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Abstract

The multiphase induction machine drive has beenewurnvestigation for the last half century.
Although it offers several attractive advantagesrdhe conventional three-phase induction machine
drive, it is restricted to highly specialised apptions. One aspect of the multiphase induction
machine drive is the complexity of the control aiton for decoupled flux and torque control. The
complexity, arising from the required coordinatansformations, increases with increase in the
number of phases of the machine. Recently, a meatraidallows the control of a six-phase induction
machine drive without any coordinate transformatiovas developed and tested. This new control
technique allows the control of the machine to ipalar to that of dc machines through the use of
special trapezoidal-shaped stator current wavefofingse stator phase current waveforms consist of
field (flux) and torque current components, withtflopped amplitudes allowing a stator phase to act
alternately in time as either a flux or a torqueducing phase. The idea is to have a number adrstat
phases acting as flux producing phases, whilsteh®ining phases act as torque producing phases at
each time instance. This dissertation takes a durtitep in the research on this particular control
technique. As the control method relates directly the brush-dc machine operation, in this
dissertation, the control method is defined asrash-dc equivalent” (BDCE) control method.

First, in this dissertation, a simple analyticalthoel is developed to determine a defined optimal
ratio of the number of field to the number of taeqohases of a multiphase induction machine that
utilises trapezoidal stator current waveforms. ftethod is applied to induction machines with up to
fifteen stator phases. Finite element analysissexduo verify the validity of the developed criteri
and to verify the square-like air gap flux density.

Secondly, in this dissertation, an analytical mdtlior predicting and evaluating the rotor bar
current waveform of a cage multiphase induction mree is proposed. The method is based on the
Fourier transform and the winding function theonder linear condition assumptions. The method
also allows for the calculation of the electromagnéorque and rotor bar losses. Skin effect is
considered in the calculation of the rotor barstsice of the machine. Again, finite element anslys
is used to verify the analytically calculated résulhe developed method can be expanded and used
to evaluate the rotor current waveform of any rphiéise induction machine supplied with any stator
current waveforms.

The BDCE control method is implemented on a prq@etgine-phase cage-rotor induction machine
drive. A nine-phase inverter and control systemdaneeloped for supplying the nine-phase induction
machine with the trapezoidal stator current waveforRotor current waveform measurements are
taken on a specially designed rotor to verify thelgically predicted waveform. The linear
relationship of the developed torque and torqueeatirof the proposed BDCE control method is
verified through measurements. Through the compartd analytical calculated results with finite
element calculated and measured results, it is showhis dissertation that the developed analitica
techniques can be used in the design and perfoenanalysis of multiphase induction machines.
Also, from the results, it is clear that the newtcol technique works remarkably well even in the f
weakening region. However, outstanding aspectd) ascefficiency and generated torque quality of
the proposed drive still need to be investigatethér.



Opsomming

Die multifase induksiemasjien aandryfstelsel wardlie laaste halwe eeu al in navorsing ondersoek.
Alhoewel dit verskeie aantreklike voordele bied i konvensionele driefase induksiemasjien
aandryfstelsel, is dit beperk tot hoogs gespesilie aanwendings. Een aspek van die multifase
induksiemasjien aandryfstelsel is die kompleksitait die beheer algoritme vir ontkoppelde vioed en
draaimoment beheer. Die kompleksiteit, wat voouspuit die vereiste koordinaat transformasies,
neem toe met toename in die aantal fases van dipgemaOnlangs is 'n metode wat die beheer van 'n
sesfase induksiemasjien sonder enige kooérdinaasftranasies doen, ontwikkel en getoets. Hierdie
nuwe beheertegniek maak die beheer van die masjierigelyk aan dié van GS masjiene deur die
gebruik van spesiale trapezium-vormige statorstrgotfvorms. Hierdie stator fasestroom golfvorms
bestaan uit veld- (vloed-) en draaimoment-stroomi@nente met plat amplitudes, sodat 'n statorfase
om die beurt in tyd optree as 6f' 'n vloed of 'malmoment genereerde fase. Die idee is om 'n aantal
statorfases te hé wat as vioed genereerde fasesteievyl die oorblywende fases as draaimoment
genereerde fases optree op enige tydstip. Hiezdis heem 'n verdere stap in die navorsing opikierd
spesifieke beheertegniek. Met die beheermetode divak verband hou met borsel-GS masjien
werking, word in hierdie proefskrif die beheermedods 'n "borsel-GS ekwivalente" ['brush-DC
equivalent” (BDCE)] beheermetode gedefinieer.

In die eerste plek word in hierdie proefskrif 'nneeudige analitiese metode ontwikkel om 'n
gedefinieerde optimale verhouding van die aantddl wet die aantal draaimoment fases van 'n
multifase induksiemasjien te bepaal, wat van trajolede statorstroom golfvorms gebruik maak. Die
metode word toegepas op induksiemasjiene met titiemystatorfases. Eindige element analise is
gebruik om die geldigheid van die ontwikkelde kiiten te verifieer en om die vierkantvormige lug-
gaping vlioeddigtheid te verifieer.

In die tweede plek word in hierdie proefskrif ‘ralitlese metode vir die voorspelling en evaluering
van die rotorstaafstroom golfvorm van 'n kourotarltifase induksiemasjien voorgestel. Die metode
is gebaseer op die Fourier transform en die wikkgsliunksie teorie onder lineére-toestand aannames.
Die metode wend hom ook daartoe tot die berekenarg die elektromagnetiese draaimoment en
rotorstaafverliese. Die huideffek word in ag genéemlie berekening van die rotorstaafweerstand van
die masjien. Weereens is eindige element analibeutieom die analitiese berekende resultate te
verifieer. Die ontwikkelde metode kan uitgebrei gabruik word om die rotorstroom golfvorm van
van enige multifase induksiemasjien te evalueerggaber word met enige statorstroom golfvorms.

Die BDCE beheermetode is toegepas op 'n prototgefase kourotor induksiemasjien. 'n Negefase
omsetter en beheerstelsel is ontwikkel vir die t@ewan die trapesoidale statorstroom golfvorms aan
die negefase induksiemasjien. Die rotorstroomgoifvonetings is geneem op 'n spesiaal ontwerpte
rotor om die analitiese voorspelde golfvorm te fieer. Die lineére verwantskap tussen die
ontwikkelde draaimoment en draaimomentstroom vam \borgestelde BDCE beheermetode is
geverifieer deur metings. Deur die analitiese bemek resultate met die eindige element berekende en
gemete resultate te vergelyk, wys hierdie proefdat die ontwikkelde analitiese tegnieke gebruik
kan word in die ontwerp en werkverrigting analisnvn multifase induksiemasjien. Vanuit die
resultate is dit ook duidelik dat die nuwe behapriek besonder goed werk, selfs in die vioed-
verswakking spoedgebied. Egter, uitstaande aspmide effektiwiteit en genereerde draaimoment
kwaliteit van die voorgestelde aandryfstelsel mmamg verder ondersoek word.
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Chapter 1

| ntroduction

The three phase induction machine is widely useiddnstry today due to its robustness, reliability,
low cost and low maintenance. The introductionhef inverter in the control of the induction machine
in the last century led to the consideration ofuicttbn machines with more than three phases. These
types of machines are called multiphase inductiasiimes. Increasing the number of stator phases in
an induction machine drive lead to the followirenbfits [1], [2], [3], [4], [5], [6], [7], [8];

e reduction of the amplitude of the torque pulsatmom the increase of the torque pulsation
frequency,

e reduction in rotor harmonic currents and reductionthe current per phase without
increasing the voltage per phase (since the nupfljgrases increase),

* decrease in the dc link current harmonics,
e increase in machine power and torque per rms duiwethe same volume machine,

* use of lower rated semiconductor switches as theep split across a number of inverter
legs,

« Dbetter fault tolerance and higher reliability,

« depending on the stator winding, other advantagesimdependent control of multimotor
multiphase drive systems with a single power eteitr converter supply and torque
enhancement through stator current harmonic imectnd,

e improvement of the quality of the air-gap flux dignsvaveform regardless of the current
waveform or winding design, because with a highease number there is less interaction
between space and time harmonics.

At present, multiphase induction machines are uselighly specialized applications such as
locomotive traction, electric and hybrid-electriehvcles, industrial high power applications, eliectr
ship propulsion [3], [9] and the more electric aaft [10], [11], [12]. Battery powered applications
such as cordless power tools and small tractioredrare also considered [13].

1.1 Background on Multiphase Induction Machines

In this section, a literature review summary of therk done on multiphase induction machines is
presented. In 1969, Ward and Harer [14] built sesxted a five-phase inverter fed induction motor.
Their choice of a five-phase induction motor wasedushon their argument that the performance of a
motor with even number phases is inferior to thfah anotor with odd number phases. The reason
given for that was that the poles of a motor, veitlen number of phases, coincide in pairs and thus i
has a torque pulsation with frequency and amplitafde machine with half its phases. They found that
increasing the number of phases leads to the riedust the torque pulsations, whilst the frequenty
the torque pulsation increases. Also in 1969, Maletaal [7] analyzed the performance of induction
motors with a square-wave voltage supply. They dged an analysis method using harmonic
travelling current-density waves, together with igesmethods for square-wave excited induction
motors with comparable efficiency and output tousiidally fed induction motors, to evaluate the
performance of the induction machines with squaagevvoltage supply. The performance of a
prototype nine-phase induction motor was compavdtidt of a three-phase motor. It was shown that
increasing the number of phases and utilizing fpitghed coils improves the electrical efficiendy.
developed prototype square-wave fed nine-phasshime was shown to give identical performance
to a similar sinusoidally fed three-phase mach®ieilarly to Ward and Harer, they found that the



torque pulsating frequency at a given supply fregydancreases with an increase in the number of
phases.

In the seventies, Nelson and Krause [15] found uino computer simulation that six-phase
induction motors with 30° phase belts can be usedliminate the sixth harmonic torque that is
normally found in inverter driven three-phase mstdris type of machine has since been known as a
dual three-phase induction machine where the statuting is formed through two different sets of
three-phase windings. Jahns [16] proposed multgphratuction machine drives with a high degree of
reliability whereby the machine can be startedamtioue running with reduced torque and increased
losses. He proved that the performance of the maclihen one phase is open or shorted is improved
when the total number of phases is increased.

Characteristics of multiphase machines and expatmheesults of a six-phase and nine-phase
induction machine were presented by Klingshirn [Hg verified that multiphase machines perform
similarly to three-phase machines when suppliea@ lmalanced sinusoidal source, and the increase in
the number of phases led to better fault toleradd®o, multiphase machines with non-sinusoidal
voltage sources, have higher stator copper lossedalharmonics and low rotor copper loss, whilst
those with non-sinusoidal current sources genetale low copper losses when compared to three-
phase machines. The harmonics in non-sinusoidateexenachines were found to reduce torque
pulsations. Further investigations of the five-ghasduction machine drive were carried out by
Pavithranet al [18]. The authors presented theoretical and exparial studies showing that a five-
phase drive can operate with nearly sinusoidalecusrin the pulse width modulation (PWM) mode of
operation. In the following sub-sections, a geneladsification of multiphase induction machined an
a summary of the work done on the control of thétiphiase induction machine are presented.

1.1.1 Classification and winding layouts

A method of classifying multiphase induction ma&smroposed by Klingshirn [19] is presented in
this section. Generally, for any machine, the nuntbestator terminals excluding the neutral is dqua
to the number of phases. It is not adequate toridbesa multiphase induction machine by giving only
the number of phases since two machine versionpa@ssible based on two possible values of the
phase belt angle for a given number of phases.efample, three phase motors witlf ase belts
have some different characteristics when comparettiree phase motors with f26hase belts. The
number of phase belts per palgjs given by,

_ 180 _
a="7 (1-1)

wheref is the phase belt angle in electrical degrees.

Table 1-1 and Table 1-2 provide a useful deschiptibmultiphase machines based on the phase belt
angle and the minimum number of stator terminadgiired. The connection diagrams are also shown
in the tables.

A symmetrical stator winding has equal spatial ldispment between any two consecutive phases and
this is always the case for machines where the eumbphases is an odd prime number. That is, the
spatial displacement between consecutive statgshal anim-phase machine is

21T
a=—. 1-2
- (1-2)

For an asymmetrical stator winding, the spatiapldisement between consecutive winding is not
equal. This is because the winding is formed bfedint windings which are made of sub-phases.
Therefore, amm-phase winding is formed by windings having sub-phases, where typically,= 2,

3, 4... andi = 3, 5. Then the spatial displacement betweerfitiephases of two consecutive sub-

phase windings is



_T
a = (1-3)

The stator winding can either be concentrated striduted depending on the number of phases and
stator dimensions. The stator circumference can baVve a limited number of slots, and therefore it
becomes difficult to have a distributed windingf@s number of phases increase.

Table 1-1. Multiphase machines having multiplethoée phases [19]

Phase belt angle,

120 60 60 40 30 30 20 20
degreesfi)
number of phase | g 3 3 45 6 6 9 9
belts per pole (q)
number of stator | 3 6 9 6 12 9 18
terminals(minimum)|
Semi . . Semi Semi
) Three- - Six- Nine- 12- 18-
Connection name | 0| SIX | ppacel Phase| 12" | phase| .18 Phase
Phase Phase Phase

Schematic diagran
of star connection

and voltage phasol '
diagram. (Mesh T
connection may be|
used also)

Alternate diagram Three- [
or common name Phase

Table 1-2. Multiphase machines having other thahliiphess of three phases [19]

Phase belt

90 90 45 45 36 25.71 18 18
angle,degrees$
number of phase 2 2 4 4 5 7 10 10
belts per pole (q)
number of stator | 4 5 8 5 7 5 10
terminals(minimum
Semi Semi Semi
Connection name| 4- 4- 8- 8- 5> - 10- 10-
Phase Phase| Phase| Phase Phase
Phase Phase Phase

Schematic diagran

of star connection |_ > < > : >\}< X‘%
and voltage phaso s [(
diagram

1.1.2 Control of multiphase induction machine systems

Generally, the control techniques used in threesphaduction machine drives are modified and
developed for the control of multiphase inductioacamines. Scalar control with voltage or current
source inverters was used in the control of muétgghinduction machines in the late sixties to the
early nineties of the last century [14], [18], [2Qurrently, vector control and direct torque cohtr
(DTC) methods have taken centre stage in researdhapplications since the cost of multiphase
power electronics is higher compared to the costinpfementing control algorithms [21]. Both these
methods rely on mathematical models of the machine.

A general modelling procedure for symmetrical initut machines with a sinusoidally distributed
stator winding is found in [22]. The distributednding assumption allows the omission of higher
spatial magneto-motive force (MMF) harmonics in th@éhematical modelling. The number of phases



can be either odd or even and the windings areesad in star with a single neutral point. Nelson
and Krause [15] presented an analysis method foatystg multiphase induction machines with
symmetrical or unsymmetrical phase displacemendgAnodel for an inverter-fed dual three-phase
machine drive system is presented by Lipo [23], Abbas et al [24]. These modelling methods are
widely used in the literature today and form thesiddor the development of new methods. An
analysis method using the winding function approtmhmodelling the multiphase cage induction
motor was developed by Toliyat and Lipo [8], [2B6]. The model has been used successfully to
simulate machine faults such as asymmetry in th®rstair-gap eccentricity and rotor bar faults][27
[28]. Recently, bifurcation analysis of concentdatand distributed winding induction machines with
third harmonic injection was presented by Dueaal [29].

The basic operation of vector control and DTC oéé&hphase machines is explained in Appendix A.
Theoretically, the same vector control schemes usége control of three-phase induction machines
are applicable to symmetrical multiphase machiegandless of the number of phases. Here, the co-
ordinate transformation has to produce the requstdor current or voltage references. Some
applications of vector control of multiphase indactmachine drives include [5], [6], [30], [31],4B
[33], [34], [35], [36], [37], [38]. Similarly, thesame techniques for DTC of three-phase induction
machines drives can be appropriately used in nidsp induction machines drives. DTC improves
the operating characteristics of the motor andvitieage source inverter through the control of the
stator flux and the torque, instead of controllihg current [39]. The DTC principle is based on
instantaneous space vector theory. Simultaneousdaadupled control of torque and stator flux is
achieved by optimal selection of space voltageorsdh each sampling period in accordance with the
torque and flux errors. Then, the performance DITE scheme is directly affected by the number of
space vectors and switching frequency. Results tsnmvn that DTC of multiphase induction
machine drives can achieve higher performance [39], [41], [42], [43], [44]. The vector control
and DTC of a five-phase induction motor are compane[45]. The authors showed that by utilizing
current injection, vector control provides the dedinearly rectangular current and flux waveforms,
and DTC results in a significant reduction of takcand stator current ripples. The complexity of the
vector control and DTC algorithm increases as tivaber of phases increases [2].

In induction machine drives utilising vector cotamd DTC, the pulse width modulation (PWM)
scheme employed by the voltage source inverterlghoel carefully selected. Sophisticated space
vector PWM and carrier-based PWM techniques areired) in the voltage source inverter control of
multiphase induction machines. Newer PWM scheme$aing introduced such as in [46], [47], [48],
[49], [50],[51], [52]. Comparison of carrier-bas@WM and space vector PWM shows that space
vector PWM becomes more and more complex with aming phase number [53], [54]. Theoretical
and simulation consideration of multilevel voltagmurce inverters for multiphase machines are given
in [55], [56]. A space vector PWM algorithm for rtildvel multiphase voltage source inverters with
switching state redundancy is presented in [57].

Finally, in [58] a completely different control nhetd for multiphase induction machines is
proposed and evaluated. Trapezoidal phase curravgfarms that make it possible to have separate
field and torque stator currents are introducedesEhcurrent waveforms generate a rotating nearly
square air-gap flux density that allows controhahultiphase induction machine that is similartatt
of a dc machine. In this method, each stator phateas either a torque or a flux producing phiase.
this dissertation, the method is termed the “bmishequivalent” (BDCE) control method and its
principle of operation is described in Chapter 2.

1.1.3 Voltage sourceinverter current control

Current control in voltage source inverter drives been studied extensively and developed in the
literature on three-phase systems. In multiphadag® source inverter drive systems, the current
control technique is very important as it has tlateeto the particular system. Three-phase current
control methods in voltage source inverters arg@dhand employed on asymmetrical multiphase
systems, have to cope with unbalanced currentshima@symmetries and large harmonic currents
[14], [24], [59]. Lyra and Lipo [6] proposed a cent control scheme that considers third harmonic
current injection. A current control scheme in istary of reference frame that does not require



decoupling circuits and can cope with current irabaés between arbitrary three-phase stator winding
sets, is proposed in [32]. Model-based predictivetol employed on asymmetrical multiphase drives
is proposed and analyzed in [60]. It is shown tha& method avoids the use of complex controllers
and modulation techniques at the expense of aeased computational cost [60]. Theoretically, in
the synchronous reference frame, only two currentrollers are used to realize rotor-flux-oriented
control of multiphase induction machines with swidal MMF distribution. However, in practice, this

is not sufficient as shown in [61]. A modified cemt control scheme was experimentally verified and
shown to provide operation of the machine with apically perfectly sinusoidal and balanced system
of phase currents [61]. Hysteresis current corigraked in [58].

1.2 Rotor Current M easurements

This section presents work done on the measureofi¢hé rotor bar current in induction machines. It
is essential to measure the rotor bar and endeumgents in order to verify the theory of induction
machines. A method of measuring the real-time rbtor current, using a Rogowski coil, whilst the
machine is moving, is presented in [62], [63]. HBkietooth wireless technology is employed in the
transmission of the measured rotor current da ltigging computer whilst the rotor is moving. In
[64], rotor bar current measurements were madenaparopriately made cage induction motor using
Hall sensors. The low cost, lower weight, good diexticy response and ease of installation of the
Rogowski coil makes it ideal for a number of cutremeasurement applications [65]. Appendix B
provides details of the Rogowski coil. Other adeges of the Rogowski coil are: very high
bandwidth, capability to measure large currenth whe same size coil, isolation and good linearity
due to absence of magnetic materials [66].

1.3 Objectives of the Study

The application of the BDCE control method is ewsdd theoretically and experimentally by Ai et al
[58]. Finite element analysis is used in the thecak evaluations, whilst a six-phase wound rotor
induction machine is used in the experimental eatédns. The control technique is shown to produce
remarkable results, whilst it is simpler than tfanmation-based control techniques. The presented
six-phase induction machine has three field aneethorque phases active at any time instance. That
is, the number of field phases and torque phase@ueal, and, therefore the ratio of the number of
field to number of torque phases is one. This thially leads to underutilisation of the rotor
windings since only half of the rotor phase windirage active and the other half remain idle at each
time instance. Other combinations of field and terghases are not considered. Also, the rotor phase
current waveform has not been analytically evalllatehe measured rotor phase current waveform
given by [58] contradicts the assumed square-likeenit waveform.

It is clear from the previous paragraph, that,¢heme questions that still need to be answeretien t
new control technique. These questions include:

e« What is the best (optimal) ratio of the number ieldf phases to the number of torque
phases of the multiphase induction machine driilising the BDCE control technique?

An answer to this question will lead to differerggezoidal stator current waveforms that need to
be determined.

« What is the performance of the BDCE-controlled iphlase machine drive when a cage
winding is implemented on the rotor?

In [58], the control principle is evaluated on aumd-rotor, six-phase induction machine.
However, the principle is applicable to large dsivi@volving cage rotor induction machines.
Therefore, the performance of a cage rotor indactimchine, under trapezoidal stator current
waveforms excitation, needs to be evaluated. THikides the investigation of the losses in the
rotor bars resulting from the application of thepezoidal stator current waveforms. The
performance of the proposed BDCE-drive, thus, ndedbe evaluated both analytically and
experimentally.



e What is the shape of the rotor bar current waveform

The rotor current waveform affects the performaatan induction machine. The instantaneous
torque of the machine together with rotor coppesés can be calculated from the rotor current
waveform. In order to enhance the design processuitiphase induction machines supplied with

trapezoidal stator current waveforms, a theoretwaluation of the current waveform is needed.
Experimental evaluation should also be carried@abnfirm the theory.

The objective of this dissertation is to answersthguestions on BDCE controlled multiphase
induction machine drives. The dissertation, thiegks to provide a further step in the possible
application of the BDCE control method

1.4 Dissertation layout

The layout of the remainder of the dissertatioasigollows:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

In this Chapter, the conceptualisatiod the principle of operation of the BDCE
control method is presented. It is followed by enmary of the results obtained by Ai
et al [58].

Analytical expressions of the developeder, torque, stator and rotor copper losses
are presented in this Chapter. The analytical nietficalculating the optimal ratio of
field to torque phases is also presented togetithramalytical results. Finite element
analysis results from a non-commercial softwareaige given.

A description of an analytical methodeweéluating the performance of a multiphase
induction machine is given. Theoretical and firetement analysis results are given
based on an arbitrary chosen nine-phase inductamhime. The evaluated results: the
rotor current waveform, the torque and rof&t (copper) losses of the machine.

A detailed description of a nine-phasiection machine drive prototype is presented
with its test setup. The design and specificatiohsach component is given in this
Chapter.

Measurement results of a nine-phasaciih machine drive are presented and
compared to theoretical and finite element results.

In this Chapter, conclusions are gigad recommendations are made for further
study.



Chapter 2
Brush-DC Equivalent (BDCE) Control M ethod

In this Chapter, background theory of separatelyted dc machines with compensating windings is
presented. From this theory, the principle of ofienaof the so-called direct flux and direct torque
control method proposed in [58] for multiphase ictitn machine drives is explained. Understanding
of how this technique works is essential sincedissertation focuses on furthering the work done in
[58]. The control system is also explained and mmary of the results obtained in [58] is given. In
this dissertation, the description of the driveaadirect flux and direct torque controlled” drive
avoided as “direct flux control (DFC)” and “diretdrque control (DTC” are well-known control
methods used in conventional induction machineedrias explained in Appendix A. Instead, the type
of drive proposed by [58] and considered in thissditation is rather referred to as a “brush-dc
equivalent” (BDCE) multiphase induction machinevdri

2.1 Background on Brush-DC Machineswith Compensating Windings

A schematic picture of a separately excited dc mm&cks shown in Figure 2-1 with the armature
winding on the rotor. The current into the armatwiading is fed through a brush or commentator
system, whilst the field winding of the stator pidas the magnetic field. The field and armature
circuits are controlled separately. Assuming thatdverage of the air-gap magnetic flux densit, is
then the torquel, generated by the machine as derived in all daksext books on brush-dc
machines is given by

T= M,argIBIa, (2-1)

where,M,, is the number of conductors underneath the pdlesyatime instance (number of active
conductors)rg is the rotor radiud, is the rotor length antj, is the armature conductor current. Also,
assuming the permeability of iron to be infinitéigh, the flux density is given by,

N, I
B :%’ (2-2)

where, N; is the number of field turns per pole,is the field current angd is the air-gap length.
Therefore, from (2-1) and (2-2),

N, |
T=|v|,arg/”’° =,

g (2-3)

=Kil;I

flar
whereK is a machine constant.

Since brush dc machines are highly salient, thé/sissabove ignores, as a good approximation, the
effect of the armature reaction flux, which is unagrature with the main field flux. Though muchsles
than the field flux, the armature flux causes gpdrothe main field flux per pole due to the satiora
of the one side of the iron field poles. This dioglux per pole causes a drop in the average &ir-g
flux density, B, so that the torque per current of the machinggravhich is detrimental to the
performance of the machine. A compensating windiisgshown in Figure 2-1, can be used to obtain a
more uniform air-gap flux distribution and to maig the saturation effect due to the armature
reaction flux. The compensating coils are mirroages of the armature coils and have the same
number of ampere-turns as the armature. In pradfitlee compensating coils have the same number
of turns as the armature coils, they are conndotedries with the armature coils. The functiorhe



compensating coils is to cancel the flux producgdHe armature coils, thus leaving only the flux
produced by the field winding.

Field poles

Armature
winding

Compensating
windings

Field
winding

Figure 2-1. Geometry of a brush dc machine witlesipoles and pole-face compensating windings.

2.2 Conceptualisation of the BDCE Operation of Multiphase Induction
Machine

Starting with Figure 2-1, the dc machine can badi@med to that as shown in Figure 2-2. Here,
the salient stator of the dc machine is transforinesl round stator of an induction machine. Thilfie
windings are shifted as shown whilst the compengatiindings become the torque windings at a
particular instance as shown. In the multiphaseudgtidn machine, the compensating (torque)
windings are replaced with individual coils thatcbme a group of torque phases and the field
windings are replaced with independent coils theatoime a group of field phases as shown in Figure
2-2. All the windings (field and torque) are pladadevenly spaced identical slots on a non-salient
round stator and the number of turns is maintaitied same in all the stator slots. The armature
winding is replaced with a cage (or wound rotomaing.

For the induction machine to operate, stator ctirveaveforms and a stator winding layout that
allow a phase to alternate between being a fietdiyming phase and a torque producing phase are
constructed. At each time instance, a group of gdhase to act as field producing phases and the res
as torque producing phases. The flux produced é¥id¢ihd producing phases leads to induced voltages
at slip speed in the rotor bars located underdlgue phases. Then, the rotor phase currentslouyl
in the cage or shorted wound rotor winding underttirque phases and produce a flux in quadrature
to the main flux. The torque current flowing in tleeque phases must then produce a counter MMF to
balance the MMF due to the rotor current similadythe compensating winding in dc machines. The
stator waveforms when applied to a properly desigstator winding layout are to produce a moving
rectangular air-gap flux density when the rotor Mancelled by the MMF produced by the torque
winding at each instance. Thus, torque in the nmecis produced similarly as in dc machines with
compensating windings. In the next sections, tlaostcurrent waveforms and the control method
developed in [58] for a two pole BDCE six-phase mauotor induction machine, are presented.
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Figure 2-2. Geometry of a non-salient round statachine with compensating windings.

2.3 Principle and Description of BDCE Multiphase Induction Machine
Drive

The principle of operation of the BDCE multiphageliction machine drive is best explained
graphically. The configuration of the stator phaserent waveforms shown in Figure 2-3 allows
separate rotating flux or field MMF with an amptieyF;, and torque MMF with an amplitudg,, in a

two pole six-phase induction machine. In the figut is shown that the stator phase current ctmsis
of trapezoidal-shaped field and torque current comepts, with flat-topped amplitudes kfand I,
respectively. That is, a stator phase acts alteljnat time as either a flux or a torque produgomgse.
Furthermore it can be seen from Figure 2-3 andrEi@i4 that at any instant there are always three
neighbouring stator phase windings that act agl fieihdings to generate the flux in the machine
whilst the other three neighbouring stator phasedimigs always act as torque windings to generate
the torque of the machine. The generated flux éntlachine will lead to induced rotor phase voltages
at slip speed and currents will flow in the rotdrapes. Then, the rotor currents produce the rotor
MMF, F, which in turn affects the air-gap flux densityheltorque current flowing in the torque
producing phases produces a counter MMF that befatize rotor MMF during operation of the
BDCE multiphase induction machine. Figure 2-5 isaoted from Figure 2-4, witk, = F, anda = 0

for balanced MMF condition (flux decoupling condit). There is, thus, an important relationship
between the torque currert, and the angular slip frequenayyg, for balanced MMF control (or
decouple control), that is,

k===, (2-4)

wherek is called the control gain. The control gain defseon physical dimensions of the machine,
the total number of phases, the rotor phase resistand the air-gap flux density. The relationship
(2-4) is used in the control system of the drive.

Figure 2-6 shows a block diagram of a six-phaseatidn machine drive with its control system.
Similarly to [67] and phase redundant multiphasgteays [1], a full bridge inverter is used for each
stator phase winding, which results in twelve pHage for the drive. For this, four three-phase gow
inverter modules are used to complete the six-phakkridge inverter. The rotor speed togetherhwit
the phase currents of the drive are measured amdcbdek to a digital signal processor (DSP)



controller. The field current is kept constant ahd torque command-current is controlled by the
speed controller. The speed controller controlstirgue command-curremt from which the slip
angular frequencyog is determined using the control gain. From thisl #mm the known field

command currenty, the six reference phase currents of the drive geeerated.

A digitally

implemented hysteresis current regulator, usingld programmable gate array (FPGA), is used for
the current control. The switching signals are serthe inverter via fibre optic cables. The adaget
of this method is that it does not require anygfarmations such as in vector control and DTC.

i
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Figure 2-4. Current distribution and MMF
space phasors at time t,/2 [58].
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2.4 Analysis of a BDCE Six-Phase Induction Machine

From Figure 2-3 to Figure 2-5, it is clear thataay time instance, the amplitude of the field MNAF;,
is

F, =2N,I,. (2-5)
whereNs is the number of turns per phase. Similarly, tmpl#ude of the torque MMF is
Ft = 2Ns|t' (2'6)

In the analysis, assuming perfect commutation amalsigsquare-wave air-gap flux density, the
induced rotor phase current waveform will have @eal square-like form as shown in Figure 2-7.
With the position of the active rotor phase windingpposite the position of the compensating or
torque phase winding of the stator, the rotor MNikphtude is given by

I:r =m, Nr lr ’ (2_7)

where,m, is the number of conductors or rotor phases um@dthna pole at any time instance &hds
the number of turns per rotor phase. Theoretictily,number of active bars per pole is

:M,(m —1)’

m,
2N, p

(2-8)

whereM; is the number of rotor barsy is the number of torque phaséb,is the total number of
stator phases arglis the number of pole pairs.

The rotor phase winding or bar induced voltage vi@we assumes a nearly square due to the quasi-
square air-gap flux density. The flat-topped aroplét of this waveform can be calculated similarly to
that of dc machines as

11



B, = 2N, Blayr,, (2-9)

wherewyg is the angular slip frequencB,is the air-gap flux density,is the stack length, ang is
the air-gap radius. The induced rotor phase cuisethie,

, :% _ 2N Blayty '2“’5' o (2-10)

whereR, is the rotor phase resistance. Using Lorentz ftaeg similarly to the brush dc machine
case, the electromagnetic torque of the machigeven by,
T=2m,NgIBI . (2-11)
Under balanced MMF conditiong«(=F,), using (2-6), (2-7) and (2-11) it can be showet th

T =4N,r,Bl,. (2-12)

Thus, there is a linear relationship between toapatorque current similarly to (2-3).

-/

r

Figure 2-7. Assumed rotor current with number efdfiphases equal to the number of torque phases in
a six-phase induction machine [58].

2.5 Summary and Conclusions

In this section, a summary of the findings of [38]given. In [58], measured and analytically
calculated results of rotor induced voltage, ajp-glux density, torque, dynamic performance and
induced rotor current of a BDCE six-phase inductizechine drive are presented. From the balanced
MMF condition assumption, an analytical expressibrthe static torque of the machine is derived
through the application of Lorentz force law.

The measurements are performed on a modified tw@giw-phase wound rotor induction machine.
It is found that the proposed stator phase cumeveforms generate a nearly square-shape rotating
air-gap flux density. A linear relationship betwettre rotor induced voltage and the slip speed is
verified through measurements and analysis. Theedcontroller is shown to maintain a linear
relationship between the torque and torque curtbetefore, showing MMF balance in the machine.
Fast torque response of the drive is obtained. Meweahe stator phase current waveforms led to a
high frequency ripple on the back electro-motivecéo This may have a negative effect on the
efficiency and may increase torque ripple.

The control gaink, is calculated and found to depend on the fluxsilgnand the rotor phase
resistance of the machine. Since the flux densitgontrolled through the field current and the roto
phase resistance varies with temperature (abo@t)}4@ is possible to have a wrong valuekah the

12



control system during operation of the machine.y@al and measurement results in [58], show that
the torque of the machine is sensitive to a chamgjge control gain.

Results showed that the assumed rotor phase cumardgform differs from the measured rotor
phase current waveform. However, the principle pdration of the six-phase induction machine, with
the assumed rotor current waveform, is proved twlpce remarkable results through analysis and
measurement. It is clear that the control methawbtsestricted only to six-phase induction machjne
but, it can be expanded to other multiphase indaatiachines.

13



Chapter 3
Optimal Ratio of Field to Torque Phases of Multiphase I nduction
Machines under BDCE Control

3.1 Introduction

In [58], the total number of phases are equallyddig between torque and field phasegni = 1),

but, the question is: is this ratio necessarilylibst in terms of losses and inverter rating forazhine
with a certain torque and certain flux density?tiis Chapter, this question is investigated by
developing an analytical criterion that can be usedetermine a defined optimal ratio of the fiad
torque phases in a BDCE controlled multiphase indonanachine. The theory presented in Chapter 2
from [58] is used in developing the criterion. Algimple expressions for calculating the developed
power, torque, stator and rotor copper losses@BICE controlled induction machine are presented.
A method of constructing the trapezoidal statorrenir waveform is also presented. Analytically
calculated results are presented and comparedite 8lement analysis results. Furthermore, finite
element analysis results of a fifteen phase machieegiven. Some of the work described here has
been presented in [68].

3.2 Background Information

In this section, mathematical expressions for tbeetbped power, flux density, stator and rotor
copper losses of the BDCE controlled machine aesgited. From these equations, it is shown that
there is a theoretical best (optimal) combinatiatior of m/m, for a BDCE controlled machine. (For
simplicity, the machine is analysed for rated ctiods.)

3.2.1 Developed power and torque

The developed poweP,, of a BDCE controlled multiphase induction machime
R=(m-1)EL (3-1)
where,Es is the induced voltage per stator phase. Reamgr(@-1) leads to
(M-t == (3-2)

The right hand side of (3-2) is a constant siRgés equal to the rated power of the machine End
is equal to the rated voltage of the machine and, th decrease Ipleads to a proportional increase in
(m - 1) or vice versa. Also from (3-1), it is seeattithe more theny, the lower id; and the lower the
power rating per phase. Thus, it can be seen ststage that theoretically should be as large as
possible, that ign =N, - 3.

The induced voltage per stator phase is given by,
E, =2N,Ir Bw,

3-3
ke, (3-3)
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where,Ns is the number of series turns per stator pHasethe stack lengtirg is the sir-gap radius,
w; is the rated speed of the machiig,is a constant anB is the air-gap flux density. Sindg is
constant, then from (3-3R is also a constant as is at rated speed for rated powRiis given by,

B= HoFs _ luONs(mf _1) I
gk k 2 pgk k
m. —-1) I
L
K,

where,F; is the air-gap field MMF amplitudey is the air-gap lengthk, is a constantks is the

saturation factor ankl is the Carter factor. Rearranging (3-4) leads to

(3-4)

_p=Xe
I, (m, -1) KZB, (3-5)
or,
K
If(Np—m—1)=K—SB- (3-6)

It can be seen from (3-5) and (3-6) that, incremsinleads to a decreasenmand an increase in
In the machine, ifr is reduced, the flux per pole increases Bais constant whilst the pole area
increases) and saturation increases in the statbrator yokes, thug; in (3-6) increases, which leads
to Iy increasing even more (due to saturation) to mirttee balance of (3-6). Thus, care must be
taken in selectingy, for a particular machine.

From (3-1) and (3-3), the rated torque of the maefii, is given by,
T=-"=K(m-1)B. (3-7)
Substituting foB from (3-4) in (3-7) gives,

T =%(m ~)(m -2 1, 1. (3-8)

In (3-8), with the relations betweénand (rx -1), and betweeh and (n - 1) as described abovg,
is constant.

3.2.2 Inverter currentsand stator slot current density

The rated values of the field and torque currenplaudes determine the power rating of the IGBT
switches to be used in the inverter. In some cdkeg]ifference betwedpandl; may be large and the
IGBT may be under-utilised during some time inseanand over-utilised during others. From section
3.2.1, for the same rating machine and with thaltaumber of stator phases kept constant, the
possible stator current waveform shapes are shoviigure 3-1a), b) andc). In Figure 3-1a), the
number of field and torque phases are equal whilstl;.. Here, only half of the time the inverter
switches are operating at full (rated) potentiat Some case$, = Iy (Figure 3-1b)) or I, < I; (Figure
3-1c)). From Figure 3-1, it is clear that in the casewfrent waveforma) andc), the peak stator slot
current density varies during a cycle (period), Isthin the case ob), it stays constant. This has a
bearing on the cooling of the machine. Thus, diésar that]; must be as close as possibldia order

to allow for efficient inverter rating selectiomvierter usage and the cooling of the machine.
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Figure 3-1. Possible stator current waveform shémes BDCE-controlled multiphase induction
machine (only half a period of the waveform is shpw

3.2.3 Stator copper losses

In this section, the calculation of the stator aaplpsses of the BDCE controlled multiphase indrcti
machine is presented. The calculation is basedhentriapezoidal stator current waveforms and
operation of the BDCE machine and it is compared general method where rms current values are
used. In Figure 3-2, only the torque component dftaior phase current is shown. During drive
operation, at any time instance, there ane-(2) torque phases having the rated curtgnthilst two
torque phases are in a transition stage (one witteasing and the other with decreadingersus
time). The instant positions of the two phases imaasition stage are labelled asand (1 —u) in
Figure 3-2, whera varies between 0 and 1.

Figure 3-2. Single stator phase current wavefomgu® component

For ease of calculation, the stator copper losshef torque phases at each time instance are
separately calculated for then(- 2) torque phases and for the two phases innsitran phase. The
copper loss of tharg - 2) torque phases is

I:zcul = ( m - 2) It2 &' (3-9)

while the copper loss for the two phases in a ttiansstage is
2
I::cuz = u't2&+|:(1_ U) It:| &
=1 R (2u” - 2u+1),

whereR; is the stator phase resistance and the position on the slope of the waveform vagyi
between 0 and 1 as shown in Figure 3-2. In FigeBetBe plot of the function® — 2u + 1 is shown.

(3-10)
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It can be seen in the figure that the minimum ef filnction is when the currents flowing in the two
torque phases in the transition stage are eque-.5.

21 — 2u +1 A

: >
1
0 0.5 1 u

Figure 3-3. 2° — 2u + 1 function plot.

From (3-9) and (3-10), the total instantaneous eofigss of the torque phases is calculated as

I:{cu = Rctﬂ. + PtCLQ 3 11
=(m-2)I”R + IR (2P - 2u+ 1) . (3-11)

From (3-11), the average copper loss of the topiases is
I:zcu = |:( m - 2) + Kav:| It2 Rs’ (3'12)

whereK,, is the average of the functionuf2 2u + 1), as shown in Figure 3-3 and is determined as,

(2u® - 2u+ 1)du

—

Kav =
(3-13)

wlin ©

It must be noted that the value Kf, is the same irregardless of the number of torcquases.
Similarly, the average copper loss of the fieldggsacan be shown to be

P, =[(mf -2)+ Kav] | 2R.. (3-14)

Thus the total stator copper [08%,,, IS
P. =P +P

scu tcu fcu

[(m-2+ KJIPR+[(m -2+ K] 17R (@215

or,
I:;,cu:[rn'(_z-l- Kav ItZRs+|: Np_ m_2+ Ka\Z| If2 R (3_16)

Hence, the minimum value of the stator copper Bssa be found by differentiating (3-16) with
respect tan, that is,

dP
d—;;“:ItZRS—IfZRS:O. (3-17)

This implies that the minimum value of the statoper loss is found when

17



| ¢ = It . (3-18)
The total stator copper losses can also be cadlibd
P = 1emBR N, (3-19)

where,lsmsis defined as the rms value of the stator cumeteform and\, is the number of stator

phaseslsmsis calculated as
1 T,
stms — 4| (I (t))zdt ) (3-20)
TP

whereT, is the period of the stator current waveform &tidis the waveform. Alsolsms can be
calculated by first applying the Fourier transfoom the waveform to break it down to its frequency
components and then calculate

o°

o t—

2

— 2 2 _
I srms \/I srms +l smB +1 srrﬁs+ """ ' (3 21)

where,lsmsxiS thexth harmonic rms current. Although the Fourier tfarma method is complex, it
is used in calculatingmsxin this dissertation because a generic prograhsiag it had already been
developed for other parts of the dissertation.

The above analysis can be further explained by medran example, as follows. The machine
parameters for this example are given in Table ¥Fdr each combination ofry and m, the
corresponding value df andl, is calculated from (3-6) and (3-7) respectivelygagen in Table 3-2.
Saturation is assumed constant in the calculatfdn and the saturation factor is taken lass 1.0.
Also, the ratiosPs./Rs, calculated from (3-16) and (3-19) are given aoohgared in the table. It can
be seen from Table 3-2 that the minimum valu®QfRs is obtained whem; = |;, as also found in
(3-18). The results show that (3-16) can be usethloulate the stator copper losses in a simple and
fast way.

Table 3-1. 12 phase, 31.4 kW machine parameters

T 200 Nm
N 85 turns
I 0.13m

rg 0.35m

B 07T

p 2

g 0.0005 m
Ke 1.2

N, 12
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Table 3-2. Calculated values Igfl; andPs./Rs

m 6 5 4 3
m 6 7 8 9

I (A) 739 | 6.16| 528 4.62

It (A) 315 | 3.93| 524| 7.86

Psc/Rs (3-16) (WKL) | 300.89| 271.48| 258.95| 266.55
Pscl/Rs (3-19) (WKL) | 301.15| 271.63| 259.06| 266.45

3.2.4 Rotor copper losses

The rotor phase or bar current is directly propowl to the slip speedyy, (from (2-10)) and
according to (2-4)pg is directly proportional td; since the control gairk, is constant irregardless of
the number of torque phases. Thus, decredsingcreasingn as suggested in section 3.2.1) results in
a decrease in the peak bar current density ancbieabe in the copper losses per bar. Thus better
cooling is obtained as lower peak currents flowgharotor bar.

Under balanced MMF conditionB; = F,. With

F =%(m (N, / p) | (3-22)

and

Fo=m.N1, (3-23)

the rotor bar current is given by
o (M-DN,
" 2pm,N
The total rotor bar copper losses (for the actaespcan be calculated as
P =2pm, |*R

_(m -1 NS R (3-25)
2pm, N? 7

whereR; is the bar resistance. Using (3-7) it can be shihanh(3-25) becomes

(3-24)

___RNT
P, =—2o
~2pm NP KT B

whereT, R, andB are constant. Since from (2-8)

_M,(m-1)
m, N,p (3-27)

(3-26)

it can be seen, from (3-26), that the total rotopper losses for a specified rated machine, under
BDCE control, depends on the number of active rbars or rotor phases which, in turn depends on
m. Thus an increase m, will lead to a decrease R,.

In summary, from the above sections, it is noteat th any machine under BDCE control, care
needs to be taken in selecting thheand m combination for a machine, as this directly afetite
inverter rating, stator and rotor copper lossessatdration in the machine. The best combinatitio ra
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m¢m, is defined as the ratio that provides I;, and limits saturation in the stator and rotorg®KThis
ratio is evaluated witR,, B, N, andp kept constant.

3.3 Constructing the Stator Current Waveforms

A general procedure for constructing the currentef@ms for machines with a number of phases
which are multiples of three can be developedimghction. In Figure 3-4, a trapezoidal statorenir
waveform where the number of field phases,and the number of torque phasesis labelled. The
sum of m and m gives the total number of stator phases for thehmna, N,. I+ and I; are the
amplitudes of the field and torque current respebi

T I
I

| ;

A\

ny m,
Figure 3-4. Trapezoidal stator current waveform.

For a machine wittN, stator phases, the phases are grouped into thoe@syofNy/3 phases each.
Then, the appropriate combinationmfandm is selected and the waveform as shown in Figutds3-
constructed. All the other phases are construcgguhBse shifting this waveform by

= (z-1)+2(i-1), z=1,2, or3and=1, 2,....Ny/3, (3-28)
P

whereg is the phase shifz is the group index andis the phase index. For example, the first and
second phase groups of a fifteen-phase machirghaven in Figure 3-5, wherg = 3 andm = 12.

A i
o =1 u - =
— - oi=2 i = /=2
N =1=3 — i=3
TN Li=4 O _>’=4
= - pi=3 H = i =5
a) b)

Figure 3-5. Stator current waveforms, with fiftestator phasesy = 3 andm, = 12,a) first group
(z=1), andb) second groupz(= 2).

3.4 Machine Dimensions
In order to calculate the MMF of the machine ascdbed in the next section, the machine dimensions

have to be defined. In this section the generalhinecdimensions, calculated with reference to the
stator outer diameter, are provided. Also the chasator and rotor slot shapes are presented.
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3.4.1 Stator core main dimensions

The stator outer diametet,, is assumed to be known and most of the other maaclimensions are
estimated directly or indirectly from it. From exfance, the ratio of the stator inner diametks,to
the outer diameter of an induction machine is tgibyc

d.
d—s' =0.65. (3-29)

)

The air-gap length is critical in machine designislknown that a too small air-gap produces large
space air-gap field harmonics and additional losatdist a too large one leads to a reduction & th

power factor and efficiency. Therefore, the aipdangth,g, is expressed in relation to the rated

power of a machine in kWR,,, as[69]

g=(0.1+ 0.012/P, )x18. (3-30)

3.4.2 Stator slotsand winding

Since multiphase induction machines with high phasenbers are considered, a single layer
concentrated stator winding is appropriate dueirtotéd possible stator slots. Therefore, the total
number of stator slot$/s, is given by,

M, = 2pN_, (3-31)

wherep andN, are the number of pole pairs and phases resphctiMaus, the number of stator slots
per pole is equal thi,.
3.4.3 Stator sot sizing

Figure 3-6 shows the chosen stator slot geomethe Variables of the stator slot geometry are
estimated from experience with reference to théowstauter diameter, inner diameter and air-gap
length as shown in Table 3-3, whetg,is the stator slot pitch. The stator slot copp®aas then
calculated as,

S, =0.82(8,,8,,* (77/ 2)( 5,/ 2F + (Sy= S ) - (3-32)

The multiplication factor, 0.82, in equation (3-32kes care of the area covered by the insulation
material in the stator slot.

3.4.4 Rotor dot sizing

A cage rotor winding is considered for all the miaek in this chapter. Figure 3-7 shows the selected
rectangular geometry of the rotor slot. From exg&re, the slot variables of Figure 3-7 are estithate
through the formulas in Table 3-4, whetrgjs the rotor slot pitch anll, is the number of rotor slots.
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/\ Table 3-3. Estimation of stator slot variables.
Variable Equation
. S 0.004,
e 0.008;
1 S| (20 2nyne MM
Shb Shi~Shs~Shi0. 58
Sow 59
Yoo (d-d)/4
Shi (ds-ds)/2-Yns
| tws tod/2
- = s 70/ M,

Figure 3-6. Stator slot geometry.

Table 3-4. Estimation of rotor slot variables.

Variable| Equation
Ospatt dy/6
l'gw 3.5
Fih 0.0044,
d, dsi-29
tor 7d/M,
Mt (di-Gshar)/4
Yhr Mhd2

/dshqf, /2

Figure 3-7. Rotor slot geometry.

3.5MMF Calculations

A stator winding produces a travelling MMF wave thre air-gap of a machine when alternating
currents flows through it. Assuming a uniform a@pg uniform stator slot current densify,(no skin

effect) and fill factorkf , then the total current into a machine stator, ¢

1 =38,k , (3-33)

where$S, is the copper area of the stator slot given inagéiqn (3-32). Generallyk = 0.5 is used. The
current density varies according to the rated paf¢he machine, and from literature, in this Cleapt
its range is defined to be<3J < 6 A/mnt, where a low value af corresponds to a large machine (1
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MW machine). Then, the variation between the rapedver and the current density can be
approximated by the following linear relationship,

J=-3P +6x10, (3-34)

whereP, is the rated power of a machine in kW. When thehiree is excited using the trapezoidal
current waveform and the field current is assuntedet equal to the torque curreht< 1), the total
current into a stator sldt, can also be represented in terms of the stala durrent);, that is,

_ Nslf
| = vt (3-35)

whereN; is the number of series turns per stator phpde,the number of pole pairs amdis the
number of parallel circuits. For demonstration msgs.a = 1. Therefore, with, = 0 A, the MMF per
pole of the machine at any time instance due tatidwer field current components is

Nsl f

pa (3-36)
=(m, —1I.

F=(m -1

In (3-36),1 stays constant sind¢e= ;. The magnetic circuit (Ampere’s) law can be useddliculate
the MMF per pole of the machine. Only a fractiortted magnetic circuit needs to be analyzed due to
symmetry. That is, for ap2pole machine, only 1f2of the magnetic circuit needs to be analysed,
wherep is the number of pole pairs. Figure 3-8 showscige of a machine and the MMF per pole of
the machine can be calculated through the applicaif the magnetic circuit law along the flux or
dotted line. The flux line is divided into differesegments and the MMF is calculated for each
segment. These segments are: the air-ggghe stator toothtg), the rotor tootht(), the stator core
(c9) and the rotor corex), and their MMFs are evaluated given by,

r, -850
Hy
Fe =Huh,
F, =H,h, (3-37)
Fe=H Pt H ot H di oo
Fo =Hyh, +H | +H

whereB is the air-gap flux densitk. is the Carter facton, is absolute permeability, artd is the
magnetic field intensity which is obtained from t&eH curve of the lamination steel after calculgtin
the flux densities for each particular segment. dlteer symbols represent segments as shown in
Figure 3-8 wherel: — length,h — height and subscripts= statory — rotor,y — yoke, t —torquec

— core,v — tooth and — field. In Figure 3-8ls¢; Iset |t @andlis are dependent on the number of field
and torque phases, and are calculated through aagimetic. Then, the individual segment MMFs
are summed up, and the result is the MMF per piolleeomachine, that is,

I:2 = Fg + Fts + Ftr + ch + Fcr' (3'38)
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Figure 3-8. Dimensions of the machine cores wighrttagnetic circuit used in the analysis.

3.6 Finding the Optimal Ratio of Field to Torque Phases

The air-gap MMFs calculated in equations (3-36) €188) are used in the calculation of the defined
optimal value of the ratio of field to torque phag@/m). The value of the ratiox/m that leads to
F, = F,, with the air-gap flux density closest to a presgéd value for a particular machine being
considered, is the optimal value of the ratio efdito torque phases. An iterative MATLAB program
that includes the effects of saturation throughus$e of the B-H curve has been developed to caéula
F, of (3-38) and the optimal value of the ratip'm more accurately. A high level program flow chart
that describes the calculation of the optimal vabfighe ratiom /m is shown in Figure 3-9. The
minimum values ofry andm, must be greater or equal to three in order to tamirthe trapezoidal
stator current waveform shape.

3.7 Analytical Results

Table 3-5 gives the recommended intervals of thagad flux density for the different numbers of
poles in a machine obtained from [69]. Arbitrarymdmnations of stator to rotor slots humbers are
selected for the analysis without considering effestich as parasitic torques, additional losse&lra
forces, noise and vibration. The optimal ratio lué field to torque phases is given in Table 3-6&for
100 kW, four pole induction machine considerindatént number of phases. The results in the table
show that a lower number of field phases can bd usthe operation of the induction machine using
the trapezoidal stator current waveforms. It iseobad that, as the number of phases is incredsed, t
ratio m/m reduces. The calculated flux density is within thege given in Table 3-5. A fifteen phase
induction machine is further investigated with diffint number of poles and the results are given in
Table 3-7 to Table 3-9. The results show thaty#tie m:/m, decreases with an increase in the number
of poles in the machine. Again, the calculated flexsity is well within the required range.
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mp<Ny2? 1o

Increment m;by 1
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Calculate (F)/F5)
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that gives (F'/F5) closest to 1

my<3? o

yes
A
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Calculate
mgmy

Figure 3-9. Program flowchart for evaluatimg/m, with I = I; andP,, B, N, andp set at certain
constant values.

Table 3-5. Air-gap flux density recommended rari§é3.

Number of pole-pairg) | RequiredB (T) range
2 0.65-0.78
3 0.7-0.82
4 0.75-0.85
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Table 3-6m/m for a 4-pole, 100 kW induction machine versus nendf stator phases.

Phases d. M, m m/m | B(T)
9 0.5 28 3 1/2 0.72
12 0.5 37 3 1/3 0.64
15 0.5 47 4 4/11 0.66

Table 3-7m/m, for a 4-pole, 15-phase induction machine versteirpower.

Pn (kW) ds M, m m/m B(T)
10 0.25 47 5 1/2 0.71
50 0.4 47 4 4/11 0.66
100 0.5 47 4 4/11 0.66
300 0.6 47 4 4/11 0.67

Table 3-8 mx/m for a 6-pole, 15-phase induction machine verstesirpower.

Pn (kW) ds M, m m/m B(T)
10 0.25 70 3 1/4 0.8
50 0.4 70 3 1/4 0.79
100 0.5 70 3 1/4 0.79
300 0.6 70 3 1/4 0.79

Table 3-9m/m for an 8-pole, 15-phase induction machine veratedrpower.

Pn (kW) ds M, m m/m B(T)
10 0.25 93 5 1/2 0.8
50 0.4 93 3 1/4 0.79
100 0.5 93 3 1/4 0.79
300 0.6 93 3 1/4 0.8

3.8 Finite Element Analysis (FEA)

In this section, the aim is to evaluate the anedytimethod presented in section (3-31). The
analytically calculated results of a fifteen-phaséuction machine are compared with FEA results
obtained through a non-commercial FEA software pgek Only a quarter of the four pole, fifteen-
phase induction machine considered in this sediomodelled in the FEA software through the use of
symmetry conditions. Also, for convenience, therene stator slot per pole per phase,g.e.1, and
there are twelve rotor bars per pole in the FEA @ho@nly the field current is applied to the mae&hin
in the analysis, whilst the torque current is kafpzero (the balanced MMF condition is assumed). In
the FEA software, skewing is realized by usingtao$@n-skewed machines of which the rotor phases
are displaced by an angle that is a fraction oft¢kel skew. When skewing is considered, in the FEA
the rotor is skewed by one stator slot pitch by msez a set of five un-skewed rotors.
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3.8.1 Air-gap Flux Density

Table 3-10 givesm/m results calculated for different fifteen-phase hiaes according to the
analytical method described previously. In the staie, the analytically calculated flux densiBys,

is compared with FEA evaluated flux densiB¢e. The stator outer diameter and rated power of the
machines given in the table are extracted from cemial induction machine data. From the results it
is clear that fewer field phases can be used am#uhine gets larger to keep the air-gap flux dgnsi
within the range between 0.65 — 0.78 T. The FEAlteshow that three field phases are sufficient to
produce an air-gap flux density within the ranga, & 300 kW, four pole, fifteen-phase induction
machine.

The FEA calculated field plot in Figure 3-10 is tthaf a 100 kW ¢s=0.5 m), 4-pole, 15-phase
machine, with four field phases active at titnre 0. The machine’s square-like air-gap flux density
with its average trend is shown in Figure 3-11.uFég3-12 shows a moving average air-gap flux
density as time changes frdns 0 tot =t,/2. It is clear that the flat topped amplitude loé tmoving
flux density stays almost constant with stator MM&vement.

Figure 3-13 shows that the average amplitude waniadf the air-gap flux density with rotating
position is a minimal withm¢= 3 andm = 4. In [58], the FE calculations show a variatwné %,
while the results of Figure 3-13 show far less atéoh, of, 0.7 % from the required air-gap flux
density. From this result, it can be expected tiatcommutation of the field phases will not intiod
significant high frequency induced voltages in th®r bars, since there is little variation in gap
flux density amplitude with rotating position.

Table 3-10comparison of analytically and FEA calculated aip-diax densities calculated for
determinedn/m for a 4-pole 15-phase induction machine with vagyiated power.

P (kW) [J (WmnT)| ds(m) | m [ m /m|Ba(T) | Bre(T)
5.5 5.98 0.216] 5| 5/10[ 0.71p  0.653
30 5.91 0.318| 4| 4/11] o0.65f 0.663
75 5.78 0.457| 4| 4/11] o0.65f  0.687
110 5.67 0.508| 4| 4/11] 065p  0.697
300 5.10 061 | 4| 411 067 0.719
300 5.10 061 3| 3/12] 061f 0.672

0.25
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0.15

0.1

0.05

U ; f . . { .
-0.25 -0.2 0.15 0.1 -0.05 0 0.05

Figure 3-10. Field plot of 4-pole 15-phase induttmachine.
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Figure 3-11. Air-gap flux density distribution araithe air-gap of four pole fifteen-phase induction
machine at = 0.
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Figure 3-12. Averaged air-gap flux density at diéfe times of a 4-pole, 15-phase induction machine.
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Figure 3-13. Air-gap flux density amplitude versagating position (4-pole, 15-phase).
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3.8.2 Rotor Induced Voltage

The open circuit voltage in theh rotor phase bar is given by

dA
=E' (3-39)
where/; is the flux linkage of the rotor phase bar whisltalculated as
1&
A :k—Z‘IAij a, (3-40)
s J=

wherej; is the total flux linkage of phase bawith un-skewed rotoy at skewed position;, andk; is
the number of un-skewed rotors. The forward difieeemethod is used to approximate the derivative
of the flux linkage, i.e.

_dA _ AL +AY-A (L)
Tt At '

(3-41)

With the rotor at standstill and the stator fietdating by supplying four field phase currents oé t
fifteen-phase induction machine of Figure 3-10, tiiengular flux linkages of two of the rotor phase
bars labelled phase 15 and phase 20 in the FEAhangn in Figure 3-14. The slip is taken as 4% (60
r/min). Using the forward difference approximatiand FE time stepping analysis, the induced rotor
voltage is determined as shown in Figure 3-15 agdrg 3-16. Figure 3-15 shows the high frequency
(equal to 3@ wheref is the fundamental frequency of the stator voltagduced rotor bar voltage.
The voltage-ripple in Figure 3-16 is due to thetslb air-gap. An almost square induced voltage is
obtained, which shows the property of a brush-dtomo

3.9 Summary

In this Chapter, analytical expressions of caléntpthe developed power, torque, stator and rotor
copper losses of the BDCE controlled machine aesented. Also, an analytical method used to
calculate the optimal ratio of field to torque pgs®f multiphase induction machines supplied with
trapezoidal stator current waveforms, is deriveatution is considered in the analytical method
through the use of B-H curve. The comparison ofydical and FEA calculated results shows that it is
possible to use lesser field current phases tousethe required air-gap flux density. Increasimg t
number of phases and also increasing the numbeole$ are shown to lead to a lower optimmlir
ratio. With fewer field phases, there is increas®dr winding utilization and more torque phases ar
used.

Phase 15
------- Phase 20

Flux Linkage (Wb tun
o
[6)]

'15 T T T 1
0 100 200 300 400
Position (deg.)

Figure 3-14. Rotor bar flux linkages with positiohfield MMF.
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Chapter 4
Theoretical Analysis of BDCE Controlled Multiphase I nduction

M achines

4.1 Introduction

Theoretical analysis is very significant in thefpemance study and design of an induction machine.
These analyses allow the investigation and impr@rgnof the machine’s design, control and
efficiency.

A theoretical or analytical method of predictingdagvaluating the rotor bar current waveform is
presented in this Chapter. It is based on the wipdliinction theory that is used to calculate maghin
inductances presented as by Lipo et al in [8],,[EZ]. This method is used in the calculation o t
rotor bar current waveform as well as the torquet raior copper losses of the machine. To start off,
the stator current waveform is broken down to asnfonic frequency components through Fourier
transformations. It is assumed that each harmoaiponent is a perfect sinusoid and that each
component acts independently of the others. Thash estator current harmonic can be analysed
individually. Furthermore, saturation is ignoredumiform air-gap is considered) identical stator
windings with axes of symmetry amddentical rotor windings with axes of symmetry amnsidered,
there are no eddy currents, friction and windagsde are ignored and the rotor bars are assumed to
be insulated.

The analyses in this Chapter consider an individeguency component of the trapezoidal stator
current waveform. During simulation, the resultsnireach individual component are summed up in
order to find the performance of the machine whappBed with the trapezoidal stator current
waveforms. Therefore, this analysis method is iedelent to the number of stator phases in a
multiphase induction machine under BDCE control.

Results from the application of the analytical neetton an arbitrary chosen nine-phase induction
machine are given. These results are compared #o feBults. Only steady-state conditions are
considered, hence, transient analysis is beyondatyge of this work.

4.2 Rotor Voltage Equations

In this section, the rotor voltage equations aes@nted. The cage rotor can be represented byeFigur
4-1 whereR is resistancel. is inductance and the subscrigtendb denote end ring and rotor bar
respectively. Therefore, the rotor is viewedraslentical and equally spaced rotor loops [8], [25]
[26]. Also, thenth loop consists of theth and therf + 1)th rotor bars together with the connecting end
ring segments between them. Since therendrars in the cage rotor, there are 1 independent rotor
currents comprising af loop currents and a circulating current in on¢hefend rings.

R Le R, Le R, Le R, L

Figure 4-1. Equivalent circuit of a squirrel cagéor showing rotor loop currents.
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With the cage rotor replaced with mutually coupleobs, the voltage equations for the rotor loops in
vector-matrix form are,

V. =R, +—= (4-1)

where,V, is the rotor loop voltage vectdr; is a rotor loop resistance matrix,is the loop currents
vector andA, is the rotor loop flux linkages matrix. The rotoop voltage vector for the cage rotor

can also be written as,
t
=[00....... 04 (4-2)

wheret represents vector or matrix transpose. Therefaeadtor loop flux linkages can be calculated
from the loop voltage equation as,

%z-RI’II’
dt (4-3)
A, =[-R,dt

Alternately, the rotor flux linkage is given by

Ar =LI'SIS+LI’I'II’
=1+,

rrr?

(4-2)

whereL s is the mutual inductance matrix between rotor lowpuits and stator phases dnd is the
mutual inductance matrix between stator phases@tod loop circuits|s is the stator current vector
andL,, is the 6 +1) by (1 + 1) symmetric rotor loop inductance matrix. listhnalysis, it is assumed

thatL,s= L, whereL', is the transpose of the mattix. The matriceR,, Ly andL,, are described
in the next sections. The stator current vectgmnien by

I =[igige o - (4-5)

L =[i g ie | - (4-6)

In (4-6),i. is the end ring current. Here, the motor is asslitoéhave complete end rings (no broken
segments) and hendg, is equal to zero. The current vector can be obthly making, the subject
of equation (4-4), that is

I P er_lAr - er_lLtsr I s* (4'7)

As previously stated, the currdntis an instantaneous current matrix resulting ftbmapplication of
only one stator current frequency component inntlaehine. It is noted that these equations represent
instantaneous values.
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4.2.1 Resistance matrix R,

From Figure 4-1, the rotor loop resistance

can be written as

'2(R +R)
R

0
R
R

R
2R +R)

0
0
R

R

.......... 0 R -R
.......... 0 0 -R
.......... ER+R -R -R
.......... R g R+R -R
.......... -R -R nR

whereR, andR.are the rotor bar resistance and the end ringtagsis respectively.

4.2.2 Rotor inductance matrix L,

maty,is an 0 + 1) by f + 1) symmetric matrix and

(4-8)

From Figure 4-1 and with the following definitiors;, is the magnetizing inductance of each rotor
loop, andL,; is the mutual inductance between two rotor |loogsdj, the rotor inductance matrix,,

can be written as

7Lrnr + Z(Lb + Le)
Lr2r1_ Lb

Lr(nfl)rl
Lrnrl - Lb
-L

e

Luo— Ly
L +2(L, +L,)

Lr -1y 2
Lrnr 2
_Le

Lo~ Ly

Lr 0-1y 3
Lrnr3
-L

e

4.2.3 Mutual inductance matrix L«

The mutual inductance matrik,, is anm by (n + 1) matrix comprising of the mutual

Lrlr(n—l)
L

Lrln _Lb
Lr2'n

T2r (n-1)

I-mr + qu+Le) Lr(rrl)m_Lb
Lrnr (n-1) - Lb Lmr + zl‘b + Le)
L -L.

between the stator coils and the rotor loops.dtlwawritten as

L
L

sirl

smrl

s2rl

L
L

sir2

s2r2

smr2

L

L

4.3 Mutual Inductance Calculation

sirn

s2mn

smrn

L
L

slre

s2re

smre|

L,
L,

(4-9)

inductances

(4-10)

In this section, a description of how the mutualuictances of a machine are calculated using the
winding function theory is presented. The windingdtion is defined as the MMF distribution along
the air-gap for a unit current flowing in a windirgigure 4-2 shows one winding function of a two-
pole concentrated winding induction machine. Thediig function and the winding distribution of
rotor looprl from Figure 4-1 are shown in Figure 4-3 and Figls& respectively. In Figure 4-3 and
Figure 4-4 0 is the angle between two rotor bars in radians.
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Figure 4-2. Phasa winding function for a concentrated full pitch wling.
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Figure 4-3. Winding function of a rotor loop [8].
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Figure 4-4. Winding distribution of a rotor loop| [8

From Figure 4-2 to Figure 4-4, the winding functitneory approach presented in [8], [25] and [26]
states that the mutual inductance between any tindimgsi andj in any electrical machine can be
calculated as

— :uOrgl
g

L

ij

[.'n(a)N (g) a8, (4-11)

whererg is the average radius of the air-ghps the stack lengthg is the air-gap lengthy, is the
spatial mechanical angle of the rotor with refeeetw a stationary point on the statg(,) is thei-th
winding distribution and\j(.) is thej-th winding function. Equation (4-11) is used toct#dite the
mutual inductances of (4-10).

4.4 | nstantaneous Bar and End Ring Currents

Considering the rotor circuit currents in Figurd 4the instantaneous current flowing in tite bar is
given by

ib><(n) (t) :i rn(t) _i r(ml)(t) . (4'12)
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In (4-12),x is thexth stator current time harmonic order. Furthermdarés noted that the current
flowing in an end ring segment of Figure 4-1 is &qto the loop circuit current defined for the
particular segment, that is,

ies(n)(t) =i ). (4-13)

4.5 Torque Calculation

An instantaneous torque calculation method, baseth® magnetic co-energy, is summarised in this
section. The magnetic co-energ¥.., is equal to the stored magnetic energy in a fimeagnetic
system, that is

1 L, L I
W - Itlt ss s 5 ) _
=51 ,][L; L}H (4-14)

Then, the electromagnetic torque due toxhestator current harmonic can be calculated as,

T oo ow,
- agf Is,lrconstant. (4-15)

Here, 6, is the spatial mechanical angle of the rotor wéference to a stationary point on the stator.
SinceL,; andL x contain constant elements, then using (4-14)tdigpie equation (4-15) reduces to

TN i
ex_E Is EY:) Ir+|r EY?) Is : (4_16)

It is seen thal, is a scalar quantity and therefore each of thedehat are added to forfig, must be
a scalar too. A transpose of a scalar is the sitaidf. Also, from matrix algebra,

t
(AB'C) =C'BA. (4-17)
Hence,
t t t
|:6LS'|S: |:6Lﬂ|s :|;a"5f|r. (4-18)
a6, a6, 04

Therefore, the electric torque equation reduces to

oL,
l, (4-19)

TeX:ItS r
06,

wherel is given by (4-5)L« is given by (4-10) and} is given by (4-7). For af@2pole machine, the
inductance undergoe$/2 complete cycles a% varies from 0 to 2 mechanical, hence the electrical
position is given by,

r

6= 2—2'09 | (4-20)
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4.6 Simulation Algorithm

In this section, the simulation algorithm used valeate amongst other things, the rotor bar current
waveform, the torque and the rotor copper lossea ofachine using the analysis acquired for an
individual stator current component, is presenfdt instantaneous contributions of individual stato
harmonic currents to the rotor current waveforngue or rotor copper losses are simply added during
simulation. The sum, then, represents the perfoceahthe machine when fed with trapezoidal stator
current waveforms. For example, the total instagdas current induced in rotor bar 1 can be written
as

Iy = Zibxl(t) ) (4-21)
x=1
where X is the stator current time harmonic apglt) is calculated from (4-12). Similarly,
TeT = ZTEX ' (4'22)
=1

Tex IS the instantaneous torque per stator curremhdiaic calculated from equation (4-19), ang is

the total instantaneous torque produced by the mactupplied with the trapezoidal stator current
waveforms. The simulation program flow chart to laage the instantaneous performance of the
induction machine is shown in Figure 4-5. Consitgfrequency dependency, the rotor bar resistance
and inductance are calculated through the methogosed by Babb and Williams [70, 71], and
presented in Appendix C. The end ring resistana® iaductance are calculated from analytical
equations also presented in Appendix C.

4.7 Finite Element Analysis (FEA) Modelling

Maxwell2D FEA software is selected to evaluatepgbgormance of the machine as well as to predict
the rotor currents. The transient solver is usechbge it allows the use of non-sinusoidal current
excitations and rotational motion. It also helpsaimalysing magnetic fields, torque, power loss and
flux of a model at various time steps over a spedtifime period.

Since the induction machine under considerati@ytismetrical, only a quarter of a nine-phase four
pole machine is modelled, as shown in Figure 436the model, Dirichlet boundary conditions are
applied to the stator outer and rotor inner diaméfbe vector potential is tangential and defined a
zero at the stator outer and rotor inner diamédaster / slave boundaries are defined on the other
edges of the model. These boundaries force the etiadield at each point on the master boundary to
match the magnetic field at each correspondingtpmthe slave boundary. For this model, the field
on the slave boundary is defined to point in thacexopposite direction of the field on the master
boundary. These boundaries are labelled in Figige 4

In the transient solver, rotational motion is detimras occurring inside a selected band object. The
band object is defined to cover the rotor of thechi@e in the model. Also, for the stator cails,
stranded conductors are selected, whilst for ther tmars solid conductors are used. The contributio
of the stranded conductors to the current denstyaveraged over the slot area because such
conductors lack eddy current behaviour in the teamssolver. However, for solid conductors, skin
effects are considered and they depend on thedreguof the system as well as on the location of
nearby conductors.
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Figure 4-5. Simulation program flow chart, wheis time in secondss, is the time allowed for the
simulation to run angl,.«is a preset value of highest considered statoentiharmonic.
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Figure 4-6. FE model of the nine-phase inductiocimreae

4.8 Theoretical Analysisof a Nine-Phase Induction Machine

In this section, the described analytical methodsed to evaluate the performance of a nine-phase
induction machine given as an example. Other phdse machines could have been used, but the
nine-phase induction machine was chosen becauspraatical considerations. The nine-phase
induction machine parameters are shown in Table Bhg following describes the contents of the
section:

* Using the method described previously in Chapteth8, optimal ratio of field to torque
phases for a nine phase machine is found to bevllebeby the number of field phases is
three as shown in Table 3-6. The nine-phase cuwautforms are derived as described in
section 3.3. Fourier analysis is conducted in otdeepresent the stator current waveforms
and air-gap MMF mathematically.

e The air-gap flux density due to the field curreatmponents of the stator current waveform
is calculated from the MMF.

* The performance of the machine and the rotor cuseweform are evaluated analytically
using the described analytical method.

* Finally, FEA results are given and compared to tieoretical results where possible.
Although linear conditions are assumed in the thgcal analysis, the FEA considers
saturation.

4.8.1 Nine-phasetrapezoidal current waveforms and their mathematical expressions

In this section, the trapezoidal stator current @faxms are presented. Figure 4-7 shows the nine-
phase trapezoidal current waveforms constructatjusie method described in the previous Chapter.
Three phases operate as field MMF producing phasek six phases operate as torque MMF
producing phases. In this section, it is also shtwahthese stator current waveforms produce dynear
square air-gap flux density when applied to a mhase, four pole induction machine with the
winding layout of Figure 4-8. In Figure 4-8, crosshow a winding coil into the page and dots show a
winding coil out of the page.
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Table 4-1. Machine parameters of a 4-pole 9-phasection machine.

Rated PowerR?, 11kW
Air-gap lengthg 0.5 mm
Stack lengthl 127 mm (copper bars)
Rotor radius 84.5 mm
End ring segment resistanég, 1.28e-6Q (75°C)
End ring segment inductande, 29.2nH
Number of field phasesy 3
Number of torque phases, 6
Number of rotor barsvi, 28
Number of stator slot$, 36
Number of series turns per stator phage, 170
Torque currentl, 55A
Field current]; 5.83A
Bar height 25 mm
Bar width 4.5mm
Operating speed 1472 r/min

~ ‘

[

Figure 4-7. Nine-phase stator current waveforms.
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Figure 4-8. Stator winding layout of a 4-pole, %&ph induction machine.

In order to perform analytical calculations, itriecessary to find a mathematical expression of the
stator current waveforms. A mathematical represiemaof a waveform is obtained through the
application of the Fourier transform on the wavefpas follows. Phasa of the nine-phase stator
current waveforms is shown in Figure 4-9.

/ <I/ >

\ ,,

Figure 4-9. Phasa stator current waveforny(t), with my = 3 andm, = 6.

Applying the Fourier transform on the waveform giel

L= Y 1 x)er (4-23)

n=-oo
where

um:%ﬂgmgwwt (4-24)

andow is the electrical angular frequency aqg the time harmonic ordex,= 1, 2, 3...

Performing integration by partgx) become

'M 2jxm M . 10jxm 11jx7 4jxrr
9 9 o R 9 3
I(x):ﬁlf -1+te +e -e +e -e -e + €
X
: 4-25
X 4T B . 13jxrr ajxmr 17jxmr . ( )
9 S 9 xmo = 3 s 2jxm
+ﬁlte3-e -e +e +e -e + e - e
X

Substituting (X) intoi,(t) of (4-23) and using trigonometric identities lead
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i, () :i 18 (k, cosfat )+ k, sinfwt))  forx=1,3,57,..... , (4-26)

= X
where
k. =-1, -1, +2I, coskrr /18)sikrr /2)sin@7 /3) [ +1, )sir@t /2)strr/6)-
21, cos(xrr /19)sinkrr /2)sin(Xrr 1 6)
(4-27)
k, =-21, cosfsr /18)singr /2)cos@r /3)4( 13 )SIRG /2)cos¢d H6)
21, cos(xrm /19)sinkrr | 2)cos(@r /6)
Equation (4-26an be further simplified using the trigpnometdentity
Acos@ )+ Bsing =+ X + B cosf- atan® A , (4-28)
where atan2() is a four-quadrant inverse tangeanch,i,(t) becomes
L) =Z}—:2(,/kf +k;” cog{xt- atan2 k )]  forx=1357..... (4-29)
X

x=1

Therefore, the current waveform can be viewed tonade up of the addition of infinite independent
sinusoidal waveforms of different frequencies aswshin Figure 4-10. The higher the number of
considered harmonics, the more accurately the wawvefs constructed. Similarly, the mathematical
representation of the other waveforms can be ofdlaas foii,(t) and are given in equation (4-30).

[
x=500
x=1 H
x=3
x=5 M
---- x=7
x=9 H
x=11 \
Sum of x=1to 1%

1 (A)

Time (S)

Figure 4-10. Per phase stator current waveform%00) with its first six harmonics;E 5.83 A and;
= 5.5 A). The waveform of the sum of the first Bermonics is also shown.

4.8.2 MMF generated by the trapezoidal current waveforms

The placement of coils on stator slots is such timatstator winding produces a rotating MMF in the
air-gap when excited by the stator current wave$orin this section, a mathematical expression
which can be used to show that the stator windint the layout shown in Figure 4-8, does produce
a rotating MMF in the air-gap when excited by that® current waveforms of Figure 4-7, is
provided. The developed MMF expression is usedhéndalculation of the air-gap flux density and it
can be used to calculate the contribution of eaatoiscurrent harmonic to the rotating MMF. The
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MMF waveform for a single coil wittN turns and current flowing in a four pole machine stator is
shown in Figure 4-11, whefeis the MMF and/ is in electrical radians. A Fourier series expansibn
the MMF waveform allows it to be decomposed intotlaé harmonics that make up the waveform.
When infinite permeability in the iron is assum#dte MMF in the stator and rotor can be neglected
and therefore the MMF across the air-gap is equdlé total MMF.

ia(t)zi 1:2 (,/kf+k22 cos{t- atan 2§ k )
8

W= 1772(\/k12+k22cos(x(a)t—ﬂ/9)—atan2@ k)
8

0= 1”2(w/k12+kzzcos(x@t— 27 19y atan2k k)

iy (t) =

)
JKZ +k;2 cos{ x @t 67 /9y atan 2 k )))
)

Mo 3D
&5 3

0= inz(‘/kf +k; cos x@t— 77 /9)- atan2k k) (4-30)

if(t)=ixiiz(w/kf+kzzcos(x(wt— o7 19y atan2 k )
i, () :ixfiz (\/kf +k;” cos(x @t~ 127 /9y a tan% k )
18

i () =i

ii(t)zi 1-”2

;72( /7k12+k22005(><(wt‘ 137 /9)- a tan 2 lg)))

(o]
—

JkZ + k2 cos{ x@t- 147 /9y atan2k k )))

-Ni/2

Figure 4-11. MMF waveform produced by a full-piwihgle coil for a 4-pole induction machine.

The Fourier transform for the MMF waveform is

F(0)= Y Fwe (4-31)
F(v) = 717 [[F(6)e™ o (4-32)

where,pis the number of pole pairs amds the harmonic order. Applying integration bytgarields
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Fv=_M —(2je" - j- je?7), (4-33)
4y
and hence
2Ni
F(O) = Z—sm(vp@) v=1,3,5, ... (4-34)

The currentj, is considered to be an instantaneous currenhgUsjuation (4-30), each of the nine-
phase stator current waveforms will produce a espoading MMF given by the following equations:

F.(8)= Z (t) sin(vpd)

v=1

F.(6) =i%sin(vp(€—ﬂ/18)

F.(9) =i%sin(vp(€— 27 118

v=1

F,(6) =i%sin(vp(a— 67 /19

v=1

F.(6) = i%sin( p@- 7118 (4-35)

v=1

F.(0)= Z SH‘V() in(vp@- & /19

v=1

= N (1)

F,(6)= Z%sin(vp(@ -127 /19

FO)=> %sin(vp(a—lm /19

v=1

F©)=> MO gin(vp@ - 147 119
v=1 w
Finally, the MMF due to the stator winding is fouiogl summing the individual MMFs as
F(6) =F,(6) + F(6) + F(O) + F () + F(O) + F (6) + F (6) + F () + F ()

=Y F(0) (4-36)

Equation (4-36) can be used to show that the steitading produce a rotating MMF in the air-gap
when the trapezoidal stator current waveform aresicered. Using the equation, each current
harmonic contribution can be evaluated indepengentl

4.8.3 Air-gap flux density

Assuming infinite permeability of iron, the air-gépx density,B(f), can be expressed in terms of the
MMF given in (4-36) as

B(8) = : (4-37)

whereg is the air-gap length.
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The basis for the machine operation is that thgueMMF cancels the rotor MMF as explained in
the conceptualisation of the control method in Glia@. Therefore, under balanced conditions, the
field in the air-gap is produced by the field cutreWith I, = 0 A andl; = 5.83 A, the input current
waveform for only phasa and its fundamental are shown in Figure 4-12.

1 (A)

Figure 4-12. Phasstator current waveform with only field current.

The air-gap flux density of the machine is calcedatvithl, = 0 A and the rotor currents equal zero
using a program written in MATLAB software. The lwensity calculated from the MMF at a
stationary point in the air-gap with the machineied by the trapezoidal current waveforms at lacke
rotor test, is shown in Figure 4-13. The analyticahlculated air-gap flux density has a flat toghpe
amplitude of 0.63 T. Also, the analytically caldeld air-gap flux density versus air-gap positiom at
particular time-instance is shown in Figure 4-1he FEA calculated flux density is shown in Figure
4-15, showing visible slotting effects. The averagegap flux density calculated through FEA has an
average amplitude of 0.71 T. There is a similabigfween the waveforms of the analytical results,
Figure 4-14, and the FEA results, Figure 4-15.

0.8
0.6
0.4
0.2

0

B (M

0.2
0.4
-0.6

-0.8-

Time (ms)

Figure 4-13. Analytically calculated flux densitgriation versus time at a position in the air-gap (
1,3...,49v=1,3...,99).
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Angular posttion (deg.)

Figure 4-14. Analytically calculated air-gap flugrsity versus air-gap position£ 1, 3...,49yv =1,
3...,99).

Flux Density (°

Angular position (deg.)

Figure 4-15. FEA air-gap flux density versus aip-gasition at time = 0 (unskewed rotor).

4.8.4 Rotor current waveforms

The rotor current waveforms are evaluated analjyies described in section 4.4 and compared with
FEA results. In Figure 4-16, an approximate trapbdcstator current waveform consisting of thetfirs
seven harmonics is shown. The first seven harmaressufficient in the study of the shape of the
rotor current waveform, because the higher cumantonics have little contribution. The analytigall
evaluated end ring and bar current waveforms ase/shn Figure 4-17 and Figure 4-18 respectively
when stator current harmonic orders 1, 3..., 13 aresidered. The rotor is rotating at rated speed of
1472 r/min given in Table 4-1. The filtered versiohFigure 4-18 is shown in Figure 4-19. It looks
like the bar current is following the stator cutrevaveform. The rotor current waveform evaluated
through FEA is shown in Figure 4-20. it is cleaatththe analytically calculated and FEA simulated
bar current waveforms are very similar. They diffety in amplitude as observed in Figure 4-19 and
Figure 4-20. The cause of this difference is unkm@awvthe moment. Nonetheless, the FEA results do
validate the theoretical calculation method.
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Figure 4-16. An approximate stator current wavefoomsisting of the first seven harmonics.
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Figure 4-17. End ring current waveform of the nptese induction machine.
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Figure 4-18. Rotor bar current waveform of the fah@se induction machine.
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Figure 4-19. Filtered rotor bar current wavefornthe nine

-phase induction machine.
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Figure 4-20. FEA simulated rotor bar current wavefof the 9-phase induction machine.

485 Torque

The torque predicted by the analytical method mwshin Figure 4-21 with a steady-state value of
58.9 Nm. The FEA predicted torque is shown in Fégth22 and its average steady-state torque is 58.5
Nm. This is very close in agreement with the anedytcalculated torque. The first couple of seconds
in the figures show the stabilising of the softwapdution (they do not show the transient response)
high steady-state torque ripple is observed in feéigd+22 together with a high frequency ripple
resulting from the slotting effects. An investigatiof the torque ripple is not part of this study.
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Figure 4-22. FEA predicted torque waveform of tireerphase induction machine (unskewed rotor).

4.8.6 Rotor copper loss

The instantaneous bar and end ring currents camsée to calculate the instantaneous rotor copper
losses of the machine. Using the analytical metltloel,rotor copper losses are calculated and are
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shown in Figure 4-23. The average value of theglw$s 150.0 W. Figure 4-24 displays the machine’s
rotor copper losses from FEA, with an average vafukl7.3 W. This is quite different from the value
calculated through the analytical method. The diffiee can be explained by the assumptions made in
the analytical approach. It is noted that in théAFthe current waveform is applied in its trapezbid
form, whilst in the theoretical approaches, therlgexpansion is used with limited harmonics. Also
linear conditions are assumed in the theory, wHilstFEA considers non-linear conditions. Agaime, th
stabilising of the software solution is visibletire figures.
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Figure 4-23. Rotor copper losses of the nine-pivaiection machine calculated by the analytical
method.

Figure 4-24. FEA calculated rotor copper loss ef3fphase induction machine.

4.9 Summary

In this Chapter, an analytical method that can beduto evaluate the performance of multiphase
induction machines under BDCE control is presenié method can be used to predict and evaluate
the shape of the rotor bar and end ring currentefeaxns of the machine. Theoretical and FEA
calculated results of a nine-phase induction mackirpplied with the trapezoidal stator currents are
presented. Although linear conditions are assumehd analysis, the results are sufficient to stiwav
machine’s behaviour when excited with the trapealoidurrent waveforms. Another analysis
technique based on the equivalent circuit appréadescribed in Appendix E.
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Chapter 5
Design and Test Setup of Experimental Nine-Phase | nduction
Motor Drive System

5.1 Introduction

In the previous Chapters, the theoretical analydishe induction machine that is excited by
trapezoidal current waveforms is provided. The giesif the Rogowski current transducer, nine-phase
induction machine, nine-phase inverter and the rxatal setup are described in this Chapter.

5.2 Rogowski Coil Current Transducer

The Rogowski current transducer is appropriateHerrotor bar current measurement mainly because
it is easy to install the Rogowski coil on the rotage. It consists of the coil, the integrator &mel
interconnecting coaxial cable. A split-flex coil tvisimple nylon clips forming a 70 mm radius is
sufficient for this application. This allows theilcim be unplugged during installation and thempéd
back. Integration is performed through the use wiicrocontroller. The output voltage equivalenato
maximum current of 800 A is set to 10 V and thepbypoltage to the integrator is 24 V. In addition,
a Mercotac contactor is put in between the coil hedintegrator to allow current measurement whilst
the rotor is rotating. The Mercotac contactor e#fect substitute for a slip ring and is commdtgia
available. The transducer is calibrated and testée. measured current is then displayed on an
oscilloscope. Figure 5-1 shows a schematic of tbgoRski current transducer. A picture of the
developed Rogowski current transducer is showngarg 5-2.

: Mercotac Integrator Oscilloscope
ROgOWSki Coil contactor

Figure 5-1. Schematic of the Rogowski current tiacsr.

g 2
£
ifa
i
i1t

Figure 5-2. Rogowski Coil and integrator box.

49



5.3 Nine-phase Induction Machine

The design of a nine-phase induction machine vath poles and 11 kW power rating is described in
this section. Included is the design of the ninagghinduction machine stator winding and the design
of a rotor that is used for the rotor bar and éng measurement. A commercially available (standard
three-phase, four pole, 11kW induction machineuitable for rewinding to form a nine-phase, four
pole induction machine. The standard induction nmeclhas 36 stator slots and 28 rotor slots. The
stator and rotor laminations of the induction maehare shown in Figure 5-3.

Figure 5-3. Stator and rotor laminations of antb#-shelf 11 kW three-phase induction machine.

5.3.1 Stator winding

Since there are 36 stator slots in the standanddole induction machine, assigning one coil pet sl
per phase per pole leads to a nine-phase fouripdletion machine. The induced stator phase voltage
under BDCE control has a quasi-square waveform.dithigat-topped voltage-value of this waveform
is given by,

E. = 2BN,Ir w, -

a

, (5-1)

=—BN Irga),
a

wherea is the number of parallel circuits,, = w/p and the number of turns per stator phagecan
be calculated as

N, =
s ZBIrga)’ (5-2)

wherea = 1,B is the air-gap flux density,is the stack lengtlry is the machine radius at the centre of
the air-gap ana = 2f; f is the fundamental electrical frequency at whiod machine operates. The
values of the variables in the above equation sengn Table 5-1. From this, the number of tures p
stator phasel\,, is calculated as 170. A fill factok, of 0.5 is assumed from which the stator coil
wire diameterd,;., is calculated as

f4S ,
dwire = n,NA—k/MIZ ' (5_3)

whereS, is the stator slot area. Substitution givlks. = 1 mm. Based on the sequence of the nine-
phase trapezoidal current waveforms, the statodiwgnlayout is as shown in Figure 5-4. In the
figure, the direction of current at this particuliastance is represented by dots and crosses, iyhexe
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dot represents current flowing out of the page antbss represents current flowing into the page. T
coil sides are labelled from A to |. A picture bktrewinded stator is shown in Figure 5-5. Theostat
lot geometry of the induction machine is shown iguFe 5-6. The dimensions of the stator slot are
given in Table 5-2, whereby, the variables are effndd in Figure 5-6. (Note that the back-emf dc
voltage of a phase winding for the machine is desigto beE; = 800 V at 50 Hz whereby the coils
are connected in series. However, during measursimiie stator coils are connected in parallel and
thenEs = 400 V at 50 Hz and the phase current doublesnTin this scenarid; andl; represent the
coil current. The high value & = 800 V was due to a manufacturing error. Iniiathe design was
atEs = 400V (with coils in series) but during the rediimg, the number of turns per phase was winded

as turns per coil, thus doubling tBe)

Table 5-1: General design data.

Es B

Iy

f

800V |0.7T

0.127 m

0.0848 m

50 Hz

Figure 5-4. 9-phase, 4-pole induction machine

stator winding layout.
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induction machine.
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4\ Table 5-2. Stator slot variables.
Vs Variable | Length (mm)

Sht 1.0

Shs 2.0

T K \ Sor 9.2

e Shb 12.6

T " Sow 38

Lys Vhs 24.8

P Shi 20.2

tus 8.15

b E”“‘
N 51111

>
Sau

Figure 5-6. Stator slot geometry.

5.3.2 Standard rotor winding

The standard induction machine rotor has 28 slutisaacast aluminium cage. The rotor slot shape and
dimensions are given in Figure 5-7.

Edge] length (mm)
1

o

b |
""""""""""" c 2
""""""" - — . |—b I
e — e |55
h g c —a f 8.82
................ \I d : o 3.25
---------------------------- f\ ) h 45
J i 25
slot top J 1.65

Figure 5-7. Slot shape and dimensions of the stdnuge rotor.

5.3.3 Special rotor for current measurement

The rotor bar current measurement is essentialrderoto verify the developed analytical model.
However, it is not possible to measure the barezuron a cast aluminium rotor. Therefore, a custom
manufactured rotor is required for the purpose e&suring the current in the cage winding. Thisroto
must allow easy fit of the Rogowski coil. A genemrattangular rotor slot is arbitrarily chosen bessau
of manufacturing simplicity. From the main dimemsicof Figure 5-7, the slot breadth and depth is
chosen to be 4.5 mm and 25 mm respectively. Thectal total number of slots is 28 as in the
standard cage rotor. For ease of manufacturingyerois selected over aluminium for the rotor cage
winding. The copper bars are slightly longer thaa kamination stack in order to fit the Rogowski
coil. A groove on the shaft is designed for thexialacable to pass underneath the induction machine
case bearing from the Rogowski coil on the rotothe integrator outside the induction machine.
Figure 5-8 shows the rotor schematic and Figure sh@&ws the new rotor lamination, lamination
holder and end ring of the new rotor. Pictureshaf totor without copper bars are shown in Figure
5-10. Figure 5-11 shows the photo of the rotor withper bars and the Rogowski coil mounted on the
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end ring. The Rogowski coil is mounted on the @nd or on the bar in order to measure the end ring
or the bar current.

shaft

bearing

end ring

copper bar

lamination holder

stack of rotor laminations
shrink fit

groove

@/,/T
> 3 @ O © 0 2

Figure 5-8. Schematic of the new rotor.

CHORONGRCRENONC)

Figure 5-10. Developed rotor without rotor bars.
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Figure 5-11. Rotor with Rogowski coil fitted on thed ring.

5.3.4 Other design and performance parameters

Using the method described in section 1.1, thgagflux density versus field current relationsisip
obtained for the nine-phase machine and plotteBignre 5-12. The torque current is zero and the
number of field phases is three. It is observednftbe figure that an air-gap flux density of 0.7 T
corresponds to a field current of 5.83 A.

Flux Density (T)

n

ield Current (A)

Figure 5-12. Relationship between flux density &eld current.

In order to find the machine rated operating spedi rated torque current, an equation of the static
torque of the machine based on the method deschiefb8] is first derived from the rotor bar
current. The square like shaped air-gap flux dgiséds to a square like induced voltage waveform i
the rotor bar, as previously shown. The flat-toppetplitude of the induced bar voltads, is given

by

B, = 2N, Blay 1y, (5-4)

whereN; is the number of turns per rotor phakk £ 0.5 for a squirrel cage windind},is the air-gap
flux density,| is the stack lengthyg is angular slip frequency amglis the air-gap radius. The dc flat-
topped induced rotor bar current is then given by
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h:%zﬂi%%i, (5-5)

where,R, is the dc bar resistance and the bar inductaneegkected (the end ring resistance is ignored
in this analytical calculation). Theoretically, thember of active bars per pole is

_M.(m-1
m, —2Npp , (5-6)

whereM, is the number of rotor barsy is the number of torque phasé$,is the total number of
stator phases arglis the number of pole pairs. Therefore, the torgfuihe machine can be calculated
by using the Lorentz force law and is given by

T=4pm, N Bl Ig, (5-7)
and the amplitude of the rotor air-gap MMF is gi\®n

I:r =m, Nr lr ' (5_8)

MMF balance between the torque MMF and the rotor M, = F)) is assumed, as this is a
requirement for the operation and control of theli@e using the trapezoidal current waveforms. It
can be shown from the phase current waveforms guiri4-7 and the winding layout of Figure 4-8
that the amplitude of the stator torque MMF produbg them torque phase winding at any instant is

e (M -DNI

where,Ngis the number of series turns per stator phase,dadhe stator torque current amplitude.
Then, the stator torque current is given by

2pm, N |

C(m-DN,
_4pm, N’ By,
(Mm-HNR

The relationship betwedpandwy is therefore given by

@ _ (M-DN.R
I, 4pm,N’Bly

It is clear thak depends on the bar resistafg@nd the air-gap flux densiy. Since the value dfis
dependent on the bar resistance, which in turrejgeddent on temperature, a machine designer must
know the operational temperature of the machineipety before calculating the value lofB can be
controlled through the field currenk. From equations (5-7) and (5-10), the torque clzo ae
expressed as,

(5-10)

(5-11)

T=2(m-1)NBlr. (5-12)

Hence, under balanced MMF conditions, the electgoratic torque is directly proportional to the
torque current. Rated torque is equal to 70 NntHerinduction machine and therefdrés calculated

from (5-12) and found to be 5.5 A. The slip spead then be calculated from (5-10). The full load
slip is found to be 2.23 % and the rotor currenplinde equals 600 A. It is noted that the rotor ba
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calculations in this case ignore frequency depetyand also the calculation is for a bar resistaaice
75 °C. Other machine parameters are given in Table I5-2nd R, are calculated as described in
Appendix C.

Table 5-3. Nine-Phase Machine Data.

N; 0.5

B 07T

I 0.127 m

g 0.08475 m

R. [1.28 x 10 Q (at 75C)

Ler 2.92x 10 H

my 3

m 6

m 28

p 2

Ns 170

l¢ 55A

It 5.83 A

a 1
speed 1466 r/min

k 0.638 rad/As

5.4 Inverter design

The inverter comprises of Intelligent Power Modul#aMs), the control and isolated power circuits,
the bus bar and per phase current sensors. Modakign allows independent testing and simple
replacement of faulty boards. A description of thwortant inverter components is given in the
following sections.

5.4.1 Intelligent power module (IPM)

The IPM is selected for this application due to stgperior advantages compared to conventional
insulated-gate bipolar transistors (IGBTs). It Iselp simplifying the design and development through
the integration of the drive and protection cirguitnto one compact casing. Other IPM features
include: low power loss, soft switching and higéliability. The IPM selected here is the
6MBP25RA120 due to availability and also re-usapilh multiphase induction machine applications
because of its high voltage rating. The block diagof this IPM is shown in Figure 5-13. Some of the
functions of the pre-drivers are: amplifier for\an, short circuit protection, under-voltage lockou
circuit, over-current protection and IGBT chip oveyating protection. The IPM has three phase arms.
It has a voltage rating of 1200 V and a currenhgadf 25 A.
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Figure 5-13. Block diagram of the 6MBP25RA120 IPM.

5.4.2 Control modulesand power modules

The IGBT power switches in the IPM are active IGvinerefore, the input pin of the IPM is pulled
high with a resistor connected to the positive siflthe control power supply. Then, an ON signal is
generated by pulling the control input low. Isabatiis provided through the use of optocouplers. An
H-bridge is needed for each stator phase (two peysphase). With three phase arms per IPM, the
layout of the interface modules for control signasissuch that two IPMs are used to control three
phases as shown in the diagram shown in Figure B-$#hgle control signal is used to control (thsat
switch on / off) the top switch of the first legaell as the bottom switch of the second leg ofthe
bridge. The inverse of this signal is used to agritre bottom switch of the first leg and the teptsh

of the second leg of the H-bridge. Each IPM requfoair isolated 15V power supplies for its internal
drive and protection circuits. Figure 5-14 alsowghdhe three stator phase connections on two IPMs.

5.4.3 Nine-phaseinverter

A high level block diagram of the nine-phase ingeiis shown in Figure 5-15. Altogether six IPMs
are used, with two IPMs per three phases. It isahtitat two IPMs share the same control board. Two
series connected dc-link capacitors are used a@hfhe of each IPM and the rating for each capacito
is 450 Vdc and 47QF. Photos of the nine-phase inverter are showngaré 5-16.
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Figure 5-15. The nine-phase inverter block diagram.

Figure 5-16. Nine-phase inverter.

5.4.4 Digital signal processor (DSP) control system

The functional diagram of the DSP control systermshiswn in Figure 5-17. The inputs into the system
are the control program from the personal comp(R€}), current data from the current sensors, the
speed signal from the resolver and the torque ptreferences, whilst the outputs are the pulsehwid
modulated signals (PWM) and reference or measuaital @he DSP chip produces the reference nine-
phase current waveforms, executes the speed pianpadrintegral (PI) controller after receiving data
from the resolver and receives data from the P@.fidid programmable gate array (FPGA) functions
are: read the nine-phase current data from theognaldigital converters (ADC), execute the digital
hysteresis current controller, calculate the dytylec of the PWM signals and write the PWM signals
to the electrically programmable logic device (ERLDhe digital hysteresis current controller is
described in Appendix D. The EPLD is used to insesthe PWM signals output pins since the FPGA
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does not have enough pins for assigning the PWMatigto every power switch device. The
oscilloscope is used to display measured or refersignals. Figure 5-18 shows a photo of the DSP
controller.

DSP
ITMS320V 33— USB Interface with PC

A

Current sensors  /

LEM 9 ADC 9

1..9) > FPGA Fiber

Altera 18 I(EI]) L;)) 18 | Optic
Cyclone " terminals
to
inverter

Y

D/A

Oscilloscope

Figure 5-17. Functional diagram of the DSP congroll

Figure 5-18. DSP controller.

5.5 Nine-phase Drive System

The entire nine-phase drive system consists oifithgction machine, the inverter and the DSP control
system as shown in Figure 5-19. An appropriate evalfil; is set in the control program and an
external reference is used ferThe value ok in the system is calculated though equation (5aht)

is kept constant. This value is used in the catmreaof the angular slip frequencysg. The rotational
speed of the induction machine is measured thrdhghresolver attached to its shaft. A written
software program is used to calculate the speeu tiee resolver signals and filter the measured
speed. The sum of the angular slip frequengy,and the measured angular rotor speed frequency,
w;, gives the angular synchronous frequency. Thetraat angle,d, is then calculated from the
synchronous rotational frequency through integrati©nce the electrical angle is known, a lookup
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table is used to evaluate the reference nine-pstaser currents. The actual currents measuredghrou
the current sensors are then compared with thepexive reference currents, and PWM signals are
produced to control the nine-phase inverter. Therirer then controls the nine-phase induction motor

5.6 Experimental Setup

Figure 5-20 shows a schematic of the experimerdgtipsbuilt to test the nine-phase induction

machine. A three-phase 37 kW induction machinesesiwas a load drive. During testing, the induction
machine load drive is kept at a constant speedigitréhe Powerflex 700 drive. The nine-phase DSP
control system measures the rotor speed and predbheePWM signals that drive the inverter. The
torque is measured through a torque transduceallies$ton the shaft linking the two machines. A

photo of the machine on the test bench is shoviAigare 5-21.

DSP Control
System
I o[x]
binvit—> s - jxmT /9 9 B
e H 7—* phase
Inverter o
]’ 1
x=0,1,..8 Hysteresis Current
Controller ? S LEM
7 Current
sensors
Low
pass
speed | Af
filter A
9-Phase
Resolver Induction
Motor
Figure 5-19. The nine-phase drive system.
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; DSP P
t — Controller |

Figure 5-20. Test bench setup schematic.
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Figure 5-21Nine-phase induction machine on the test bench.

5.7 Summary

In this chapter a description of components thatema#p the nine-phase drive system were provided.
The Rogowski current transducer used in the meamneof the rotor bar and end ring currents was
presented. A detailed description of the nine-phadaction machine was also given in this chapter.
Practical considerations led to the selection ef time-phase induction machine. Two rotors were
described: one strictly designed for rotor curnetasurement whilst the other is the standard three-
phase machine rotor used in the performance maasuteof the nine-phase induction machine. The
stator dimensions of the standard three-phase maeire described together with the design of the
nine-phase stator winding. The slip and the corgeoh valuek, are calculated. The design of the
nine-phase inverter and its components is givedeiail. Finally the test setup of the nine-phaseedr

is also presented. Photos of the component andragsire also presented. The analytically calculated
and experimental results of the machine designédisrchapter are provided in Chapter 6.
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Chapter 6

Calculated and M easured Results

6.1 Introduction

This chapter contains theoretical and measuredtsesti the nine-phase induction machine drive

described in Chapter 5. The theoretical resultfude both analytically calculated and FEA results

from Maxwell2D as described in Chapter 4. Measurgmesults presented here include: rotor bar and
end ring current waveforms, torque and efficien€yhe drive system. Once the analytical method
results are validated through FEA and measuremémsyotor current waveform at rated slip is

predicted analytically and through FEA. The relasioip between the torque and torque current of the
machine is verified through measurements in thestean flux and flux weakening speed regions. The
ratios of generated torque to rotor copper losses pgesented with the machine supplied with

sinusoidal currents and compared to when suppli#dtive proposed trapezoidal stator currents.

6.2 Calculated Current Waveforms

Analytically calculated and FEA results are prodde this section. For all the results in this gatt
the rated value df = 5.83 A is used unless stated otherwise. Thdtsgstovided in this section are to
show that the analytical method can be used toigirdte shape of the rotor current waveform under
different shapes of stator current waveforms. Tihief element model of the nine-phase induction
machine with the special rotor is shown in Figwk ©nly a quarter of the machine is modelled & th
FEA as stated in section 4.7.

6.2.1 Rotor circuit loop current waveforms

In this section, the rotor loop current is presdniéhe special designed rotor with rectangular eopp
bars presented in section 5.3.3 is considered éncticulation of the rotor current. The current
waveforms are calculated through the analyticalhogtwhere the loop currents are as described in
Figure 4-1; the loop currents are equal to the imgl current. FEA results are given in the next
section. Documented equations are used in theirgdesistance and inductance calculations in the
analytical method. Also the frequency dependencehef rotor bar resistance and inductance is
considered through the use of the equations givé&xppendix C. The waveforms of three consecutive
rotor loop currents (irl, ir2 and ir3) are showrFigure 6-2 for different values &f and the rotor at
standstill. The torque current amplitudes,for Figure 6-2a), b), andc) are 0 A, 2 A and 4 A
respectively. The phase shift between consecutiderieg segments / loops is as expected. The next
section presents rotor bar currents calculated fratoop currents as given in equation (4-12).
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Figure 6-1. Finite element model of a nine-phaskiation machine with the special rectangular
copper bar cage rotor.
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Figure 6-2. Waveforms of the analytically calcutht®nsecutive rotor circuit loop currents irl, ir2
and ir3 at rotor standstill with the field curreht= 5.83 A and torque currents equabjd; = 0 A, b) I
=2 A, andc) I, = 4 A. The fundamental frequency of the statorenirwaveform is 16.67 Hz.
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6.2.2 Rotor bar current waveforms

The special designed copper bar cage rotor is derexi again in the evaluation of the rotor bar
current waveforms and for the same conditions @sngin Figure 6-2. Figure 6-3 shows the FEA and
analytically calculated current waveforms of titk rotor bar for different values &f The bar current
waveform seems to follow the stator phase curremteform. Furthermore, it is noted that the peak
values obtained from the FEA are higher than tlodgbe analytical calculation. This may be a result
of different rotor bar resistance or inductanceduisethe FEA and analytical method. The equations
used in the transient FEA software model are nawkn It is clear that, the analytical method
prediction of the rotor bar current waveform congsavery well with the FEA.
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Figure 6-3. Analytically calculated and FE calcathtotor bar current at rotor standstill witlx 5.83
A and torque currents equal 8),I; =0 A,b) ;=2 A, andc) |, = 4 A. The fundamental stator
frequency is 16.67 Hz.

6.3 Measured Current Waveforms

This section presents the measured stator, rotoarmhend ring current waveforms. The aim of these
measurements is to validate the analytical methquerémentally. Torque is not a concern in the
current waveform measurements as this is merelgnaodstration of the effectiveness of the control
system. Torque measurements are presented in rse&to The assembled rotor that is specially
designed for current measurements is installethénnine-phase machine, and the rotor currents are
measured using the Rogowski current transducer thighRogowski coil installed in the rotor. The
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Rogowski coil is installed in the rotor bar or ety depending on the current being measured. The
rotor is locked during the rotor bar and end ringrent measurements. The measured current
waveforms are compared to the analytically evatlat@rent waveforms presented in the previous
section. Similar to the previous section, the rataldie ofl; = 5.83 A is used with the stator current
fundamental frequency at 16.67 Hz. Since the ristéocked during measurements, the rotor current
frequency is also 16.67 Hz. The stator phase cumeasurements are measured through a current
transducer connected to an oscilloscope.

6.3.1 Inverter output current waveforms

Before measurements are taken, it is necessanalidate the nine-phase inverter output current
waveform that is fed to the stator of the machiflgs is achieved by measuring the stator current
waveform. For demonstration purposes, a measungiesstator phase current waveform is shown in
Figure 6-4 at different torque current values. Tweveform shows the effectiveness of the digital

hysteresis current controller, since the desiredefeam is measured. In Figure 6-4, the field cutren

average amplitude is 5.83 A whilst the averageuercurrent amplitudes are 0 A and 4.0 Adpand

b) respectively. The nine-phase inverter and consydtem are validated by these waveforms.
Measured stator phase current waveforms at ratdhigh speeds are presented in section 6.4.

Current (A)

Current (A)

b)

Figure 6-4. Measured stator phase current wavefatmastor standstill with the fundamental stator
current frequency at 16.67 Hz,=5.83 Aandi) ;=0 A, and bl; =4 A. Note: these waveforms are
for demonstration purposes only and have nothirdptwith the actual control of the machine.

6.3.2 Rotor loop / end ring current waveforms

The measurements in this section are taken witlRtigowski current transducer with the Rogowski
coil installed on the end ring of the speciallyidasd rotor. The measured and analytical-calculated
end ring current waveforms are very similar as shawFigure 6-5. Therefore, the measured results
validate the analytical method.

65



600 -~ 1T oo ——measured
|

400 - - e - - - - - m ”””” ; — calculatedt
|

I
1
I
200 :
|
I
|

Rotor Loop Current (A)

a)
§/ 1000 ~-------mm oo T ——measured” " "~
& OIS TN TN —— calculated ™y, /~
E 5004 K N------- PN | e
3 250 /W A CE R EEEY R Ry W e SN
2 0
g 250 0 0.15 02
= 500 - g SRS
g 750 t------ WY W
(E -1000- -~ == - === mmm oS
Time (s)
b)
<
€
1]
S
O
Q.
o
o
-
5.
[e]
.
Time (s)
c)

Figure 6-5. Comparison of measured and analyticalgulated end ring current waveforms at rotor
standstill with the fundamental stator current frelgcy at 16.67 H4; = 5.83 Aanda) ;=0 A,b) I, =
2A andc) I, =4 A.

6.3.3 Bar current waveforms

For the measurements in this section, the Rogoegikis installed on a bar of the specially desijne
rotor. The measured and calculated rotor bar cumwereforms are shown in Figure 6-6. There is an
observable and good similarity between the wavedorirhe cause of the peaks in the measured
current waveforms is not clear.
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Figure 6-6. Comparison of measured and calculatixst bar current waveforms at rotor standstill
with the fundamental stator current frequency a1zl =5.83 Aandy) l;=0A,b) =2 A, and
c)ly=4A.

6.3.4 Rotor bar current waveform at rated speed

In the previous sections, the rotor bar current ef@wm has been verified through FEA and
measurements whilst the rotor is at standstilthla section, the analytical method is used toutate

the rotor current waveform with the machine opegtt the rated speed and under balanced MMF
conditions. The rotor bar current waveform at raspeed of the nine-phase induction machine is
shown in Figure 6-7. This differs from the squar@ver assumption also shown in the figure. At this
moment, it is not known why the bar current wavefdrom the analytical method is lower than the
others. The difference between the assumed waveforththe calculated waveform may not be
simply due to transformer action in the machinacaithe amplitude of the supposed field current
component is lower than that of the torque compgnehich is in contrast to the stator current
waveform. The difference may be due to commutattioma in the machine. It is clear that there is
current flowing under the field phases as opposetia ideal assumption of no current flowing. In dc
machines, a similar effect is suppressed througtirttnoduction of interpoles. A further investigati

of the current waveform is recommended.
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Figure 6-7. Different calculated rotor bar curremtveforms with the machine running at rated
operating speed of 1466 r/min= 5.83 A and, = 5.5 A. The stator current is at 50 Hz.

6.4 Measured Torque and Efficiency

In this section, the measured, FEA and analyticeliculated torque of the nine-phase induction

machine excited with trapezoidal stator current @fasms are provided. Equation (5-12) is used to

calculate the torque of the machine analyticalljle Tneasurements are for a nine-phase induction
machine consisting of the rewinded nine-phase rsttd the original standard cast aluminium cage

rotor. It should be noted that the standard rastoskewed, whilst skewing is not considered in the

analytical calculation. However, the differencewvimtn the measured and analytically calculated
results due to skewing is not expected to haveaairigeon the conclusions. A quarter of the machine
with the standard rotor is shown in Figure 6-8.

Figure 6-8. Finite element model of a nine-phaslei@tion machine with the standard cast aluminium
cage rotor.
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6.4.1 Torque measur ements at constant flux

In Figure 6-9, the comparison of the measured anadytcally calculated torque results of the drive
are shown at rated field curreht= 5.83 A and a rated control gain vallies 0.638 k is calculated
from (5-11)). In this measurement, the rotor speesDO r/min. The analytically calculated results a
evaluated through the static torque equation (5B@h results show a linear relationship betwéden t
torque current and the developed torque. The fighmvs that at the rated torque current value (
5.5 A), the measured and calculated torque valtesnare or less the same. Nonetheless, the result
show that the drive maintains balanced MMF conditiegardless of the torque current. This proves
the BDCE operation (the similarity to brush dc @pen with a compensating winding). The linear
relationship between the measured torque and taguent is achievable at rated speed as shown in
Figure 6-10. In this figure there is a slight difface between the analytically calculated torqu# an
the measured torque. This may be a result of isecedriction and windage losses, and other stray-
load losses (the calculated torque is the develdpeglie whilst the measured torque is the shaft
torque of the machine).

Table 6-1 gives the comparison of the calculated measured torque values at rated conditions.
From the table, it is clear that the analytical moelt provide a good approximation of the torquehim t
machine. The effects of changikgvalues are evaluated through measurements as shokigure
6-11.The figure shows that at the rated torqueetityta small change in the valuekdfesulting from,
for example, a change in the rotor resistancephamimal effect on the torque of the machine. Also
at higher than rated torque current, a small cham@gefrom the rated-value leads to a reduction in
torque as shown fdg = 7.5 A. Furthermore, it is shown in Figure 6-bhatta wrong value df leads to
the loss of the linear relationship between torgqud torque current, that is, the loss of the MMF
balance in the machine.
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Figure 6-9. Comparison of the measured and cakudif@rque versus torque current Witk 5.83 A
andk = 0.638. The rotor speed for this measuremer@srbnin.
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Figure 6-10. Comparison of the measured and caémit@arque versus torque current witk 5.83 A
andk = 0.638. The rotor speed for this measuremeri@ ¥/min.

Table 6-1. Rated torque with=5.83 A,l; = 5.5 A anck = 0.638 at a rotor speed of 1466 r/min

Torque (Nm)

FEA 67.5

Balanced condition, equation (5-1P) 70.4

Analytical method of Chapter 4 64.4

Measured 67
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Figure 6-11. Measured effects of changingkivalue in the drive system on the torque for défer
values ofl;. The rotor speed for the measurements is 500 r/min
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6.4.2 Efficiency measurements at constant flux

The percentage efficiency of the drive system (eot@r and induction motor) is calculated as the

percentage ratio of the output (shaft) power toitipeit (ac) power. The input power is measured with
a power analyser at the ac supply of the conveRiure 6-13 shows the measured percentage

efficiency versus percentage load. The percentagé is calculated as the percentage ratio of the
measured torque to the rated torque. The figurevshioat there is a slight gain in efficiency whesd
field phases are used similar to what was obseime@hapter 3. Furthermore, the nine-phase
induction machine drive system compares well, imgeof efficiency, to the standard three-phase
drive system under constant volt per hertz opanad®shown in the figure; a Danfoss drive is uged i
this case to supply the three-phase induction machihe per phase stator current waveforms for
different number of field and torque phase comlamat are shown in Figure 6-14, at rated flux and
load. Here, the negative (un-equal) effect of thent) = (4,5) winding option on the torque and field
converter currents compared to theg1fy) = (3,6) winding option, can be clearly seen.
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Figure 6-13. Measured system (converter and meféiciency versus percentage load of the nine-
phase induction machine drive compared to a coivaadtthree-phase induction machine drive, with
(m,m) a parameter. (Rotor speed = 1500 r/min and atirdt bus voltage &fy. = 400 V)
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Figure 6-14. Measured stator current waveformatetrflux and rated torque, witm{m) a
parameter and = 0.638. For (3,6); = 5.83 A and, = 5.5 A, whilst, for (4,5)l; = 4.68 A and; =
6.83 A. The dc bus voltage for this measurementiss 400 V and the rotor speed is 1500 r/min.

6.4.3 Flux weakening measur ements above base speed

Similarly to dc drives, the output torque of th@eyphase induction machine drive is proportional to
the product of the air-gap flux and the torque pighalg current. Therefore, the speed of the ninespha
induction machine can be increased above the rE58@ r/min speed, whilst keeping the dc bus
voltage constant and reducing the field currene $heed region above the rated speed is called the
flux weakening or constant power speed region,esthe machine torque falls in proportion with the
flux, whilst the output power remains constant. Tetationship between the air-gap flux density,
control gain,k, and the field current of the machine versus feeqy is shown in Figure 6-15. The
flux density is halved at 3000 r/min, and the relahip between flux density and field current is
obtained from Figure 5-12. The control gdinis inversely proportional to the flux densitygigen by
(5-11). The measured torque versus the stator érexyuof the drive is shown in Figure 6-16. The
measured torque at rotor speed = 3000 r/min isr@6AMilst it is 67 Nm at 1500 r/min. The measured
per phase stator current waveforms at base spekedioanle base speed are shown in Figure 6-17. The
drop in the field current amplitude at double bsgeed can be clearly seen. Note also the incraase i
slip frequency at double base speed. The curremefwams show that the current controller works
well even at double rated frequency. The slip é&adl seen in the results. The results further ioonf
the brush dc compensating winding operation otctivdgrol method.
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Figure 6-16. Measured torque and field currentuetbe frequency range of the drive.
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Figure 6-17. Measured stator current waveform$80¥/min and 3000 r/min. The dc bus voltage for
this measurement ¥;. = 400 V.

6.5 Ratio of torqueto rotor copper losses

In this section, the theoretical ratios of torquerator copper losses of an induction motor supplie
with three-phase or nine-phase sinusoidal currantsnine-phase trapezoidal currents are compared.
The same full load stator copper losses are erddawenake these conditions comparable through the
use of the same stator winding. Since the samerstanding is utilized, the same rms stator coll
current is used. The trapezoidal rms current vedualculated to be 4.69 A at full load. Therefdte

rms current for the three-phase and nine-phaseaitial supplies is also 4.69 A in a coil. The rated
speed is 1466 r/min for all the supply configura@f the machine.

The stator winding layout of the nine phase inductinachine is the same as in Figure 4-8 and is
repeated in Figure 6-18. The same nine-phase statdso re-connected to form a three-phase stator,
that is, the same nine-phase stator winding is dsedoth the trapezoidal and sinusoidal current
supplies. From Figure 6-18, the three phase windimgapped as follows:

Phase 1 of the three phase winding consists ofgshasB and C of the nine-phase winding.
Phase 2 of the three phase winding consists olggHask and F of the nine-phase winding.
Phase 3 of the three phase winding consists ogghfasH and | of the nine-phase winding.

The current directions in the three phase caseinetha same as in the layout of the nine-phase
winding. Note that the three-phase stator windeg single layer winding.

In Table 6-2, the results of the analytically arNFcalculated torque to rotor copper loss ratios of
the induction machine supplied with three differeatrent waveform configurations are given. The
results are calculated with torque in Newton-mét) and losses in watts (W). Good comparison is
obtained between the analytically and FEA calcdlatgios. The theoretical results in the table show
that the ratio of the developed torque to rotorpewgdoss is lower when the machine is supplied with
trapezoidal stator current waveforms. The effedhif on the overall efficiency of the drive is bey
the scope of this work and needs to be furtherstigated.
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Figure 6-18. 36-slot, nine-phase stator windinglay

Table 6-2. Comparison of the ratio of torque t@rabppper losses for different windings and differe
current waveform supplies.

sinusoidal trapezoidal
3-phase (Nm/W) 9-phase (Nm/W) 9-phase (Nm/W
Analytical method of Chapter 4 0.41 0.42 0.38
FEA 0.42 0.45 0.37

6.6 Summary

In this Chapter, theoretical results are validatedugh measurements on an 11 kW drive. Although
there are differences in the amplitudes of the enurwaveforms, it is clear that the theoretical
calculation gives a good prediction of the rotor Bad end ring current waveform shape. The FEA
evaluated current waveform has a higher amplitudmpared to that of the analytical method.
However, the current waveform evaluated through ahalytical method compares well with the
measured one of the specially designed rotor. dtggie of the machine is evaluated and measured for
different values of the control gaik, and the torque current. The measured value opéneentage
efficiency of the proposed nine-phase induction mvae drive compares well with the off-the-shelf
drive. The proposed drive is also shown to opearatefortably at higher speeds.

In conclusion, the analytical method can be usetthénstudy of the prediction of the shape of the
rotor current. The square-like assumption of therrbar current waveform is shown to be incorrect.
However, the square-like bar current assumptiors goevide a simple method of calculating the
amplitude of the rotor current waveform. This iewh through the FEA results and also the measured
results since the control gaik, is calculated indirectly from the square-like wamsd bar current
waveform. Finally, the calculated results showubssantial drop in the ratio of the torque to rotor
copper losses for the proposed drive. It is, teMpected that the efficiency will not be as highthest
with a sinusoidal supply.
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Chapter 7

Conclusion and Recommendation

In this dissertation the proposed BDCE control rodtlior multiphase induction machine drives is
further investigated and evaluated. The focus ef dstudy is specifically on cage rotor induction
machine drives. This Chapter states the contribatand conclusions of the study, and also comes to
recommendations for further study.

7.1 Contributions of the study

The following four aspects are considered as dmuions of the study on the topic of BDCE
controlled multiphase induction machine drives:

(i)

(ii)

(iii)

(iv)

A simple, but confirmed to be accurate, analyticalculation method is presented
whereby the defined optimal ratio of the numbefieid phases to the number of torque
phases can be found for the drive. The method @muded in an initial study and
preliminary design of the multiphase induction niaeh

The winding function theory is used in the develepinof an analytical simulation tool
for the prediction of the rotor current waveformaofmultiphase induction machine under
BDCE control. This simulation is much faster thaREEA simulation. With the waveform
known, the rotor copper losses and developed tosfitlee machine can be studied.

Practical test results in the constant-flux and-fikeakening speed regions of a developed
nine-phase, cage-rotor, multiphase induction maclirive are presented for the first
time. These test results not only give informatiiout the practicability of the proposed
control method, but also about the performancéefrive with this type of control.

The conclusions reached from this study give imgrdrnew research information about
the proposed control scheme. These conclusionstaed in the next section.

7.2 Conclusions

The following main conclusions are drawn from tbisdy on the proposed BDCE control method for
multiphase induction machine drives:

(i)

(ii)

(iii)

It is clearly found that there is a best (optimalio of the number of field phases to the
number of torque phasesy(/m) of the multiphase induction machine. The optimaio
equalises (or closely equalises) the rated fiettitargue inverter currents, and lowers and
equalises the peak slot current densities in thehma. For 4-pole, 15-phase induction
machines in the small to medium power levels thigris found to be 0.5 py /m > 0.25.

In the megawatt application power level, it is fduhatm /m, = 3/12 = 0.25 for a 4-pole,
15-phase machine.

The rotor bar current is found not to have a qegsiare wave shape as assumed in the
theory. It is argued that this difference may niot@y be explained by transformer action,
but rather by the same effect that is happenindcitommutator machines. This aspect
still needs further clarification.

Although the actual bar current is found differdrdm the theoretically assumed bar
current, this does not indicate or prove that tixCE theory and the proposed control
method are wrong and that it can not be used.dn fiais proved that the theoretical and
measured relationships between the torque andotigeid current and between the flux
and the field current of the proposed drive, ang/ wose in agreement with each other.
Furthermore, the proposed BDCE control schemehi@multiphase induction machine is

76



(iv)

showed to work remarkably accurate. This has bpeaifscally demonstrated in the field-
weakening speed region of the drive.

The overall measured efficiency of the proposedtiphdise induction machine drive is
found to be less but close to that of the convealidhree-phase drive system (within
3%). This important aspect, however, needs muclenmwestigation than in this study. A
concern from the calculated results, hitherto,hiat tthe torque per rotor copper loss
performance of the proposed drive with its trapgabphase currents is showed to be 8 —
15 % lower than with sinusoidal currents. If futuresearch shows that the overall
efficiency of the drive is not as good, then theik be a serious question if the proposed
multiphase drive scheme will be used by industry.

7.3 Recommendations

It is clear from the study in this dissertation tthlhere are still important outstanding research
questions to be answered about the proposed masiphinduction machine drive. The
recommendations for further study on this topicamamarised as follows:

(i)

(ii)

A design optimisation of the multiphase inductioaamine used in the proposed control
scheme is necessary to specifically improve theieficy and torque quality of the
machine drive. Such a design optimisation mustiden%.g. the rotor slot shape and the
ratio of the number of stator slots to rotor slots.

The power electronic converter design and the nietficwitching the inverter switches
must be investigated to improve the efficiencyldf trive. For example, for the H-bridge
phase inverter, an auxiliary resonant commutatel® pircuit can be used for soft
switching. Also, for the H-bridge inverter switchginbipolar switching can be used to
double the effective inverter switching.

If the outcomes of the research of (i) and (ii) abare positive, then the following further studaes
recommended:

(i)

(ii)

The dynamic modelling of the proposed drive systeunst be investigated to evaluate the
dynamic response and performance of the proposed.dfhe design of the current
controllers e.g. can be done with this modelling.

An investigation should be conducted in collabamtivith industry into the development
and evaluation of a very large multiphase inductimecchine drive of the proposed type.
The following detail gives an interesting exampleuch a drive:

Rated power: 45 MW

Number of phases: 15

Number of field phasesr(): 3

Number of torque phases\|: 12

Power per phase: 45MW/(12 - 1) = 4.09 MW

IGBT switches: 4.5 kV /2000 A

DC-bus voltage:Vy. = 0.75 x 4.5 kV = 3.375 kV

Rated field and torque phase currerts: | = 4.09 MW/3.375 kV = 1212 A.
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Appendix A
Control of Induction Machines

Scalar control is a widely used method to contnoluction machines. In this control technique, the
machine is controlled by magnitude variation of toatrol variable, for example, voltage or current
and frequency. It is a relatively easy control roetho implement. Its major disadvantage is the
inherent coupling effect leading to sluggish torgesponse and instability. The coupling is a restilt
the dependence of both the flux and the torqudervoltage or current and the frequency.

An improved method of scalar control is called diréorque control (DTC). Here, an inverter
voltage space vector selection through a lookufetsbused to control the torque and the stator flu
directly. Scalar controlled drives have inferiorfpemance compared to vector controlled drives. A
very brief description of the principle and opesatbf vector control and DTC follows.

A.1Vector Control

Vector control is used in order to make an inductiaotor drive to operate similarly to a separately
excited dc motor drive. In a dc machine, the amalgxpression for the developed torque is a
product of the field currentd and the armature currem)(multiplied by a constank, that is

T = Kl,ls. (A-1)

This expression of the torque is true when armatemetion is ignored. A dc machine is constructed
such that the field flux is perpendicular to thenature flux and therefore the flux’s space vectoes
decoupled. The field current is kept constant (dnb the flux), and the torque is controlled by
controlling the armature current and thus a fammdient response is obtained. Since the field and
armature flux space vectors are orthogonal, anygds in the field current have no effect on the
armature flux and vice versa. Similar performane@ de obtained in an induction motor if the
machine control is considered in a synchronoudtiry reference frame. The transformation leads to
the sinusoidal variables appearing as dc quantitiesteady state. Under this transformation, the
armature / stator current and flux are resolved tmto components which rotate synchronously with
the rotor and with the air gap flux wave. The aumatcurrent and flux components that are aligned
with the field winding are referred to as directsagomponents, whilst those which are perpendicular
to this axis are referred to as quadrature axispoomnts. Thus, with vector control, the developed
torque in an induction machine is given by,

T = Kilgdgs (A-2)

whereigs andigs are the direct axis and quadrature axis comporwdritee armature / stator currents in
a synchronously rotating reference frame respdgtiie vector control operation, it is importaniath
the currents are kept perpendicular to each otivalf operating conditions in order to achieve dice
machine-like performance. The operation of vectomtiol can be better explained through Figure A.1.

In Figure A.1, the machine is perceived to perfoim transformation internally such that it can be
controlled by the control currenitg andiy . The control currents, andiy , which are currents in the
synchronously dq) rotating reference frame, are first inverse tfamsed to a stationary reference
frame @gs) and then to three-phase control currents. Thertew then generates the curregts, and
i, which are then transformed to a stationary refegeframe inside the machine. The stationary
reference frame currents are transformed to thegingt reference frame which in turn produces the
field and torque in the induction machine. The urgttor is used to maintain the alignment and
orientation of the flux vector and the current margicular to it. The control currents on the contro
side in Figure A.1 correspond to the machine cusigandi.
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Figure A.1. Vector control principle

A.2 Direct Torque Control (DTC)

Direct torque control (DTC) allows the direct cattof the stator flux and the torque by selecting t
appropriate inverter states without any coordinegtasformations. Figure A.2 shows the operation of
DTC. As can be seen from the schematic, the siatoand the torque reference values are compared
with actual (estimated values). The hysteresisrotlet’s output values together with the flux secto
are used as inputs to the look up table. The fluk trque estimations required for this technique,
increases in complexity with increase in the numbksstator phases being used in an induction

machine.

Flux | Flux
reference hysteresis

\i

\i

» controller

/ Induction

Look up > VSI
table o motor
Torque > Torque
reference .
hysteresis -
controller _

-

Flux sector
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Figure A.2. Direct torque control principle
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Appendix B
Rogowski coil

A schematic diagram of a Rogowski coil obtainedrfi@terature is shown in Figure B.1. Assuming an
evenly wound coil wittN turns/m on a non-magnetic former of average csestional ared, in nft,
then the induced voltage at the coil termin&sis proportional to the rate of change of the mted
current,l, that is

E=p NA% . (B-1)

This holds only if the coil is a closed loop with discontinuities. The integrator output within the
designed working bandwidth is,

V., =% [[Edt, (B-2)

wherer is the integration time constant. The sensitiiityolts per ampere is

You _ HoNA (B-2)
I r

Then the sensitivity can be adjusted such thatstme Rogowski coil can be used to measure
current ranging from a few milli-amperes to sevenalga-amperes. The flexibility in the design of the
Rogowski current transducer (achieved through iatjethe number of turns and the cross sectional
area of the coil and adjusting the integrator) fes a versatile current measuring system.

1]

Figure B.1. The basic Rogowski current transducer.
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Appendix C

Calculation of Resistances and Inductances

C.1 End Ring Resistance and I nductance Calculation
When dc current flows uniformly across the end rthg resistance of the ring is given by

A c-1
Ric N (C-1)

wherep is the resistivity of the bar material at a pafdéc temperaturel, is the average length
between rotor bars amis the cross sectional area of the ring segmdrg.r&lationship between the
resistivity and temperature is,

P = py(L+Y (t-20)), (C-2)

wherep,g is the bar material resistivity at Zl) Y = 0.0039/C andt is the temperature at which the
resistivity is calculated at.

With the flowing definitionsM; is the number of rotor barkjs the average length of the end ring
segmentp is the number of pole pairs, aacndb are the breadth and height of the end ring segment
respectively. Then the end ring inductance is gine69],

Cmpl 2.3, o4 3
* O'4M,I(sin2(71p/Mr)) (a+2b))’

with the end-ring attached to the rotor stack and

. 2.3, 4 )
* O'4M,I(sin2(71p/Mr)) 2(a+h) )’

with the end ring distanced from the stack.

C.2 Rotor Bar Resistance and I nductance

The effective cross sectional area of a conduaayimg high frequency alternating current decrsase
due to the skin effect. A number of techniquesehlagen employed to calculate the bar resistance at
different frequencies. It is generally assumed thatbar fills the slot. Babb and Williams [70]1]7
proposed a method whereby transmission line equeatioe used to calculate the rotor bar impedance.
The impedance of a rectangular bar can be calcléste

Z =$\/Y_Z ctnh/ YZ, (C-5)
where,
_1
R
Z=j2rfL
1 (C-6)
R=p=
p A
d
L= ,uoa
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In C-6, R is the per unit length slot resistantas frequency in HzL is the per unit length slot
inductanceA is the bar cross sectional arggis the absolute permeability,is the bar depth and is
the bar width.

Similarly, Liwschitz-Garik [72], [73] proposed thillowing formula for calculating the bar
impedance,

5 P sinh( 2zd) + sir( 2rd)

r v_vacosf( 2rd) - cof 2d)’ (1)
where
a= % w=omt . (C-8)
2p

Both the above methods yield similar results, d®drelationship between the ratio of the ac toac b
resistance versus frequency is shown in Figure ICid clear that at 50 Hz the ac resistance iatm
double the dc resistance. Therefore, the effectrajuency on the resistance is important in the
analytical evaluation of a machine’s performancke Trequency effect on inductance is shown in
Figure C.2. The inductance of the bar decreaste@sency increases, as shown in Figure C.2.
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Figure C.1. Relationship betweBg/R;c and Figure C.2. Relationship between inductance
frequency of a 4 mm by 25 mm cage rotor bar. and frequency a 4 mm by 25 mm cage rotor
bar.
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Appendix D

Digital Hysteresis Controller

The motor stator phase winding current flows inhbditections of the H-bridge shown in Figure D.1.
Bipolar switching is used in the inverter contrdhe FPGA in the DSP controller executes the
software based digital hysteresis current contigkteresis control can be explained with the aid of
Figure D.2. With this controller, the current ispkevithin a predefined band. The band borders the
reference current that is calculated in the DSR2 FRGA samples each stator phase current at a rate
of 250 kHz, and then compares it with a lower arat tipper band current. If the actual current
exceeds the upper band current, as shown in FIQ#eswitches Sand S are turned OFF, while
switches $and $ are turned ON after an interval of dead time. Bpposite occurs if the actual
current crosses the lower band. The same congoakcontrols switches; &nd S whilst its inverse
controls $and $. If the actual current is in the band, the switchemain unchanged.

+e

S S5

YY)
Phase a

Sz S4

Figure D.1. Per phase H-bridge inverter circuit.
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Appendix A
Per Phase Equivalent Circuit

The general three-phase induction machine per pegsialent circuit approach has been widely
used to evaluate the steady state performance wofdastion machine. This approach is presented in
this section as it is used in the steady statopeagnce evaluation of a nine-phase induction machin
An approach similar to the one presented in [74ldspted. In [74], the stator voltage is brokewdo

to its frequency components and the equivalenuitiepproach is used to evaluate the performance of
the machine. For simplicity, saturation is ignoeedl it is assumed that there are independent curren
sources for each harmonic order Xxtas shown in Figure E.1. The nine-phase machiaesamed to

be made of three independent symmetrical threeepimashines. Each harmonic is represented by an
independent equivalent circuit since it is assuthetleach harmonic is independent of the others. Th
circuits are shown in Figure E.2.

I L L
.................... Induction Motor

Figure E.1. Per phase excitation of the inducti@time with stator current harmonics (the current
harmonics forms the trapezoidal current waveform).
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Figure E.2. Per phase equivalent circuit for edatos current harmonic.

E.1 Determination of the xth Equivalent Circuit Parameters

From Figure E.2l,, can be found by using Kirchoffs current law asdiek:
IRl N

X m

E-1
(Ix_IZX)ijx:I2><(jX2><+R2x/Sx)' ( )

Then,
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DX e

E-2
T Kot Xont Ryl S, (£2)
and the rotor bar current is
I,.,N.N
lp ==t (E-3)
° NI’MI’

where, I, is the xth harmonic current], is the xth harmonic magnetizing currenty is the xth
harmonic rotor current referred to the stady, is thexth magnetizing reactanc¥,, is thexth rotor
reactance referred to the statBy, is thexth rotor resistances, is thexth per unit slip ang is the
number of pole pairs. Generally,

2N NS 14, 1d,

Xx=————5 > (E-4)
P9
_12mfINZL N,
SIOf , E_5
2x M r ( )
_4ANSR,N, (E-6)
X M 1

r

where,N, is the number of phasekis thefundamental frequencys is thenumber of stator series
turns,| is the stack lengthy; is the rotor diameteg is the air-gap lengthyl, is the number of rotor
slots, Lgtis the per unit length slot inductance drg;is the per unit length slot resistantge; and
Rqot are calculated through the method provided by Babt Williams [70, 71] as explained in
Appendix C since they vary with each harmonic fiey.

E.2 Analysisof the xth Equivalent Circuit

Each equivalent circuit is analyzed independefithe resultant power transferred across the airgap
calculated as

> N |2x2R2x E_7
Pg - z_l 5 SX . ( )
The rotorlR loss can be calculated as

=]

rotor z : (E-8)

x=1
Then the electromagnetic power developed by théhimads

I:)em = Pg - I:)rotor' (F_g)

Similarly, the resultant electromagnetic torqudhe machine is the sum of all the torques produced
by each current harmonic, that is,

T —_em — > Np|2x2R2x

o (E-10)
T x=1
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