average torque, adding current harmonics always resaltiglitional terms of torque

ripples.

TABLE 3.3
THIRD HARMONIC TORQUERIPPLEPRODUCED BY FUNDAMENTAL SELF-INDUCTANCE UNDER

DIFFERENT CURRENT EXITATIONS

Case
Third harmonidorque ripple
(current harmonics)

Case | Trf.=3—;L1|fSin(% R2h +F

Case Il To=T ook % & TLiisi(3, g240)
Case i Tu=T. Soblleof 3 # g LS5 g, b, 4
Case IV T=Ta Fplllksin(m b # )

In order to validate the foregoing analytical analyses, thdinear FEA predicted average
torques and torque ripples are also obtained under different current waveforms. The FEA is
carried out on &/4 SRM as an example. The cressction, winding layout and main
parameters of th6/4 SRM are shown in Fig. 3.2 and Taldel The rotor positiord. is zero
when thePhaseA winding is aligned with a rotor tooth. In this cages 0. The optimab, for
the maximum torque with rectangular unipolar phase current is 0, which isknvegih
[NAGOQ], [LIU10], and it is confirmed by F& results. More importantly, it can also be
explained by the average torque expression in TaldeFirst, sincells << l4l, < lgl;, the

average torque is mainly contributed by the terms contaikingand I4l,, which will be
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confirmed by the average torque difference between five current waveforms. Secont, since
=0 o, b-)e==sdspy) and codt,- b, - U) = cos(/2). Both the two major torque terms are

maximum wherb;=0 o.

Fig. 3.2. Crossection and winding layout &/4 SRM.d, =0 ~ WlimgeA is aligned with a

rotor tooth.

TABLE 3.4

MAIN MACHINE PARAMETERS

Machine parameters Value
Number of phases 3
Number of stator poles 6
Number of rotor polesR) 4
Winding resistanceR) 3 q
Air gap 0.5 mm
Number of turns per phase 366

In Fig. 3.3, the analytically and FEA predicted torque results are compared both on the
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average torque and torque ripple. The Fig. 3.3(a) is based on that the current harmonics in

Cases 4V remain the amplitude with the rectangular unipolar waveform.eSases-IV

only utilise selected current harmonics, the currardvalue and consequently the copper loss

are relatively lower than the ones of the rectangular waveform. Thus, in3E{3). and (c),

the comparisons are based on the same curmstvalue. In other words, the current

amplitudes of CaseslY are increased accordingly, whilst their current waveforms remain the

same as shown in Fig. 3.1.

Based on the average torque comparison in Bi§¢a) and (b), the average torque can be

predicted acurately by the analytical equations developed in this chapter even when the SRM

is under magnetic saturation. It also confirms that the average torque can be approximated by

the torque equations listed in Tab&2 only considering the fundamental induunte

harmonics. Based on Fig. 3.3(a), which compares the average torque under the same current

harmonic amplitude, it validates the prediction on average torque contributions based on Table

3.2 The average torque due to the interaction between dc andrfantd current harmonics,

which is represented by Case |, has the highest contribution. Adding the second current

harmonic, the average torque can still be increased substantially. This can be seen from the

average torque difference between Case | and ICaBee smallest torque difference between

Case Il and Case lll implies the negligible average torque change by adding the fourth current

harmonic. Further adding fifth current harmonic is still able to slightly increase the average

torque, represented lifie small torque difference between Case Il and Case IV. The very

little average torque difference between Case IV and the rectangular one also confirms the
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contribution of higher order current harmonics are much smaller. The further comparison on

the awrage torque between different current waveforms when the cumsntalue is the

same is shown in Fig. 3.3(b). The average torque per copper loss become similar between all

cases except Case I. This means the only utilising the low order current harisaaide to

achieve the same torque density with the one having rectangular unipolar current waveforms.

The comparison on the torque ripple is shown in Fig. 3.3(c). The torque ripple is defined as

the difference between the maximum and minimum torqliée. torque ripple can be

predicted accurately by (3.1) when the SRM is under light load. However, explained earlier,

due to the error on stored magnetic energy calculation under magnetic saturation, (3.1)

becomes less accurate on the torque ripple prediatioen machine is under magnetic

saturation.More specifically, the predictedraluesare less than FEA calculatedluessince

the inductances and fldinkages are reducedue tomagnetic saturatiortiowever, on the

other hand, the variation of the torque ripples with the current harmonics can still be explained

by the torque ripple equations listed in TaBl8 When adding another current harmonic,

additional torgue ripple termaxe produced as showmTable3.3and consequently the torque

ripple changes significantly as shown in Fig. 3.3(c).

Comparing the current harmonic influence on the average torque and torque ripple, it can

conclude that the second current harmonic have high contributiorobdtie average torque

and torque ripple. The fourth and fifth current harmonics play an important role in term of

torque ripple but have much lower influence on the average torque.
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Fig. 3.3.Comparison of the calculated resultsHEyA under different current excitations.
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3.4  Optimisation of Current Harmonics

In the previous section, both the amplitude and phase of the current harmonics are kept the
same to the ones when the current is rectangular. However, it is mathematically possible to
optimise both amplitudes and phases of each current harmonic to maximisertgeaerque
under a givemmscurrent.

Since(,= 0 o, the average torque equation (3.7)

mathematic operation.

.. s |

kql(k+1)d- I kJ (ki) q

k=1 2

Tan = 3PL1
2

N

—_—

(
lol1q £ (3.8)
Y
wherelyq = Iy sin(o) andlyg = I cos@y).
Please notd, is the amplitude of thé&th current harmonic. Thans value of the input
current is calculated as

1. 1%
T RO LAk @9)
k

For Case | only containing dc and fundamental current harmonics, the optimal distribution

between current harmonics amg tmaximum average torque can be obtained as:

\/EI 0= I 1g + rms? (310)
3 3
Tmax_casel = E I:)Lll OI 1q ﬁ PLll 2rms (311)

The average torque in this case is maximum when the dc and fundamental current harmonics
have the samemsvalue.

For Case II, the optimal current harmonics and the maximum average torque under given
rmsphase current can also be obtained by using Lagrange multiplier method as:

Blo=ly, 23, 15, 1u=l, D, (312

80



T

max_casell —

_3/3, 2
=Ll

rms

(3.13

It can be seen that the optimal phase for the current harmonibgs=afeandb,=" / 2 .

Pl

eas

note these values are the same to the current harmonic phases of the rectangular phase current.

1.4
Pred. 1st|Pred. all

= 1.2 FEA Table I1| (3.3)
= ’ Casel |—— % ]
E 1 4|Casel-opt. |-~ O O }
ODJ Casell |—— X X X
E- 0.8 A Case Il - opt.|----- ' = /
8
o 0.6 4 ‘
=11]
P
5 0.4
z

0.2 -

0 . : ' .
0 5 10 15 20 ’s
Copper loss per phase [W]
(a) Average torque against copper loss

L6 FEA Pred. 1st| Pred. all R

1.4 - - |Table 1| (3.3) :
'E Casel |—— % ] *
Z 1.2 4 Casel-opt.|--=| O 0 +
Z 1 4| Casell |— -
= Case II - opt.| ===~
208
-
2 06 -
g
S 0.4 -

0.2 -

0
0 5 10 15 20 ’s

Copper loss per phase [W]

(b) Torqueripple against copper loss

Fig. 3.4. Comparison of the average torque and torque ripple with/without the optimised

magnitude and phase angle.

Based on the same principle, the optimal current harmonics and the maximum average

torque for Cases lll and IV can also be obtained. It is found the maximum average torque

under a givemms current for Cases Ill and IV is the same as the maximum torqGes# |I.

This conclusion is identical to the phenomenon in Fig. 3.3(b). It also confirms that the average
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torque is majorly contributed by the dc, fundamental and second current harmonics.

In Fig. 3.4, the torque variations are compared for Cases | amhdh the current
harmonics are optimal or remain the same as listed in Babln terms of the average torque,
the difference between two cases is negligible. This is due to that the current harmonic phases
are already at the optimal value. The curfgmtmonic amplitudes are also not far away from
the optima. In terms of the torque ripple, it is slightly reduced in Case | after optimisation.

However, it is slightly increased in Case Il after optimisation.

3.5 Experimental Validations

In order to expementally validate the foregoing investigations, the average torque and
torque ripple under different current waveforms are measured based on the 6/4 SRM shown in
Fig. 3.2 and Tabl8.4. The torque waveforms are measured by a torque transducer as shown
in Fig. 3.5. Due to the limited bandwidth of the torque transducer, the machine speed is 15
rpm. In order to generate the designate current waveforms having negative patiridgeH
inverter is employed rather than the conventional asymmetric bridge invidrecontrol part
is implemented on dSPACE platform.

The analytically predicted, FEA calculated and measured torque waveforms under different
current waveforms at & peak and A peak are compared in Figs6 and3.7, respectively. 3
A peak and 5A pe& represent the light and heavy loads, respectively. It shows that the
analytically predicted torque waveforms match well with the FEA calculated and measured

torque waveforms for all investigated current waveforms and loads. Since the predicted results
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by (3.1) are not matched well in Fig. 3.7 due to the inaccurately predicted stored energy, the
storedenergy must be calculated B¥A to compensate the predicted stored energy as shown
in (3.3) for the 5A peak case. The average torque can be predicted baghe derived torque
equation in both light and heavy loads by using the frozen permeability. The overall feature of
the torque waveforms under different current waveforms remains similar when the SRM is

under light or heavy load.

Torque
Machine Transducer

Fig. 3.5.Experimental test rig.

Based on the measured torque waveforms under different current waveforms and
amplitudes, the variation of measured average torque and torque ripple with the load can be
obtained and shown in Fig. 3.8. Comparing Fig. 3.8 with FR).tBe results match well with
each other. It also confirms that the average torque of Case | is the lowest. There is a big
average torgue increase by adding second current harmonic. However, the average torque
increases very mildly when the fourth andHfi€urrent harmonics are added. If under the same
rms current, all cases have similar average torque except the Case I. In terms of the torque

ripple, it confirms that the Case Il has the largest torque ripple, whilst the Case | has the lowest.
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The torqueripple is reduced by adding fourth and fifth current harmonics. Hence, the fourth

and fifth current harmonics have higher influence on the torque ripple but much lower effect

on the average torque.
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Fig. 3.6. Comparison of the torque waveforms between FEA calculated, analytically pre

and measured results under the different current excitations at 3 Apeak.
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Fig. 3.7. Comparison of the torque waveforms between FEA calculated, analytically pre

and measured results under the different current excitations at 5 Apeak.

The comparison of the average torque and torque rippléwithout optimising current
harmonics are also shown Fig. 3.8. It shows that the difference of the average torque is
negligible for both cases. This matches with the analytical prediction in section IV. It is due to
the current harmonics obtained frahe rectangular waveform are already very close to the
optima. For the torque ripple, it is slightly reduced with optimal current for Case | but

increased for Case Il. This also matches the prediction in Fig. 3.4.
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Fig. 3.8. Experimental results under different current excitations.
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36 Conclusion

This chapter investigates the contribution of current harmonics to the averqge and

torque ripple inthe SRMs based on the developed the instantaneous torque equation and

designate five different current waveforms. The further current waveform optimisation is also

discussed. The investigations are validated by FEA and measstdts. The average torque

is majorly contributed by the dc, fundamental, and second harmonic currents. The fourth and

fifth current harmonics mainly affect the torque ripple but not the average torque. The current

harmonics in the rectangular waveforne atready very close to the optima. As mentioned in

the introduction, the SRM can be transferred into a VFRM having both field and armature

windings on the stator [LIU13b]. The investigation based on the different current waveform

excitations can be als@plied tothe 6/4VFRM.
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CHAPTER 4

TORQUE RIPPLE REDUCTION FOR 6/4 VARIABLE
FLUX RELUCTANCE MACHINE BY USING
HARMONIC FIELD CURRENT INJECTION

4.1 Introduction

In machinedrives torque ripple is a critical concern, especially for high performance
applications, such as traction drives and servo applications, which require low acoustic noise
and low speed variation. The torque pulsations have periodical characteristics with rotor
position The presence of the torque ripple deteriorates the contforpence othe machine
speeddegrading the machine performan€gompared with the 6/5 or 6/7 VFRMhe 6/4
VFRM has a significant torque ripple due to its $etfuctance variation of the armature
windings. In order to overcome this problem, many tompae reduction methods have been
investigated.

The harmonic components tfe g-axis current is utilised to counteract the fundamental
and specific torque ripple includingoth torque ripple and cogging torque féhe PM
machine [LEEO0S8], for the SPPM mahines [JIA10], for flux-controllable PM machire
[ZHUO09]. For the implementation of the additional harmonic components, it has been

proposed based on an iterative learning control [QIA04] and a repetitive current cottiel in
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PM machineadrives [MATO5]. Additionally, duty cycles of each inverter leg has been used for

a smooth torque control, which considers the-i@al back emf waveforms and the finite dc

bus supply voltages [LUO8].

Current waveform shaping techniques for the individual phase curreath®een proposed

based on injecting specific harmonic components for the desired torque ripple cancellation

[LEH86], [JAH96]. The optimally shaped reference phase current waveforms are applied to

the PM machinesconsidering thre@hase unbalanced condit®r{PAROO]. With the

combinations of harmonic components in the phase curr@mtamerical solution has been

proposed in order to reduce the acoustic noise and torque ripple [BAY15]. By using voltage

vectors with variable amplitude and angle, a modified DTC has been also propasedPidr

machines [ZHA11], [ZHU12]. It was extendéd the DM machines with a model based

predictive torque control [YAN12].

As discussed in the previous chapter, the 6/4 VFRM has the torque ripple with specific

harmonic components, which are multiples of the thmdmonics Therefore, in this chapter

the torque ripple reduction method is proposed for theV&RM by injectingthe harmonic

field current. It is shown that the third harmonic torque ripple is dominantly produced by the

fundamental component of the silfluctance in the armature windingsheT inductance

harmonics also produce the additional torque ripples hatviacharmonic components at

multiples of three. The reference field current harmonics are calculated by the analytical

prediction of the instantaneous torque waveform, which consalkethe harmonics irthe

sel- and mutual inductances. The comparison results are analysed between analytical
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prediction and FEA calculation The experimental results on a prototype 6/4 VFRM are

providedfor the validity and the practical avability of the proposedhethod[LEE164].

4.2  Instantaneous Torque Equation of 6/4 VFRM

Fig. 4.1 shows the cross section andfiblel and armature windings of tlié4 VFRM. The
stator consists of-6tator poles with the concentrated windings. Each armature winding is
composed of two coils in ses with the same polarity, e.goils A1 and A2 for phase A.
Additionally, all of thefield windings are connected in series with the same polarity.

The instantaneus torque of the VFRMs can be ana$ed based on the transient
performance which reveals the principle of torque generation and its relationship of the
machine parametersSince the saturation influences on electromagnetic performances are
related to the mchine geometry, the magnetic property and excitation currents, it is
complicated to obtain the analytical expression including nonlinear characteristics bigtgveen
inductance and currentsHence,the analysis of torque production is @il with some
assumptionsn this chapter Firstly, it is assumed thahe iron of the stator and rotor has
infinite permeability and the magnetic saturation does not occur. Himecmductance isot
affected by the phase current. Secontligthreephase windings are in a balanced condition.
Theabcaxi s inductances and currents have the
Lastly, the mutualinductance between the armature windings is neglected since the
flux-linkage ofthe armature coil passdbrough the other armature coil of the same phase in

the6/4 VFRM[LIU13b].
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AC Armature Winding DC Field Winding

Fig. 4.1. Cross section and winding configurations of 6/4 VFRM (The roterip@ligned with

phase A,iiede= 0 ) [ LI U13b].

Due to the periodic nature of the waveforms, the-iselfictance of the armature winding

L, and the mutual inductance between the field and armature wirdincgn be expressed by

Fourier series as a function of rotor position:

L@)=L, B Looshq +4 (@1)
M.(@)=M, 6 M,cos6 g +J 42

wheren is the harmonic ordet,, and My are the dc components tie self and mutual
inductancesl, and M, are the amplitudes at tmth harmonic, andJ, is the phase shifts of

selffi nduct antsdhe phasd shifts ahe mutual inductance at theth harmonic,
respectively.d; is the electrical rotor angle @¢he VFRM. In this chapter, leakage flux is
neglected since the field and armature windings are identically wound on the stator tooth.
Hence the self and mutual inductanceseaassumed to be the same, le= M, andU,= , 2

for all n.
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Fig. 4.2. Selinductance waveforms of the armature windings and harmonics in 6/4 V

[LIU13b].

Fig. 4.2 shows the selfiductance waveforms of the armature windings and the
corresponding harmonics. The sifluctance of the armature windings exhilsiggnmetrical
waveforms biased by dc offset component. From the corresponding harmonic analysis, it can
be seen that the dc and fundamental components are dominant, whilst the third, fifth and
seventh harmonic components are slightly larger than the seocghtbarth harmonics. It
should be noted that the phase shifts of the fifth and seventh harmonics arepinaaefi

whilst other harmonics are in phase compavill the fundamental component
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Fig. 4.3. Baclemf calculated b¥*EA when 2 A field current is applied at 400 rpohU13b].
Since the fludinkage of Phase A is formed by the field curreintand the mutual
inductance between the field and armature windivigshe baclkemfof Phase Ae, is written
as
d : d ,

()= g M@ 9f = s (MLl )} (4.3)
wherev, is the electrical rotor speed tiie VFRMs. The tireephase baclemf waveforms
calculated byFEA are shown in Fig. 4.3 when 1 A field current is applied at 400 rpm. It can
be seen that although the bamkfs are nossinusoidal, they have identical and symmetrical

waveforms. Each harmonic component is amplified by its harmonic order due to thei@erivat
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of the mutual inductance.

In the conventionaMFRM drives, the armature current of the Phase A can be represented
as

()= 4,8in( g +) (4.4)

wherel, is the amplitude ofhe fundamental component tfie armature current, arfg is the
advancedcurrent angle of the fundamental componeespectively. The field current is
controlled at a constant vallie

Based on the torguaroduction the instantaneous torquetbe 6/4VFRM can be written

by the field and armature currents and tH& send mutual inductances as

= oa e S g S Pk iagh oG
28 dg, g “d.g%2 F.q'd, g'd, s
& dv, .. dvm, .. dM_ O '
+P&dbs|f d ol ¢ d 14 (0}
(o e d +

where P is the number of poles ithe VFRMs. The rotor pole numbeof the VFRMs is

corresponding to the pole pair numberghefconventionaPM machinei,s, ins andigs are the

abcaxis phase currents ang is the field current.L,, L, and L. are the abcaxis

selfinductances of the armature windinlys, M, andM, are theabc-axis mutual inductances

betweerthefield and armature windings.

Under the constant field and sinusoidalrrent excitation the instantaneous torque

equation is rewritten as
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3P ; .
Ta= —-anklisin(rg, )
n=1

+37Pa M, 1 co ANy, # Y (4.6)

n=1

+3—Pata ﬁLnlfsin(nqe q) —n‘LnIfsin( @2nyg 2,4 n)é
2 S0 2 4 y

The first component is caused by the geffuctance of the field windingshennis a multiple
of three This torque ripple can be regarded as a cogging torque. The second component is
resulted from the mutual inductance harmonitgen (1° n) is zero or a multiple of three
These torque congments are produced by the backf components. The lasbmponents are
caused by the seifiductance of the armature windingben® nis a multiple of three of2 °
n) is zero or a multiple of thre®epending on the harmonic inductances, each component can
produce the average torque or torque ripple. In tedfriterque ripple multiples of the third
harmonic components exist only since the other harmonic components are cancéfied by
threephase windings.

For verification, the torque waveforms predicted by the derived equation are compared
with the results daulated byFEA atl; = 2 A andlf = 1 A and 2 A The inductance
information is obtained frorREA calculation as listed in Table 4.1. It should be noted that the
magnetic saturation is consideredRRA calculation. Hence, the inductance parameters are
obtained under a small current excitation at 0.1 A. Fig.shagws the instantaneous torque
waveforms and the correspondihgrmonics.The calculated and predicted results are well
matched at both operagnconditions. From the harmonic analysis, the torque ripple
dominantly contains the third harmonic component.

From the instantaneous torque equation, the average torque can be rearranged as
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3Pe 1 . {
Tavg=7‘ll M, Il cos(b, - g EL;is,ur( 2.b —2)a§ (4.7)

When the machine is driven lilge sinusoidal phase currents and constant field current, the
average torque is mainly produced by fhedamental component of thmutual inductance
betweerfield andarmature windingsThe principle ofthe average torque generation witie
mutual inductance is similar to that tife PM machineswhosetorque is generated by the
interaction betweeflux-linkage and armature current.timee VFRMs, the interaction between
field current and mutual inductance generates-lilkage, and the redaint fluxlinkage
contributes to the torque production witte armature currest Additionally, the square of the
fundamental current produces relatively small average torque generated from the second
harmonic inductance. In order to maximise the avetaggue, the current angke can be
advanced rather than zero so that the second harmonic componiuet sefif-inductance
contributes to the average torque production. However, sineelue is relatively small and
can be neglected, the current advanaedleb; is selected to zero, which utilises thexis
current control with zerd-axis current irthe synchronouslg-axis frame.

In contrast the winding inductance harmonics produce multipleghef third harmonic
torque ripples. Based on (4.6), torqigple components are rewritten as

_3Pg 3k

T’—(3k)”‘_7|1 3k|‘3k|?5in(3<qe ﬁk) ELskliSir( g 3@?

-(3k DMyl 1 co{ By, # gg,) (B W ), co5B, g, bs o (48)

k-2 , X +2 . 0
+QL(3K-2)I1ZSIn(3(qe 12 p +(§-2)) L’Ar%)l‘(ﬂ& ﬁ)lzlslr(R ed2n b(i‘!@'if)g

wherek is the integer starting from 1. The fundamental component of thandelftance is a
main source of the third harmonic torque ripple interacting with the fundamental phase
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currents due to the relatively large inductance compared with the other harmonics.

Additionally, the derived torque ripple equation shows that the third harmonic torque ripple is

caused by the inductance harmonics from the fundamental to the fifth harmonic components.

In case of higher harmonic torque ripple, the inductance harmonitstfre fourth to eighth

orders contribute to the sixth harmonic torque ripple and ninth harmonic torque ripple from the

seventh to eleventh orders.

Calculated by 2D-FEA
08 4 -——--- Predicted by equation Ir=2A

0 T ] Ll T Ll
0 60 120 180 240 300 360
Electrical angle [deg]
(a) Torque waveforms
0.8

®m Calculated by 2D-FEA at [, = 1A
= Predicted by equation at [, = 1A
# Calculated by 2D-FEA at [, = 2A

i Predicted by equation at [, = 2A

Amplitude

E _
3

4 5 6 7 8 9
Harmonic order

(b) Spectra

Fig. 4.4. Comparison of torque waveforms in 6/4 VFRNy at2 A andl;=1 A and 2 A.
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4.3  Harmonic Field Current Injection
4.3.1 Harmonic Current Calculation from FEA

Dueto the degree of freedqrthe harmonic current can be injected into field or armature
current, or both currents to suppress the torque ripidsveer, if the armaturecurrent
mainly g-axis current,is modified toinject the harmonic componenit will also cause
additionalharmonictorque ripplesignificantly since the third harmonic torque ripple is mostly
proportional to the square of the armatunerrent magnitudeHence, ly injecting the
harmonic current into the field windings, the mutual inductance tdsquidi sed to counteract
the torque ripple.

The harmonidield current can be directly obtained from the torque waveform calculated
by FEA and added to the reference field current as

o=l 9D D@ = o5 (T ek @ Tag o) (49)

wherel’; is the reference value facc onst ant f i eiltisithecadditiona term.for a n d
the torque ripple reduction, respectivell, re4de) is the instantaneous torque with respect to
the electrical rotor angle, anflyy reaisS the average torque obtained fréiBA. Fig. 4.5(a)
shows the harmonic field current waveforms calculated=B}\. When the instantaneous
torque is larger than the avgeatorque, the negative harmonic field current is added to reduce
the torque ripple, whilst the positive harmonic field current is provided when the torque is
smaller than the average torque. Fig. 4.5(b) shows the torque waveforms with/without the

harmoniccurrent injection. When the harmonic field current injection is applied, the torque

ripples are significantly reduced under both current conditions.
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— If = 1A, Il =2A
------- If=2A,11 =2A
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Electrical angle [deg]

(a) Harmonic field current calculated by FEA

Without torque ripple reduction
——————— With torque ripple reduction

Ir=2A

60 120 180 240 300 360
Electrical angle [deg]

(b) Torque waveforms

Fig. 4.5. Comparison with/without torque ripple reductioh &2 A andl= 1 A and 2 A.

However, since these harmonic field currents are entirely relied dfiBRAealculation, it
requires manyprerequisite calculations against different current magnitude and angle
conditions. Hence, the harmonic field current based on the derived torque equation is proposed,

which is easily applicable to different current conditions.

Harmonic Current Calculation from Torque Equation

Due b the dominant magnitude, tfigtndamentatomponent of the seihductance can be

only utilised for the harmonic current calculation, namely Methodhle Teference field
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currentadded with thehird harmonic componewan be simplexpressedrom (4.9)

Dii = =l,cos@p,)sin( 3g 2.p (4.10

Nip

SincelL; is cancelled out bi;, Method | does not require any inductance information.
In order to take the selfinductance harmonics into account, Method Il is proposed. By

using the torque ripple equation (4.8) tmodified reference field currerdn beexpresseds

2 1

Di’ =
(%) 3P M, I,

T ol 9- (4.11)
These harmonic field current amplitudes can be updated based on the operation conditions.
With the aid ofthe FEA calculation, the harmonic inductance information is obtained.
Additionally, the proposed method can be utilised in both the rated tamdethe flux
weakening operation since the advanced current d@agke considered. In this chapter, the
third, sixth,and ninth harmonic field currents are injected for the torque ripple reduction since
higher harmonic components contribute less to the torque ripple, and the generation of the
high order harmonic curresinay be limited due to the control system.

Fig. 4.6 shows thecomparisonof the calculated torque waveforms BEA and the
corresponding harmonics with/without employing Method II. Similar with the previous results
of the harmonic field currertalculated byFEA, the average torque is maintained at theesam

level, whilst the torque ripple is significantly reduced.
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Without proposed method 11
084 - With proposed method I1

Ir=2A

0 60 120 180 240 300 360
Electrical angle [deg]

(a) Torque waveforms

(b) Spectra
Fig. 4.6. Comparison of torque waveforms calculate@Bs with/without proposed Method |

in6/4VFRM atl; =2 Aandls=1 Aand 2 A.

4.4  Influence of Harmonic Field Current Injection

Although the injected harmonic current helps the torque ripple reduction, it also contributes
to the additional torque generation. Since the third harmonic field current is dominant in the
proposed methods compared with #ieth and ninth harmonic field currents, the additional
torque equation is derived considering only the third harmonic field current as an example.

Whenb;, is zero, the field current with the third harmonic component can be expressed as
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