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Abstract

A number of factors are contributing to the incezhpractical importance of printed circuit axial
flux brushless direct current (BLDC) machines. Thain ones are the availability of low cost
power electronic devices and digital controllersvadl as cost effective high strength permanent
magnets. Advancement of multi-layer printed cir¢etthnology is also an important factor.
Existing printed circuit board motors, found in &pgtions such as computer disk drives and
portable audio-visual equipment, are typically dase a few watts per thousand revolutions per
minute (krpm). The focus of this thesis project hasn on printed circuit motors with ratings of
a few tens of watts per krpm.

A significant part of this thesis project has bevoted to development of systematic design
procedures for printed circuit stators. In par@&uhose procedures include algorithms which
allow performance comparisons of several statdrstwpes. A new coil shape, with improved

torque capability, has been developed.



BLDC motors that operate in sensorless mode hasndages such as lower cost, better
reliability and space saving. A new generalisedsioer of the previously reportedqual
inductance methotlas been developed which allows sensorless cortionaf printed circuit
BLDC motors down to zero speed and start-up witttfically no back rotation.

Computer efficient numerical models have been apesl to predict phase inductances and
stator eddy-current loss. Sufficiently accurate sghanductance predictions make possible
theoretical assessment of performance of motorgruseinsorless commutation control that is
based on thequal inductance methodhe proposed method of calculation of eddy curiess
allows designers to determine the track width beyavhich eddy current loss becomes
excessive.

The mathematical model on which the enhanced éqdattance method is based and those that
have been used for performance assessment, indactaediction and eddy-current loss
evaluation have all been validated by speciallygiesdi laboratory tests carried out on prototype

motors.
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Chapter 1

Introduction

1.1 Focus of the Thesis Project

Printed circuit motors have some unique advantagel as high efficiency, zero cogging torque
and reduced acoustic noise. They allow desigrilility and are relatively easy to manufacture.
For example a change in dimensions of a printeclitistator can be accommodated without

any major alterations to production equipment amntgsses.

Printed circuit motors are relatively small axi@ld motors. They are used in applications such
as computer hard disk drives and small fans. Rtigperal coils are particularly suited to motors

of such low dimensions. There is variation in tigrad coil shape adopted by different



CHAPTER 1. INTRODUCTION 2

designers. To the author’s knowledge, very litths bbeen published on justification for the use

of particular coil geometries.

Printed circuit motors may be operated as brushdgsshronous motors or as brushless direct
current (BLDC) motors. In both cases sensorlessraijpn is highly desirable because
elimination of physical position sensors improvesstcand reliability and reduces space
requirements. The control scheme of sensorlesshsynous printed circuit motors is
significantly more complex than that of sensorlBsC motors. On the other hand, while
sensorless synchronous motors typically provideesap performance, currently available
sensorless BLDC motors meet the performance regeines of a large number of applications.
The main drawback of the so-called back electromdidrce (back EMF) method, which is the
most widely used sensorless technique with BLDConsptis its ineffectiveness near and at zero

speed.

The focus of this thesis project is on the develepnof:

(a) systematic methods to optimise coil design fortedrcircuit BLDC motors and

(b) a cost-effective speed sensorless technique thatdwallow satisfactory operation of

printed circuit BLDC motor performance at zero aweér zero speeds.
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1.2 Background Information on Brushless DC Motors

Brushless DC motors may be of radial field or ofabfield design. Axial field design implies
that the working or air-gap flux is parallel to thris of rotation and that the active sections of
the stator conductors are in the radial directRadial field design implies that working or air-
gap flux is in the radial direction and that théiac sections of the stator conductors are in the
axial direction. The basic principles of axial denotors are identical to those of radial field

machines. This section refers to the more commdialréield machines.

Fundamentally the brushless DC (BLDC) motor is \@nyilar to the classical separately excited
DC motor. Excitation for the latter is provided Wwndings or permanent magnets mounted on
the stator. In the BLDC motor excitation is prowddby permanent magnets mounted on the
rotor. Figures 1.1 and 1.2 show a number of methsagsl to mount the magnets on the rotor.
There has been remarkable progress made in théogdevent of high quality magnets in the last
few decades. At present high performance NdFeBdymaum-iron-boron) magnets are widely

used in BLDC motors.

o magnets —_,

surface mounted magnets surface inset magnets

Figure 1.1 : BLDC Rotors with Surface Magnets (Seureference [1])
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b)

a) Surface buried,

b) radial, and c) v-arranged magnets (black areathe magnets)

Figure 1.2 : BLDC Rotors with Internal Magnets (8m®i reference [1])

Reversal of direction of coil currents at precistor positions is essential in both conventional
DC motors and in BLDC motors. In conventional mettis is carried out by means of the shaft
mounted mechanical commutator and the brushescdmmenutator and brushes act both as a set
of switches to carry out current reversal and pesition sensor which ensures that the reversals
are initiated at the right instants. In the BLDCtorcelectrical energy is fed to coils residing on
the stator and as mentioned before excitationasiged by rotor mounted permanent magnets.
Therefore there is no requirement for brushes hisdg the most important advantage of BLDC
motors compared to classical DC motors. Thereilsastrequirement for stator coil current
reversals to be synchronized with appropriate rptmitions. As in the case of the classical DC
motor, this involves switching and position sensiigthe BLDC motor, however, switching
and position detection are done separately. Switcks performed by power semiconductors,

typically in a three-phase inverter bridge confaion using MOSFETs or IGBTs (see figure
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1.3). This implies that BLDC motors are normallye#phase wound with each motor line
current controlled by one leg of the three-phasdger The inverter is operated in PWM mode
with two out of the three-phase windings energia#dany one time. Figure 1.4 displays
idealized phase currents supplied by the inveNete that ideally there are six commutation

states in one cycle of operation. These have l@miléd CB, AB, AC, BC, BA and CA.

T, - DA’ To' - Dg* T - D¢’
SGIAN NGTEVAN SGIAN Va
= = — .
B <

b by A g
C I &

B i R

- N1 N 1o VAN

e i =k
1 1 1

y

Note: 3-phase windings assumed star connected, BLlDE€ motors are delta connected.

Figure 1.3 : Inverter fed BLDC Stator Windings
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CB AB AC BC BA CA CB

Figure 1.4 : Idealised Currents Supplied by Inverte

Phase current reversals have to be initiated at estgular position8,, 0,, 03, 84, 85, andbs. The
rotor position detection technique has to be cilyefielected for each application taking into
consideration factors such as performance requimesneost, available space envelope and the
physical environment. Position detection basedhyrsigal position sensors such as Hall sensors
are simple to implement, but sensorless techniguespreferable because they can reduce
overall cost, space requirements and improvehiétia The most commonly used sensorless

method is the so-called back EMF method. It is tas® detection of the zero crossing of the
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back EMF of the unenergised phase. The commutatatroller relies on the fact that the ideal
commutation position lags the back EMF zero cragpiosition by thirty electrical degrees [2,3].
As mentioned before the major problem with the bEdkF method is its ineffectiveness at or

near zero speed.

There is currently significant research work aimaédeveloping improved sensorless techniques
for brushless motors. Many of the suggested metlawdsbased on inductive saliency. The
recently suggested equal inductance method [2a8]fdnoven to be very effective and, when
used together with the back EMF technique, meetformeance requirements over very wide

speed ranges down to zero speed.

1.3 Background Information on Printed Circuit BLDC

Motors

Printed circuit motors made their first appearammee than forty years ago [4, 5]. They were
originally conceived to be brushed DC motors. Adwemn in power electronics and the
availability of relatively low cost permanent matgidave made possible brushless printed
circuit motors. These motors may be operated iclsygmous mode or they may be operated as
brushless DC motors. While, in terms of speed aagurand torque quality, superior

performance is obtained by operating in the synobus mode, operation in the brushless DC
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mode is much simpler and cheaper and meets theorpemfice requirements of most

applications. The focus of this thesis projeaingrinted circuit BLDC motors.

There is a major difference between the coil camfiion used in the original printed circuit
motors and the coil configuration in modern print@ctuit stators. In the original design, as
shown in figure 1.5, every printed track is nomiya&dentical to every other track except for a
displacement by one track pitch (analogous to floé @itch in conventional wire wound
machines). The coil configuration illustrated iguie 1.5 is normally called a “wave winding”.
In the modern design the printed coil is usualliyadly shaped. This means that the length of the
active sections of tracks become progressively lsmébwards the centre of the spiral. An
example is shown in figure 1.6. The advantage ofgua spirally shaped coil is simplicity and
also it is much easier to accommodate a spiral within a stator having small radial

dimensions.

Figure 1.5 : Wave Winding (Source: reference [4])
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Unfortunately there are only a few publicationsprinted circuit stators with spirally shaped
coils. It appears that up to now researchers haveet developed systematic methods for the
design and production of printed circuit statorem®& qualitative statements have been made
about the use of rhomboidal shaped turns to redapper loss, but the negative effect that this
could have on torque capability has not been censil Rhomboidal turns, as shown in figure
1.6, also leave significant unused areas on thetsib between neighbouring coils. Note that
spirals exist in pairs on adjacent printed cirdayters. This allows the central terminal of one
spiral to be series connected to the central texlvoh another spiral located on the adjacent
printed circuit layer. Thus the total number ofdeg/is always even. There may well be better
options than rhomboidal turns. A number of patemteated circuits make better use of the area
of the substrate by using coils whose active sestfollow lines that are parallel to the radial
line separating neighbouring coils. Throughout tasument these will be termed as “coils with
parallel tracks”. An example is shown in figure.l.lPotentially coils with parallel tracks can
result in higher torque output than equivalent nreeh with rhomboidal coils. But this remains

to be proven.

Figure 1.6 : Rhomboidal Winding (example of a dpirshaped coil)
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Figure 1.7 : Coils with Parallel Active Sections

Based on elementary electromagnetic theory, itccbalargued that the maximum torque from a
given length of track is obtained if that track suedong a radial line. This is the case because a
printed circuit machine being considered is anldkia machine. That is the working or air-gap
flux is designed to be axial and motion of the ratagnetic field relative to the stator tracks is
purely circumferential. Consequently maximum torggiebtained from current on the stator if it
flows in the radial direction, which is perpendiuto both the axial field and the direction of
relative motion of the rotor field. However, as simoin figure 1.8, the number of radial tracks is
heavily constrained by crowding near the inneruadif the substrate. Nevertheless, the radial
track option was not completely eliminated becdtiseuld represent the optimum choice under

special situations.
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Figure 1.8 : Coils with Radial Active Sections

As mentioned in section 1.2, BLDC motors are nolyndiree-phase machines. There are two
basic ways of implementing a three phase printecuiti stator. In the conceptually simpler
design, as exemplified in figure 1.9, a printectuiir layer belongs to one phase only. This
means that the total number of layers is a multgflsix. The layers belonging to one phase
would be identical to the layers belonging to thieeo two phases. However, as expected, the
magnetic axes of the coils of one phase will bé&eghifrom the magnetic axes of the coils of the
other phases by 120 electrical degrees. The statold be made up of a stack of three
substrates, as shown in figure 1.10, or a singbstsate could be used for all phases. A feature
of this stator design is that the stator coil pitstequal to the rotor pole pitch. This means that

the number of coils per layer is equal to the nunabgoles.
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Figure 1.9 : Distribution of Coil on one Printedr@iit Layer (‘Four-Pole’ Flux Distribution)
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Figure 1.10 : Exploded View of a Printed CircuitilField Brushless Motor
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The other way of implementing a printed circuitatavould be to have all three phases sharing
every printed layer. This means that the numberod$ per layer must be a multiple of six. A
feature of this stator design is that the statdrpitch is generally different from the rotor pole

pitch.

The following are some of the important variablest have to be considered in order to arrive at

an optimum printed stator design for a given ajyii.

(&) Number of rotor poles

(b) Stator coil shape (wave wound, rhomboidal, radigdarallel)

(c) Nature of printed layers (each equally shared betwhases or single phase per layer)
(d) Number of layers

(e) Track thickness

(H Track width

(g) Track clearance

(h) Insulation material and insulation thickness

() Substrate material and substrate thickness

() Number of substrates that make up the stator stack

The task of making the correct decision with regaathe design variables listed above would

be greatly simplified if appropriate analytical asydtematic design tools were available.
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1.4 Sensorless Operation

Printed circuit brushless DC motors are relativeatyall motors and they are more likely to be
cost competitive if they can operate without positisensors. The back EMF zero crossing
method may be a good choice if good performancengstarting and at low speeds are not
critical requirements. As back EMF is proportiotalspeed, the method does not work at and
near zero speed. Satisfactory sensorless opertitow speed and during start-up is possible
only by implementation of special techniques. O wf addressing the commutation problem
at start-up and at low speeds is to supplemenbdlok EMF method with theeual inductance
method [2]. The latter method relies on the variationstétor inductance with rotor position.
This variation is characterised by the so-calleliesay ratio of the machine. The method is
called the tqual inductance methbdecause detected positions of equal inductancthef
energised phase pair are used to determine the cmemiutation instant. While the equal
inductance method has been found to work with wioemnd motors having saliency ratios of
1.1 or more, it is not clear whether the method lebamork with printed circuit motors. The
significant differences between the characterigifgsrinted circuit machines and those of wire-
wound machines suggest that modifications of thgirally proposed equal inductance method

would most likely be necessary for it to work wiittinted circuit motors.

Those, who at the motor design stage decide ta gs@sorless method that is based on winding
inductance, must be able to make theoretical piedicof such inductance. Printed circuit

machine inductances are relatively easy to measame the machine is built, but their
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theoretical determination is not straightforwardneTbrute force approach to theoretical
determination of inductance would require detaftfede dimensional non-linear electromagnetic
magnetic modelling under quasi static conditiongidally such modelling would be carried out
using the finite element method. However, this apph does not suit many designers because
of lack of the necessary skills or computationabrgces. Also, due to the necessity for iterative
analysis to arrive at optimal designs, computec@ssing time may also be too long. There is a
need to develop sufficiently accurate but fast aodhputationally efficient techniques for

determining printed circuit motor self and mutusductances.

1.5 Thesis Project Objectives

It is very likely that printed circuit motors wilbe used in an increasing number of modern
applications. However, there seems to be a lackyefematic design tools to assist printed
circuit motor designers. Also, to the author's kiexge, there is no published work that
specifically addresses the question of sensorlgsgation of printed circuit BLDC motors down

to zero speed. The need to address those idengiéips has led to the following objectives for

this thesis project:

(a) to develop guidelines and a theoretical basisHerdptimum electromagnetic design of
axial field printed circuit brushless DC motors;
(b) to experimentally validate the analytical technigjuend design procedures that are

developed as part of this thesis project;
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(c) to develop a position sensorless commutation mefbodaxial field printed circuit
brushless DC motors that is effective down to zpeed;

(d) to experimentally validate the position sensorlessnmutation technique that is
developed as part of this thesis project and

(e) to develop a computationally efficient modellinghaique that would allow prediction
of the self and mutual inductances of the phasaiwgs of axial field printed circuit

brushless DC motors;

1.6 Outline of Dissertation

A review of the published works that are of reles&to the thesis project objectives is presented
in chapter 2. Details of the thesis project mettaghp and the reasoning behind it are given in

the same chapter.

Chapter 3 is devoted to the development of toolkeip with the optimum design of printed
circuit board stators. These tools include compalgorithms for automatic stator track plotting
and phase EMF waveform prediction. The mathematiesis for the algorithms and their

experimental validation are also included.

Chapters 4 and 5 are about the enhancements maudtel tthe generalisation of the originally
proposed equal inductance method. The enhancemeptsted in chapter 4 include a

commutation algorithm that incorporates a starteghnique which is also based on the equal
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inductance method. Experimental results which e#idhe enhanced equal inductance method
are presented. The modified method, unlike theirmalty proposed method, does not require a

neutral connection.

The originally proposed equal inductance methodirass that the motor being controlled is
nominally symmetrical. Chapter 5 presents the nmattical arguments which were used to
arrive at a generalised equal inductance metholicapte to the inherently asymmetric class of
printed circuit BLDC motors that was the focustigtthesis project. Experimental results which

confirm the validity of the generalised method ais® presented.

Eddy currents induced within the stator tracks mfitpd circuit machines represent a parasitic
load and cause increased stator heating. In ch&ptermathematical model is proposed to
guantify stator eddy current loss. A speciallyigesd laboratory test procedure is described

which has allowed predictions made by the modékteerified.

Chapter 7 presents fast and computer resourceeetfiecnathematical algorithms that allow
stator winding inductances to be theoretically eatdd. Predictions made using the algorithms
have been experimentally verified. The computeprdigms can be used by designers, before
construction of physical prototypes, to check thafficient inductive saliency is present for

successful application of the equal inductance atkth

Conclusions of the thesis project are presentetiapter 8.
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1.7 Main Outcomes of the Thesis Project

This thesis project has resulted in a number ofuliseitcomes for printed circuit board machine
designers. Analytical tools have been developedatidated to assist with optimisation of
printed stators. Designers will be able to maxinuagput torque while satisfying requirements
for maximum track width, minimum track width andténtrack clearance. In particular a
technigue has been developed for quantitative sisseg of eddy current losses within copper
tracks. Theoretical findings of the thesis projeah be embedded into computer software for
quick assessment of the effect of changes in imapbrtlesign parameters such as stator
dimensions and pole numbers. It is also possiblastothe developed design tools to explore

ways of reducing stator losses and improve effigremithout compromising torque capability.

While printed circuit motors may be operated inchyiwnous mode to achieve high performance
in terms of speed accuracy and torque quality, apey in brushless DC mode gives adequate
performance for most applications. A main advantafethe brushless DC mode is the
possibility of relatively simple sensorless implanadion. Provided a brushless DC motor
exhibits enough saliency, very satisfactory perfamoe at start-up and near zero speed is
possible if sensorless operation is based on thal @gductance method. The effectiveness of
the equal inductance method relies on the existacsufficient saliency. An important
contribution from this thesis project is better ersdlanding of the fundamental reasons behind

the existence of saliency in brushless printedudinmotors. This improved understanding has
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led to a simplified electromagnetic model that whHosaliency ratio and winding inductances to

be estimated by means of computationally effictenhniques.

An interesting point is that the equal inductanathud was originally developed for nominally
symmetrical three phase machines. This thesis girdigalt with an important class of printed
circuit machines which exhibits significant asymrgetA significant outcome has been a

generalised equal inductance method that takesonsideration phase asymmetry.

The following journal papers, that have been phblisor accepted for publication, are direct

outcomes of this research project.

Ahfock A., Gambetta D.,Stator Eddy Current Losses in Printed Circuit Briesis DC Motors’,

Electric Power Applications, IET Proceedings, (gted for publication)

Ahfock A., Gambetta D., Sensorless Commutation of Printed Circuit BrushlBss Motors’,

Electric Power Applications, IET Proceedings, (qted for publication)

Gambetta D., Ahfock A., Design of Printed Circuit Brushless MotorsElectric Power

Applications, IET Proceedings, Vol 3, Issue 5, S¥19, Pages 482-490
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Gambetta D., Ahfock A. A New Sensorless Commutation Technique for BrusBl€sMotors;

Electric Power Applications, IET Proceedings, Vplssue 1, Jan 2009, Pages 40-49



Chapter 2

Literature Review and Methodology

2.1 Literature Review

The purpose of the literature review was to fintiatwout:

(a) any previously published work on design optimisatié printed circuit board motors;

(b) previously suggested techniques for low speed skxssocommutation control of
brushless motors that could be useful with axé@dfprinted circuit BLDC motors;

(c) computational electromagnetic methods that could tvth prediction of performance
of axial field printed circuit motors and

(d) computational electromagnetic methods that could héth the prediction of self and

mutual inductances of axial field printed circuibtors.

21
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2.1.1 Printed Circuit Motors

To date publications on printed circuit motors,tsas references [6] to [10] have been limited

to:

(a) motors, with output torque of the order of a fewliamewtonmetres or less than 1 watt
per krpm, meant for applications such as compuieesl and handheld video cameras;

(b) prediction of torque or back EMF for motors of petsfmined coil configuration and
dimensions such as magnet thickness, rotor baoktingkness and rotor-to-stator axial

length ratio.

In contrast, motors with power ratings up to tehsvatts per krpm are being considered in this
thesis project. It seems that the requirement &pkaxial thickness to a minimum has led
designers of axial field printed circuit to sharfed circuit layers among all three phases. As
part of this thesis project, investigations will terried out to find out whether this approach is
detrimental to electromagnetic torque productidmergé has been no rigorous analysis performed
to support the idea that rhomboidal coils represiemtoptimum coil configuration for axial flux
printed circuit motors. Systematic printed cirdodtard design algorithms will be developed as
part of this thesis project. These will allow thesbcoil configuration to be chosen for given
dimensional specifications of the motor space ape|

Jang and Chang [6] use finite element analysis (REAletermine the axial force and torque for
a printed coil BLDC motor of given dimensions. Thagite that coils shaped as a wave winding

(figure 1.5) are not suited for stators with relaly small radii. They appear to use coils of
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concentric shape with radial or near radial acsigetions and with circumferential end sections.

No reasons are given for their choice of coil shaptheir number of turns.

Tsai and Hsu [7] propose an analytical techniquepfediction of air-gap flux density which is
verified by experiment and by using FEA. Their stial method does not take into
consideration rotor back iron saturation and theydt specify if their three-dimensional FEA
does. They point out the better suitability of themboidal printed coil for stators of low radii.
They also claim that the rhomboidal shape result®wer FR loss. However, no quantitative
analysis is presented to support that claim. Irtipdar there is no mention of whether the

benefit of lower 4R loss is gained at the expense of lower outpgu®rcapability.

Jang and Chang [8] present a relatively simple parmoe model to predict the average airgap
flux density in axial field printed motors. The nedds based on three permeance branches, one
for the axial path along the mechanical air-gap jarted coil, one for the axial path through
the magnet and one representing leakage pathscdlbglated average air-gap flux density is
used to predict values for output torque for givaml currents. These compare well with

measured values. Details of any methodology useddsigning the stator are not mentioned.

Low, Jabbar and Tan [9] describe a radial fielched circuit motor. Their focus is on the
elimination of cogging torque. They use a flexiBlEB with concentric coils. The flexible PCB
is wrapped around a slotless laminated magnetie ¢orform an inner stator. Permanent
magnets are mounted on the inner surface of thexr bub. The reported electromagnetic design

procedure is essentially a one-dimensional reptaien which is based on assumed average
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values of flux density in the mechanical air-gapnted circuit layers and iron cores. The one-
dimensional model is used to determine the requitagnet thickness. There is no mention of a

systematic procedure aiming at design optimisation.

To the author’s knowledge there are no publicatimma design procedure for axial flux printed
circuit motors where the electromagnetic designtled stator and that of the rotor are
simultaneously and systematically considered. tgpécal application the space envelope for
the motor is usually specified in terms of a maximiadius and a maximum axial length. The
challenge for the designer is to produce a desighwould meet torque output requirements and
that would fit in the specified envelope. The giwxial length has to be shared between the
motor housing, the clearance between the motorifgpasnd the rotor back-iron, the rotor back-
iron axial thickness (2t the permanent magnet axial thickness,)(2the mechanical air-gap
axial length (2f) and the stator axial thickness).(t All the listed axial lengths may be
considered fixed except tn, and t. Since the total axial length is usually specifitet sum of

ti, tn, and ¢ would have to be equal to or smaller than a giedne. This means that they cannot
be independently chosen. Takano, Ito, Mori, Saknth Hirasa [10] arrive at an optimum value
of 2 for t/ ts for wire-wound machines. The existence of an optimratio is easily explained.
Torque is proportional to the product of the aip§lax density set up by the permanent magnets
and the stator current. A relatively large valdi¢,owould also require a relatively large value
of t, to avoid rotor back iron saturation. The choifa excessively large value gf leaves
very little room for a stator with reasonable catreapacity and this leads to low torque rating.
On the other hand choosing an excessively largeevad t to boost current capacity leaves very

little room for the permanent magnets and the rb&mk-iron. This leads to a weak air-gap flux
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density and low torque rating. There is clearlyogtimal value of #/ts . That optimum ratio
may be a function of other motor parameters. Ad pé this thesis project, generalised
algorithms will be developed to identify optimung/t{ ratios for printed circuit axial field

motors.

For a given voltage rating, as the power ratingrrfited circuit stators increase, their printed
tracks would tend to be wider. For a fixed condudhickness a wider track would not
necessarily mean a proportionately higher currantying capacity since the track would also
suffer from increased circulating or eddy currefitse problem of eddy currents within stator
conductors of wire-wound machines has been preljicarsalysed [11, 12]. However, to the
author’s knowledge, there is no publication on eddirents induced in the conducting tracks of
a printed circuit stator.

Walker and Pullen [11] use a semi-empirical formiglaletermine eddy-current losses in a flat-
wire stator winding. Their method allows quick fiestimation of eddy-current losses, but the
authors do not report experimental results noheéy tomment on accuracy. Wang and Kamper
[12] use a combined numerical and analytical tegpimito solve a similar problem. The method
being proposed here is entirely numerical and avoidny of the simplifying assumptions made
in references [11] and [12]. For example no a p@ssumptions are made about eddy current
paths and the entire winding is modelled, unlikkenence [12] which does not consider the end-

winding.
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2.1.2 Sensorless Operation

It is advantageous to design printed circuit breshilmotors so that they can be operated as
sensorless brushless DC motors. Sensorless podéiection methods that have been proposed
to date for BLDC motors fall into two categoriehiefe are those based on the use of back EMF
signals and those based on exploitation of indecaliency. Back EMF based methods are only
applicable if speed is high enough. Nevertheléssetare many applications, for example drives
for fans or pumps, that do not require positiontadror closed-loop operation at low speeds.
For these, a back EMF based method is quite apptepiidely used, is the so called back
EMF “zero crossing” method, where the zero crossirggants of the un-energised phase are
used to estimate position [13]. It is importantniention that there is a 30° (electrical) offset
between the back EMF zero-crossing and the requioedmutation instant, which must be
compensated for to ensure correct operation ofribier [2,3].

BLDC motors which rely solely on back EMF signats tommutation suffer from relatively
poor starting performance characterised by inii@dk rotation of up to one hundred and eighty
electrical degrees and large fluctuations in eteotignetic torque resulting from non-ideal
commutation instants. This may not be acceptahleddaain applications and there have been
attempts to develop sensorless techniques thatggisd performance right down to zero speed.
Most of those attempts, while being saliency badeae been aimed at the brushless
synchronous motor rather than the BLDC motor [11-3Baliency based sensorless techniques
for brushless synchronous motors are relativelyptermbecause all the three phases are excited
one hundred percent of the time. They rely on messent of current and voltage responses to

specially injected signals and require significeedl time data processing. Ueki [21] and Weis
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[22] propose position detection techniques, basesiatiency, specifically for BLDC motors and
they reduce complexity by exploiting the availdlilof an unexcited phase. But they also rely
on imposition of special signals onto the statandings. Imposition of special signals requires

additional electronics, can cause additional hgatimd deterioration of torque quality.

In this thesis project a sensorless method of tdeteof commutation instants is proposed which
relies on inductive saliency. Unlike other proposedthods, no special signal injection is
needed. The computational burden to deduce comignitiaistants is negligible. The technique
is based on the detection of rotor positions witheetwo energised phases experience equal
inductances. It has therefore been termed eeal inductance methof2]. Gambetta [3]
required a neutral connection for practical implatagon of the original version of the equal
inductance method. An objective of this thesis grbjs to modify the equal inductance method
so as to make the connection to the stator neulmacessary. The proposed refinement of the
original equal inductance method also incorpordté8al position detection and start-up
algorithms. It is also envisaged that further adtiph of the equal inductance method will be
necessary. The originally proposed technique [2eles on the assumption that the BLDC
motor is symmetrical and that its phase windingteleal time constant, that is phase inductance
to phase resistance ratio, is relatively long camgahe inverter pulse width modulation (PWM)
frequency. Both those assumptions are questioriabtbe case of axial field printed circuit
motors of the type shown in figure 1.9. The thpbase windings of a symmetrical motor are
designed to have inductances that are equal ekmeptpositional phase shift of 120 electrical

degrees. In the case of the printed circuit mb&ing considered the phase in the middle of the
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stator stack does not have the same inductandeeagher two phases. Also the phase winding

time constant is relatively low because the statoon-less.

2.1.3 Measurement of Inductances and Inductive Saliency

When the equal inductance method is used, comrontaibsitions are determined with a

resolution that is directly proportional the magdit of the saliency ratio [2, 3]. Those planning
to use the method on existing machines can obtanstliency ratio by measurement. In

addition to the saliency ratio, there may be a nieedneasurement of phase inductance to
ensure that the winding time constant is long ehotgmpared to the inverter PWM period.

There exist numerous publications on measuremesglidncy ratios and the inductances of
electrical machines [23-29]. However most of thaetate to steady state performance of
synchronous or reluctance machines connected tAGheetwork. In those cases saliency ratios
or inductances are sought typically to allow detaation of steady state performance under AC
conditions. The classical technique of measurirgstiiency ratio of synchronous or reluctance
machines is the so-called slip test whereas thachspnous’ inductance of synchronous
machines is measured by the short circuit test.tidise previously published methods of
saliency measurement or synchronous inductanceumggaent are not applicable because the
inductances that are relevant to the equal indaetamethod are not “steady-state” inductances.
They are “transient” inductances in the same sassehe “transient reactance” used in
synchronous machine theory. Transient reactancein@uctance) is typically smaller than

synchronous reactance because it represents fflkxde for a phase winding which is mutually

coupled with other nearby shorted circuits. In tase of standard synchronous machines or
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reluctance machines, the windings to which theostphase winding would be magnetically
linked are the field winding, damper windings anereeddy current loops within the solid steel
of the rotor. Ideally at steady state during badghoperation this coupling has no effect on
phase reactance because phase currents causeunedr@lrrents in rotor circuits. This is the
case since under conditions of balanced statoestgrand steady-state operation the rotating
magnetic field set up by the stator currents traehe same speed as the rotor circuits. There
are no induced rotor currents to produce flux opmpshe stator flux. Thus stator flux linkage
per ampere of stator current is highest. Orother hand rotor circuits play a role that could be
significant if the speed of magnetic fields sethypstator current is not equal to the rotor speed.
Such differences in speeds would occur as a redulinbalanced stator currents, harmonic
components in the stator current and stator cutransients. In those cases flux linkage (and
therefore effective inductance) of a stator windipgr ampere of stator current is reduced
because of the counter flux produced by induceceats in rotor circuit. The equal inductance
method involves sensing of voltage a relativelyrshime after switching events within the
inverter. Those switching events are occurringhatitverter PWM frequency. The reactance
experienced by stator currents resulting from thesiching events would be influenced by
eddy currents induced within the body of magnetd aathin the solid rotor. Therefore the
relevant inductances are “transient” inductances.tBe term “transient inductance” is a rather
loose term. In reality the value of such an indacgawill be a minimum immediately after a
sudden change of stator voltage, when rotor oppgosimrrents in rotor circuits are most
effective, to a maximum value after all currentstliee rotor circuits have decayed to zero.
Reference [25] provides a clue to the questiontutlvinductance value to use. It states that for

accurate results inductances must be measured godditions approximating as closely as
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possible to those of normal operation. Based @) thivas assumed that inductances measured
with the rotor stationary and using sinusoidal ents at the inverter PWM frequency will be
those that are relevant to the equal inductanceadet As part of this thesis project, laboratory
tests have been carried out to confirm the validftthis assumption. These tests consisted of a
comparison between absolute position determinetidgqual inductance method which is itself

based on inductance values and those that are reddsya position sensor.

2.1.4 Prediction of Inductances and Inductive Saliency

Section 2.1.3 has focussed on measurement of sgliatio or inductances that are applicable to
the equal inductance method. A related questiahéasprediction of those inductances at the
design stage of a brushless DC motor. Such inféomatould be useful to those who intend to
use the equal inductance method but do not havesado the motor because it is yet to be

constructed.

As pointed out before the relevant transient inglncés seem to be inductances experienced by
the stator sinusoidal phase current at relativadh frequency, typically a few tens of kilohertz.

A brute force approach to prediction of those indaces would be to use 3-D quasi-static finite
element analysis. However the computing and otlesources to do this are not always
available. Long computation time could also ber@bjem, especially when multiple runs are
necessary to arrive at an optimal design. The ddiffies in performing non-static three-

dimensional FEA on electrical machines are welluhoented [30-38].
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A computational electromagnetic method which isa®popular as FEA is the coupled network
method [39-51]. In its standard form, the methodststs of a set of magnetic nodes and a set of
electric nodes. The nodes are located in 3-D sfimoging a regular pattern and are joined by
branches. The electric and magnetic nodes do motaily coincide. The magnetic branches are
reluctive and the electric branches are resistie®ps formed by the magnetic branches link
loops formed by electric branches and vice-versateNhat currents flowing in the electric
network may be induced or imposed. The branch ta&hees and the branch resistances are
assumed to be known. The two networks are simettasly analysed by a sets of node and/or
loop equations which are based on Maxwell's Lawsn advantage of the coupled network
method is that it is amenable to physical integdieh [47, 48, 52]. Unfortunately, the coupled
network method, with no assumptions made aboutdhdk current paths, is more restrictive than
the finite element method (FEM). The number of modequired is generally more than the
number needed with FEM. It is a method that caagmied to simple geometries only.

Another version of the coupled network method ie based on assumed flux and current paths.
Again, in general two electromagnetically coupletworks are to be considered. But with this
method nodes do not have to be associated witHaregpaced positions. The number of nodes
is normally greatly reduced compared to FEA or ttwupled network method. The
magnetostatic version of the method is sometimiesresl to as the permeance analysis method
or the magnetic flux tube method [36]. The mainadage of the assumed flux path method is
computational efficiency. However, the accuracytloé solution depends on the degree of

validity of the assumed flux and current paths.
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The adopted computational technique for the detatitn of inductance will be based on a
standard regular 2-D network of nodes and branadm@m®senting the magnetic field and a set of
assumed 1-D current paths making up the electtigark. The two-dimensional approximation

of the magnetic field and the simplification of ttgrrent distribution to a set of one-dimensional
paths greatly improve computing efficiency. The gibgl reasoning behind the approximation
and simplification is presented. Tests have beeteceout to validate the proposed technique of

inductance evaluation.

2.2 Methodology

The choice of thesis project methodology was infaesl by the requirement to design cost

competitive BLDC motors with ratings in the randaems of watts per krpm that:

(a) could be manufactured using standard modern prizitedit manufacturing processes;
(b) would fit in a space envelope defined by an agiagth and a radius; and
(c) could be operated down to zero speed by means sifngle position sensorless

commutation technique such as the equal inductaretkod.

2.2.1 Design options and procedure

A number of choices exist for substrate and condgcmaterials for printed circuit boards.

Examples of substrate material are ceramic and HRdme Retardant 4). Examples of
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conducting material for the conducting track ateesiand copper. It was quickly ascertained
during the early stages of the thesis project BiRd substrates with copper tracks represented
the most practical and most economic option. FRgpeo clad laminate are widely available
commercially with a number of standard FR4 and eopipicknesses. Other relevant variables in
the manufacture of printed circuit boards are tamimer of printed circuit layers per substrate,
minimum track width, minimum clearance between ksaand track thickness. The cost of
manufacture depends non-linearly on the numberiralit layers. The cost of multi-layer
printed circuit boards escalates rapidly as thebmmof layers grows. It was found that beyond
eight to twelve layers per substrate the manufagjucosts of circuit boards become too
prohibitive for them to be used in motors. Consedlyet was decided to keep the maximum
number of printed layers per substrate to eighiva$ also decided to use standard commercial
track thicknesses to keep cost to a minimum. Mimmglearances used were those
recommended by FR4 laminate manufacturers. Thosémmin clearances are a function of
copper track thickness. It should be noted thateadhécisions were made to use standard track
thicknesses, the design algorithm that was devdlagé allow the option of exploring non-

standard thicknesses.

Some investigations were carried out to help deeitiether the printed coils on one layer
should belong to a single phase or whether theyldhme shared equally among three phases. It
was concluded that from the point of view of prihi@rcuit board manufacturing it was much
simpler and cheaper not to have coils on a pritéger shared between phases. Another
advantage of having all coils of one layer belogdia just one phase is that, for a given total

stator axial thickness, torque per ampere is higRbase inductance variation from its g-axis
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value to its d-axis value is also closer to sindabiSinusoidal variation of inductance is an
important requirement of the equal inductance ntethlbich is planned to be used.

It was also decided to have one substrate pereplass shown in figure 1.9. This allowed
designs with a larger number of layers per phaskowt exceeding the previously stated eight
layers per substrate.

Table 2.1 shows a list of the main design varialihe$ had to be considered. These variables
have been divided into four groups. The first gramade up of the variables 1 to 5, are design
specifications. The assumptions are that they iaesl fand that the objective is to arrive at a

design that achieves maximum output torque whapeeting the constraints in Table 2.1.

The second set of variables, numbered 6 to 14esgentially data that are associated with the
materials that have been selected by or providéldetalesigner for the manufacture of the motor
being designed. The design procedure is basedecassumption that those variables are fixed.
However, the designer may wish to go through theigieprocedure a number of times, each
time with one or more of those variables changed.example, given the design specifications,
the design procedure could be separately usedrite at the best design with different FR-4

laminates. This would allow the FR-4 laminate thiges the best design to be selected.

The third set of variables, that is the number @ep and the coil shape, are considered to be
outcomes of the design process. The planned desmpedure will be such that, the number of
poles P and the coil shape will actually be inpatacto the procedure. However, if the most
suitable value of P was being sought, the procedownéd be run a number of times to identify

that value of P. A similar statement can be madeitihe coil shape.
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The last group of variables, labelled 17 to 20 @bl€é 2.1, are outcomes of the planned design
procedure. The procedure is illustrated in figurk 2There are several iterative loops. Two of
those are shown explicitly. The determination oé tminimum back iron thicknest is
performed iteratively by changingand conducting non-linear 3-D magnetostatic aimlfs
each value of. The search is for the minimum valuetdhat results in the specified maximum
allowable flux density in the rotor back-iron. Ndk&t the term ‘iteratively’ is being used to also
cover what is in essence a one-dimensional search ¥alue that satisfies a particular design
specification. For examplgis incremented from a minimum value and for eadhes¢éhe motor
torque capability is calculated. In this case the dimensional search is for the valud,pthat

results in maximum motor torque capability.
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Table 2.1 : Main Printed Circuit Motor Design Paeders

Design Parameter

Degree of Flexibility

Outer Radius (§

Fixed specified value, dependent on intended agidic and

considered to be a design specification

Inner Radius (R

Fixed specified value, dependent on intended agtidic anc

considered to be a design specification

EMF (at 1000 rpm)

Fixed specified value together with tolerance,dgample: 1V +
10%. Considered to be a design specification thdependent o

the intended application

Total axial length §}

Fixed specified value, dependent intended application ar

considered to be a design specification

Stator/Magne

Clearance()

Fixed specified value, typically 0.3 mm

FR4 insulation laye

thickness

Fixed specified value obtained from data shd chosen R4/

Cu laminate

Track thickness

Fixed specified value obtained from data sheethofsenFR4 /

Cu laminate

Clearance betwee

tracks

Fixed specified value obtained from data sheethmsen FR /

Cu laminate

Minimum track width

Fixed specified value obtained from data ¢ of chosen FR4

Cu laminate

36
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Max allowable stator

Fixed specified value dependent on stator matetti@rmal

37

properties, stator dimensions and maximum allowable

10
power loss (B temperature rise. This value is obtained from the-dimensiona
thermal model.
Minimum Magnet
11 Fixed specified value from supplier, typically 1 mm
thickness
Incremental chang
between
Fixed specified value obtained from magnet suppligpically
12| consecutive standard
0.25 mm
magnet
thicknesses
Fixed ¢pecified value from data sheet of chosen magngigaily
13 Remanence (B
about1.2T
Fixed value dependent on chosen rotor steel. Tlpiale is
Rotor peak flux
14 around 1.4 T. Value obtained from steel suppliebyptest on g
density (B)
sample.
To be an output of the design procedure. Expectduktbetwee
4 and 12. Developed algorithm should be able tokdyiassess
Number of rotor
15 the suitability of any value of P. Choice of P mzgy influenced

poles (P)

by mechanical requirement, inverter switching freagy and how

low t,is.
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To be an output of the design procedure. For difnessof Ra

and Rnormally under consideration, the best coil shaitlemost

16 Coil shape
likely have parallel active sections or mixed piatahnd radial
sections.
Rotorlron thickness | To be an output of the design procedure, but shbeldreate
17
(t) than 1 mm to ensure adequate mechanical strength.
To be an output of the design procedure. Howevéy discrete
Magnet thickness
18 values above a minimum is allowed. The discreteesland the
(tm)
minimum value depend on the chosen supplier.
Number of turns pe
19 To be an output of the design procedure
coil (N)
Number of printec
20 circuit To be an output of the design procedure

layers per phase (L
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Obtain motor specifications
(see entries 1 - 5 table 2.1)

)

Select materials and suppliers and obtain relevant data
(see entries 6 - 14 table 2.1)

)

Decide on number of poles and coil shapes
(see entries 15 - 16 table 2.1)

)

Set ty, to its minimum value

4

Use 3-D non-linear magnetostatic FEA to determine minimum t; and
flux density distribution in mechanic air-gap and stator space

)

Determine t;, the stator axial length

)

Using a coil plotting algorithm determine the number of layers and
turns per coil that satisfies the EMF and thermal limit specifications
and that results in maximum torque capability

)

Record t,,, the corresponding calculated maximum torque capability
and any other necessary variable

)

Increment ty,

tm > maximum value ?

yes

Satisfied with best
identified design?

Figure 2.1 : Generalised Printed Circuit Motor @esDptimisation Flow-chart
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Inspection of table 2.1 and figure 2.1 reveals thatumber of tools are to be developed to

implement the design optimisation procedure. Tlagse

(@) A 1-D thermal model to calculate, using materiaiagddhe maximum allowable stator
power loss;

(b) A technique for the measurement of the magnetisimge of samples of the steel that is
used for the rotor;

(c) Computer algorithms to automatically plot coil kac

(d) Computer algorithms to automatically determine pHasiF waveforms;

(e) A mathematical model to predict eddy current losstator copper tracks. There is a
need to ensure that stator tracks are below théhwticht would cause excessive eddy

currents.

Prototypes will be specially designed to validdieadretical predictions made in (d) and (e)

above.

2.2.2 Modification and adaptation of the equal inductancemethod

Theoretical results and encouraging practical pevémce data reported in reference [2] were
behind the decision to focus on the equal induetanethod as the sensorless technique for the
printed circuit motors being developed as part lo§ tthesis project. As stated before the
originally reported equal inductance method needednnection to the neutral point of the star-

connected stator. Also there were no reportedirsgaperformance data and the method had not
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been tried with motors with low phase inductancke Pplan was to further develop the equal
inductance method so that it does not need a herdrmection and to adapt it so that it is
compatible with the ironless printed circuit axfald machines. Since the equal inductance
method cannot work successfully without a minimwewel of saliency there is a need for a

mathematical procedure to predict inductance alielhgy at the design stage.

Considering the points presented in the precedingguaph the following were planned:

(a) Theoretical analysis to confirm that the equal otdoce method, if suitably modified,
will work without a neutral connection;

(b) Confirmation, by laboratory tests performed on ndtad radial field wire-wound
motors, that the modified equal inductance methedopms well both at steady state
and during starting;

(c) Measurement of the inductance and mutual inductaheeacteristics of printed circuit
machines such as the one illustrated in figure th.@scertain the nature of further
modifications that would be necessary to adapeth&l inductance method to suit those
motors;

(d) Development of the necessary further modificattbrthe equal inductance method to
make it suitable to printed circuit motors. ThisulMbbe based on theoretical analysis.

(e) Assessment of performance of the adapted equattiadce method by carrying out
laboratory tests on printed circuit motors. Theeasment is to cover both steady-state

commutation performance and start-up performance.
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() Development of an efficient computational methodlédermine d-axis and g-axis self
and mutual inductance of the phase windings oft@dirtircuit motors such as the one
illustrated in figure 1.9. Analysis will be based a coupled network made up of a 2-D

permeance network coupled with assumed currens patine form of discrete loops.



Chapter 3
Printed Circuit Stators for Brushless

Permanent Magnet Motors

3.1 Introduction

While the first printed circuit armatures used Imes and mechanical commutation,
developments in power electronic devices and cbaysiems have led to printed circuit motors
that are brushless. Modern cost effective neodyminagnets have allowed compact motor
designs. Multi-layer circuit board production teitjues have made the production of printed
circuit coils cheaper and easier. However, in spftthe growing importance of printed circuit
brushless motors, there is a lack of analyticalsttm assist with their design. This chapter uses

geometrical analysis to arrive at general matherakagxpressions which allow the plotting of

43
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printed circuit tracks to be carried out more systgcally. Track plotting procedures have been
developed for four different coil shapes.

These are spirals with purely radial active sesti@pirals with active sections running parallel
with each other, spirals with each active sectiamirig a radial part and a parallel part and
rhomboidal shaped spirals. For each spiral shageat®ns are derived for the maximum
number of turns (N). The maximum number of turngeigerally a function of the substrate inner
radius (R, the substrate outer radius(Rthe track minimum width (w) and the minimum
clearance between tracks (c). To produce the pristtors, the tracks are plotted with the help
of algorithms that maximizes the effectiveness lné toil. Appropriate measures of coil
effectiveness are the EMF constant or the torguestaat of the coil and the total resistance of
the coil. Theoretical predictions of EMF constaaitsl EMF waveforms are presented in section
3.3. The predictions are based on realistic flustriiutions obtained from finite element
analysis. Extensive tests on six prototype motaewarried out to validate the theory on which
the proposed design techniques are based. A casoparetween theoretical predictions and test
results are presented in section 3.4. A generabmlesgorithm based on the track plotting

procedure and the EMF prediction technique is prteskin section 3.5.
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3.2 Analysis of Coil Geometries

Consider a section of the substrate as shown urdi@.1. The simplest coil is made up of a
spiral pair. The two spirals making up a pair aveated on adjacent layers of the PCB or on
opposite side of the substrate if there are ontylayers. The spirals are joined by a via located
at their common centre. In figure 3.1, the two a&gimaking up a pair are the “top layer spiral”
and the “bottom layer spiral”. Current enters tbé from a terminal on the outer radius side of
the substrate. It flows inwards, towards the ceitter, through the tracks of one of the spirals,
continues through the via at the centre of theaspind then flows outwards, away from the coil
center, through the tracks of the second spiraé dihections of current in the two spirals are
such that the torque produced by one spiral is legiid adds to the torque produced by the
second spiral. Similarly, the rotational EMF gemedan one spiral is equal and adds to the EMF

generated in the other spiral.
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b)

Figure 3.1: (a) Top Layer Spiral (b) Bottom Lagmiral
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In general each turn of a coil may be considerdaktmade up of four sections. Two of those are
non-active arc-shaped end-sections, one on the radwis side and one on the inner radius side.
The other two sections are active. The length ofesof the arc-shaped inner end-sections may
degenerate to zero for low values of Ri/Ro. To mmizé the effectiveness of a coil its number of
turns, average active length per turn and overlhgactor must be maximized. Assuming the
air-gap flux is purely axial, the maximum EMF peitdength is obtained if the active conductor
runs along a radial line. However, the number afgiwcan be adversely affected {fR is small
and the active sections are constrained to be Irad@allel active sections are preferable
although this leads to longer inactive sectionsilsCwith active sections which are partly
parallel and partly radial are investigated becathsy offer the possibility of reduced total
conductor length while maintaining performancedmts of EMF per unit speed or torque per

unit current. Expressions are now derived for tlimum number of turns.

3.2.1 Purely Parallel Coils

In figure 3.2 (a) point Xis at the centre of the coil and lies somewheragliie radial line
which is the axis of symmetry of the coil. Prop&agement of point X is required if a coil with
maximum number of turns (N) is to be achieved. énayal for given values of minimum track
width (w) and minimum inter-track clearance (c) thumber of turns is limited by {fR,) or

XP or (R-R). If X is placed too far towards the outer edge of thestsate, N is reduced
because it becomes restricted by the smaller valB,-R,). Similarly, if X is placed too far
towards the inner edge of the substrate, N is againced because it becomes restricted either

by the smaller value of XP or by the smaller valfi€R,-R;).
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Figure 3.2(a) : Half Spiral Section of Substrate
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Based on the preceding arguments, it can be coetltidht there is a position for X that results

in the maximum number of turns. For small valueRR,, the number of turns is maximized if:

(R, -R)=R, sin(Nij (3.1)

S

where N= number of spirals per layer

For larger values of iR, the number of turns is maximized if:
(R-R)=(R-R) (3.2)
(R*R)

That is the optimum value of,Rs T

From equation (3.1) it can be deduced that:
. T
R, SIF(NS)
N =
(w+ c){l+ sir(ﬂ]]
NS
Equation (3.3) is applicable if:
)
(8)si o,
NS

From equation (3.2) it can be deduced that:

(3.3)

Ny R~R)

—(—” e (3.5)

Equation (3.5) if valid if:



CHAPTER 3. PRINTED CIRCUIT STATORS FOR BRUSHLBESBI®GTORS 50

=t

Equation (3.3) and inequality (3.4) represent auriiferentially restricted coil whereas equation

(3.5) and inequality (3.6) represent a radiallyrieted coil.

For a prescribed track width, equation (3.3) 0b)& to be used to determine N which has to be
an integer. The equation can then be used agdim,Nviixed at its integer value, to readjust the

track width to a higher value.
An example of a printed coil with parallel tracksshown in figure 3.2(b).

3.2.2 Purely Radial Coils

Purely radial spirally wound coils are unlikely b@ adopted by designers except possibly for
cases where bothi/R, and N are high. Based upon arguments similar to thossemted in

section 3.2.1, it can be deduced that for largaighaalues of RR,:

N= (;(Ow_j))

(3.7)

With the help of figure 3.3 (a), an expression barderived for cases where values gRRare

low. In order for N to be a maximum equation (31®)st be satisfied.

dn= rdg ,for0<@<

(w+c)

71
N (3.8)
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where n= number of turns counting from the inteitdooundary line

andr =R +n(w+c)

d=w+c P (2
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Figure 3.3(b) : Example of Printed Coil with Radiahcks
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Integration of both sides of equation (3.8) fréh+ 0 to 8 = Ni leads to:

S

R[e“s —1}
N=— 7 (3-9)

(w+c)
Equation (3.7) is applicable if:

RS

® {ZeNS —1}

Equation (3.9) is applicable for smaller values RifR,. Inequality (3.10) is arrived at by

\=l|—\

(3.10)

equating the right hand side of equations (3.9)(&04).

An example of a printed coil with purely radial dka is shown in figure 3.3(b). The above

equations were used to confirm that, witfiRR ratios considered in this thesis project, purely
radial coils represent significantly inferior dessgcompared with coils with parallel or mixed

parallel and radial sections. Therefore purelyakchils are not given further consideration.

3.2.3 Mixed Parallel and Radial Track Sections

An example of a spiral coil with mixed track sentids shown in figure 3.4. Only the mid-track

line is shown.
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Figure 3.4 : Mixed Track (showing reference linesdifor EMF evaluation)

A strategy has been adopted that maximizes theHeraf radial sections of the track subject to
meeting minimum clearance requirements betweekdrdchis is achieved by keeping the track
sections parallel on the inner radius side of agcwhose radius is defined by equations (3.1) or
(3.2). Radius Ris defined in exactly the same way as in secti@hl3 Arc XQ is shown in
figure 3.5. On the outer side of arc XQ, track ieest are radial. The positions of all track
sections are fully defined if;RR,, w and ¢ are known. The adopted algorithm to pcedine
tracks starts with the positioning of the inner aections and the parallel sections. The inner
end-points of the radial sections are then knownesthey are where the parallel sections meet
arc XQ. The radial sections can then be positiagieck they lie on straight lines defined by the

centre of the circle and the points where the feErs¢ctions meet arc XQ.
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Figure 3.5 : Section of Substrate (Mixed Track Bec)

3.3 Predicting Coil EMF’s

Back EMF per phase is an important measure of pmaence for a motor. The back EMF
waveform allows deduction of the motor’s torqueataifity and its torque quality. Prediction of
back EMF waveforms requires knowledge of the flenslty distribution. Depending on the
level of accuracy required, this can be determiaedlytically or numerically. The machines
being considered in this thesis project have radfti complex coil and magnetic circuit
geometries and parts of the rotor iron may saturetgnetically. Consequently it is not possible

to arrive at analytical expressions that will allpwediction of rotational EMF with better than
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ten per-cent accuracy. Therefore there is a neeglyoon numerical methods. The adopted

numerical techniques are presented in section.3.3.2

In spite of its limited accuracy, an analyticalheitjue can be valuable to those who have to
shortlist design configurations that deserve detiaélnalysis. An equation is suggested in section
3.3.1 that can be used to evaluate the rotatiokt# B a first approximation. In both sections
3.3.1 and 3.3.2 it has been assumed that the nushietor poles (P) is equal to the number of
spirals (N) per printed circuit layer. It is possible to ctrost three phase motors withs Not
equal to P, but such motors are not considereaisnstork. Every stator under consideration was
made up of three sets of printed layers circumtatiy displaced from each other by 120
electrical degrees. This results in a small degfesymmetry since the phase that is sandwiched
between the other two has a slightly lower EMF.drbical and experimental results that are to
be presented have allowed the practical signifiearf¢his asymmetry to be assessed.
An exploded view of one of the prototype motorgiigen in figure 3.6. All motors that were
constructed are of the central stator dual rotpetyThe single rotor option was not chosen
because:

(a) A laminated back iron disk will be needed on whichmount the printed circuit boards.

(b) There would be increased asymmetry.

(c) Without the magnet, the relative amount of leakihgewill increase.
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Figure 3.6 : Exploded View of one of six Test Mator

3.3.1 Approximate Analytical Modelling

The major simplifying assumptions that had to belento arrive at an analytical expression for
rotational EMF are:
(a) active track sections are in the radial directiand their lengths change linearly with

angular position from (RR)) at the coil's edge to zero at its centre;
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(b) the rotor iron has infinite permeability;
(c) flux outside the rotor iron flows in the axial diteon only;

(d) flux density in the airgap is independent of radiadl axial positions;

Equation (11) is based on the above assumptions.

£ V2NPR, +R)(R, ~ R By

5 (3.11)
where:
E = EMF per spiral
G, = rotational speed
N = number of turns per spiral.
P = number of poles.
By = airgap peak flux density = Brlm _ (3.12)
[tm +%]
B, = remanence of permanent magnet.
tm = magnet thickness
g = airgap length measured axially between oppaositgnet surfaces
S = combined length, spread and pitch factors of cail

25(, 20 4
=2 [2]1-= |costrio ==
71-[0 ( ﬂ]co s

g = electrical angle
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Equation (3.12) has been derived using a 1-D magnebdel. Details on that model can be

found in Appendix A. The 1-D model is based ondaksumptions that:

a) Iron Permeability = infinity

b) Permanent Magnet Permeability FHl

It has been assumed that the airgap flux densitgwainusoidally in the angular direction. This
is a reasonable assumption because the effecgb&hharmonics is significantly reduced as a

result of the coils being distributed and shortipéd.

An approximate technique for determination of axda@hensions can be based on equations

(3.13) and (3.14).

B )
t - axial thickness of rotor = 2en(F +R) (3.13)
2PB,
where:
Bs = maximum allowable flux density in the rotor iron
Sn = pitch factor magnet
ta = total axial length :2(ti +y +tm) +3, (3.14)
where:
ts = stator thickness per phase.

tag = clearance between magnet surface and stat@csurf
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3.3.2 Predicting Coil EMFs Numerically

This section provides details of a numerical soluto the problem of predicting the phase EMF
waveforms. For the purpose of determining motiondliced EMF, the plane of the substrate is
divided into cells as shown in figure 3.4. EacH tbounded by a pair of radial reference lines
and a pair of angular reference lines. The totaFEdrresponding to a given rotor position is
generally made up of contributions coming from eaelh The number of active track segments
within a cell may be zero, one or two. Contribugido the total EMF are separately calculated

for each segment by using equation (3.15).

dE = B* @, rdr (3.15)
where:
dE = contribution to total EMF from each track st
B* = estimated flux density at point C in figure/3
r = radial distance as shown in figure 3.7
dr = (,-r;) as shown in figure 3.7

G4, = rotational speed
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Figure 3.7 : Track Segment in a Cell (segment eernat point C)

The estimated value (B*) of flux density is obtairtey using:
B* = Bwowy + Bowow, + Bawiw, + Bywiwg (3.16)

where:

—_

r-r)

(0]

(rl_rs)
W:(rl_r)
| (rl_rs)
__ 6
" 6+a)
w, = %
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It is assumed that the flux density at the foumneos of every cell (B1-B4 in figure 3.7) is
known. In general flux density (B) is a functionaif spatial coordinates. Variation in the axial
direction does not have to be considered sincetherpurpose of coil EMF evaluation, it is
reasonable to assume that all track segments makiagcoil are at the same axial position. Flux
distributions were obtained from finite element Igsis. This has been done for a number of

configurations with different values of P, Bnd R

As shown in figure 3.8, finite element modeling veasried out using FEMLAB®.
Motors from 4 to 12 poles with dual rotor and cehtstator construction were considered.
Existence of axial and circumferential symmetry mehat only half a pole pitch of one rotor

had to be modeled. Figure 3.8 shows the model foulapole motor.

10.03 Y position [m]
0.02

0.03

0.02
Z position [m]

0.01

0
0.05

= 0.04
0.03

.02 .
0.01 X position [m]

Figure 3.8 : FEMLAB® Model of the Rotor (Half PdRitch)
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A plane of symmetry exists at z = 32.7 mm. The lakix density distribution on that plane is
used to evaluate the EMF of the middle phase. Ther® need for explicit modeling of the
stator since all the materials making up the stater assumed to have relative permeability
equal to one and no stator current flows. In additio the air subdomain whose relative
permeability is taken to be one, there are thréerosubdomains that have been considered.
These are the permanent magnet subdomain whidguref7 is between z = 26 mm and z = 30
mm, the rotor back-iron subdomain which is between22 mm and z = 26 mm and the sub-
domain representing the non-magnetic shaft. Basgtdemanufacturer's data, a value of 1.01e6

H/m was used for the magnetization of the NdFeBnp@ent magnet.

The rotor back-iron has been characterized by agmatization curve which was determined
experimentally since no reliable data were avadlaMeasurement has been carried out on ring
core shaped samples. A 50 Hz sinusoidal currerrg@sed stepwise) was injected in the
‘primary’ winding. This current is directly propashal to magnetic strength H. Due to the

imposed current a voltage v(t) is induced. Since:

wo:—ggm (3.17)

with ¢,= flux through the core cross-sectional area, lilredensity B is:

jwom
AO re

For every current level a B-H loop was generatedslaown in figure 3.9. To compute the

B=

(3.18)

relative iron permeability, the maxima values ofaBd H were used. These values are

represented by the dots in figure 3.9.
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Figure 3.9 : B-H Loops of Rotor Material

The relative permeability of the shaft was takemas. A typical axial flux density distribution

obtained from finite element results is shown gufie 3.10.

As the rotor moves the flux distribution shown igufe 3.10 rotates relative to the radial
reference lines shown in figure 3.4. As part of algorithm that determines the rotational EMF
waveform, the rotor position is changed in incretaksteps and for each step a phase EMF
value is calculated based on equation (3.15). AddeEMF values corresponding to one
electrical cycle represents an EMF waveform. EMFvefarms for different phases are

calculated using axial flux densities at the alaahtion of that phase.
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Magnetic flux density [T]

Rotor Position @ [electrical radian]

Figure 3.10 : Output from Finite Element Analysii@al Flux Density)

Before introducing the experimental results (sectdo4), some considerations on rhomboidal
shaped spirals will follow. As expected the rhomdbbgeometry presents lower resistance and

lower EMF than the mixed track sections or the fer&rack section designs. A comparison

based on the torque capability fac{oE]\/% (explained in section 3.4), clearly shows that the
W,

m
rhomboidal approach does not perform as well asther two. The resulting difference is about

10%. Different rhomboidal shapes have been ana)ymedof them are presented in figures 3.11

and 3.12.
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Figure 3.12 : “B” Point in Intermediate Positiontlveen Outer and Inner Radius
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The best performing “rhomboidal” design, from armadf view of EMF is the one where the
position of the B points (vertices) is maximizedagtmal shift toward the outer radius). This
particular B point configuration also results iranéo sinusoidal EMF waveform. If the B points

are shifted towards the inner radius the wavefoets quite distorted.

3.4 Experimental Verifications

Six motors were built to validate the coil desigd&MF prediction procedures that have been
proposed. Details of the motors are given in t&8hle All motors have an outer radius of 25 mm,
a rotor iron thickness of 4 mm, a magnet thickrefgbmm, a nominal track width of 1 mm and a
track clearance of 0.3 mm. The outer dimensionseweade equal to those of an existing

commercial motor so that meaningful performancemanson could be made.

3.4.1 EMF Waveforms

A set of EMF waveforms for one of the prototype ametis shown in figure 3.13. For all six test
motors, there is very good agreement between tbdigted and measured waveforms. RMS

values of the waveforms are given in table 3.1.
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Figure 3.13 : Phase EMF Waveforms (Test Motor NA.QDO r/min)

The sine wave approximation for the EMF waveformvedl-justified since the total harmonic

distortion is less than 2%.
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Table 3.1 : Motor Test Data

(EJ \/E [MNm]

E [Vimd R [Q] Wy JVR

R Track (pred.) | (pred.)

R Type N| Bea[T] | (eq.3.11)] FEM | (meas.)| (pred.) (meas}|) (meas.)

0.20 Parallel| 7 0.708 0.816 | 0.846| 0.092 0.092 40.3
0.757

0.20 Mixed | 7| 0.708 0.810 0.840 0.085 0.084 42.0

0.36 Parallel| 6 0.702 0.675 | 0.689| 0.087 0.086 34.0
0.597

0.36 Mixed | 6| 0.702 0.672 0.687 0.084 0.083 34.5

0.20 Parallel| 5 0.655 0.987 | 1.000| 0.093 0.09% 47.0
0.965

0.20 Mixed | 5| 0.655 0.97%5 0.987 0.090 0.091 47.4
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As expected, the EMF waveform of the middle phagkimvthe stator stack has slightly lower
magnitude than the outer phases. The differenceypigally less than 3.5% and does not
represent any significant problem to motor perfaroga EMF predictions by the first order

model in section 3.3.1 are within ten percent okthbased on finite element.
3.4.2 Thermal Considerations

Both from the point of view of stator temperatuiserand from the point of view of efficiency a
reduction of printed circuit coil resistance is idisle. However a reduction in phase resistance

should not be at the expense of an excessive ieduict EMF. An objective assessment of

different strategies to reduce phase resistancebmiased on the value E]'E]\/EFIQ where PRis

Wn

the allowable stator power loss per phase. The (e-ﬁq]\/% is proportional to the torque

wm
capability of the motor. The constant of proporéitity depends on the shape of the phase

current which would be sinusoidal for synchronoutonmode of operation or quasi-square for

brushless DC mode of operation. Comparison ofdhgue capabilities of different motors using

the single tern‘(ij % is justified if armature reaction is neglectedhc®i the motors being

W

considered have ironless stators, armature readdioregligible. In the case of the prototype
motors peak flux density due to rated stator cuirveas less than 10 mT compared to the peak

airgap flux density which was typically more thab @.
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Allowable stator power loss can be estimated byntlaé modeling or stator temperature rise test
or both. For the prototype motors it was found bthithermal modeling and by test that, to keep
substrate temperature rise below the acceptabéd &v65°C, P has to be kept below 2.3 W.

From the thermal investigations it was found that temperature difference between the middle

substrate and the exposed stator surface wash@s8tC. Table 3.1 provid{sij\/% values
W

for the six prototype motors, with; Rssumed to be 2.3 W. The adopted thermal model,
introduced by figure 3.14, is a simplified firstder 1-D model.

Stator middle
(symmeltry axis)

| RunPre-Preg  RuwFR4 RuPrePreg  RuFR4

Ry, Stator Surf - Amb

I:)Cu layer I:)Cu layer I:>Cu layer

Figure 3.14 : The 1-D Thermal Model

The following assumptions have been made:
* No lateral / radial heat flow, since the crossiseel surface in lateral / radial direction
is small compared to the one in axial directionisTdssumption is conservative and will

generate an overestimation of the increase in teatyre

» Since the thermal conductivity of copper is appmadively 1600 times bigger than the
one of the bulk materials (FR4 or Prep-Preq), timerhal resistivity of the copper layers

has been neglected.
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* A symmetry plane was assumed to exist in the midfitbe central substrate. For many
applications this is a reasonable assumption @fample for machines having a good
thermal conducting housing). If it is not the cabe, model has to be expanded to cover

both sides, including, if necessary, different scefto ambient thermal resistances.

e The stator is made up of three substrates. Thenaltstructure of these substrates is
identical and consists of 8 copper layers (tragleds) and 8 bulk material layers. The

multilayer structure is:

100  pm = copper layer,
100  pm = bulk layer (FR-4),
100  pm = copper layer,
100  pm = bulk layer (FR-4),

resulting in a final substrate thickness of 1.6mm.

The following paragraph introduces the model iradet

e R =5mm =inner radius of the substrate
e R, =25mm =inner radius of the substrate
*  Cpre-preg~ Gra = 0.25 W/(m°C) = FR-4 thermal conductivity

*  lphase =5A = phase current *

*All three phases carryse(in normal BLDC operation only two are energized
at the same time)
Rstator =300 nf2 = total three-phase stator resistance

(series connected)
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» Based on information from reference [53], a typicaat transfer coefficient for
a planar disc in still air conditions was found®approximatively 33.

a = 33 W/(Knf) = typical heat transfer coefficient

At first the thermal resistance of the bulk matiecen been computed by equation 3.19:

IBaseCu kf , (319)

ann_ Rzn) Gr-4

Rth:R—4 =
(

where Kk, =W7C_ 0.7is the copper fill factor. Then, by means of equats.20, the thermal
w

resistance surface to ambient is worked out:

1
a(an— Rzn)

Rth,_,= (3.20)

Finally the temperature difference between the teidd the central substrate and ambient can

be derived by equation (3.21).

n="bsed_q
2 [ 2*R | 2*R
AT = nRtth_4 phase stator + rase(j Rt@ ; phase stato
=} sed Nised (3.21)
AT =66.5PC]

where  is the number of used layers

The measurement, carried out at ambient temperafu@6° celsius and still air conditions,

delivered the following results:
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Absolute Temperature [°C]

e The stabilized temperature rise is around 65° gglsas shown in figure 3.15.

This rise, if using a standard FR-4 (no speciahlgigiss transition temperature),

does not pose any problem.

* No significant voltage difference has been recorbletiveen the top (A) and

100

20

10

middle (B) phase, as presented in figure 3.16, lwhians both substrates

experience approximately the same temperature.

0 10 20 30 40 50 60 70 80

Elapsed Time [min]

Figure 3.15 : Phase A (top phase) Temperaturedriséme
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Figure 3.16 : Phases Voltage Drop

3.4.3 Resistance Optimization

There are a number of opportunities to reduce plesistance:

» First opportunity is the use of mixed track, whiishcovered in section 3.4.4 and
illustrated in table 3.1
» Second opportunity, which is not apparent in teble arises because the number of

turns (N) when calculated using the equations otiGe 3.2 is usually not an integer.
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The actual number of turns adopted is the nextlomteger. Some substrate area is left
and, as suggested in section 3.2.1, can be retdtbta increase track width to reduce
resistance. This area could be substantial whers Wbw and in such cases phase
resistance reduction could be very significant. mae optimized width is computed by

equations (3.22) or (3.23)

(R, -N E:)sir(l\llTJ—(N c)

S

Wpe = (3.22)
sin[ﬂj N
NS
Equation (3.22) is valid if inequality (3.4) is pexted
(R, ; R) ~(Ne)
Wpew = — (3.23)

Equation (3.23) is valid if inequality (3.6) is pexted

» Third opportunity is embedded in the design optatian algorithm. Since the following
section is entirely dedicated to this algorithmlydhe basic idea behind this possibility
is introduced at this point. The previous oppottuis based on the reallocation of the
leftover substrate area, in this one the leftowéal astator space is filled up by additional
layers connected in parallel with the other cdilgufe 3.17). Equations (3.24) to (3.29)

are included in the optimization algorithm, allogriphase resistance optimization.
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kseries= round( EMFtotaI/ EMFeIemer) (3'24)
where  Keries = series connection coefficient (of 2-layer ebens)
EMFia = total desired phase = EMF
EMFeiement = total EMF of 2-layer element
round (X) =rounds X to the nearest integer
ta
N, = floor (3.25)
layer
where fhax = maximal number of layer
ta = stator total axial length
tiayer = layer thickness = Base cu thickness + Pre-fhiegness
floor (X) = rounds X to the lower nearest integer
n = floor(—nmax j (3.26)
parallel :
2kseries
where  Baralel = number of parallel layers

nu = 2|’]parallel Igeries (3'27)
where Reeg = number of used layers without optimization
_ Ispiral
I:tpiral = Pey (3.28)
'%piral
where Ly = length of the spiral

Aspiral = cross sectional area of the spiral



CHAPTER 3. PRINTED CIRCUIT STATORS FOR BRUSHLESBIGBTORS 7’

_ &piral &piral
Rinase = | = Nhax = Mused *+ (ko= (M- Ny | F (329
nparallel +1 parallel
where P = number of stator poles
Nimax = maximal number of layer
Example: [ Cu Layers (nyseq)
Kserie = 2 [ ] Prep-Pregs/FR4 Cores
Nparallel = 2 EENERNNEEN Cu Layers (Nmax-Nused)
Nused = 8
Nmax = 10

2) ——>» (Nmax-Nuseq) to be distributed in parallel

Rspiral Rspiral

Rspiral Rspiral

[ —e— |
[ —e— |

P 2-layer element ol 2-layer element R

Rspiral Rspiral

Rspiral Rspiral

b)

Figure 3.17 : a) Layers Structure; b) ResistiveiGtre

Note that difference on axial magnetic flux denbiggween two layers is less than 0.4%.
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3.4.4 Parallel Track Sections versus Mixed Track Sections

As shown in table 3.1 and in figure 3.18 the mainamtage of coils with mixed track sections is
lower phase resistance without substantially sagrg the magnitude of rotational EMF. As
expected, of the motors being considered, the fole motors benefit the most from coils with
mixed track sections because they have the higtfesttive curvature and therefore the highest

ratio of non-active to active conductor length.

50
45 - -
40 - -
— 35¢ -
(S
£
= 30F 1
> Simulated Ri/RO:O.ZO (Track Parallel)
g 25+ — — Simulated R/R_=0.20 (Track Mixed)
S _ _ _ Simulated R/R_=0.36 (Track Parallel)
) 20+ i o L
s | Simulated Ri/Ro:0.36 (Track Mixed)
(@]
— 15¢

% Measured R/R_=0.20 (Track Parallel) |

10 /\  Measured Ri/RO:O.ZO (Track Mixed) H
»  Measured R/R =0.36 (Track Parallel)
O

Measured Ri/R O:0.36 (Track Mixed)

0 ! ! I I I
4 6 8 10 12

Number of Poles

Figure 3.18 : Torque Capability versus Number dePo
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Table 3.1 also shows that the coils with fully pletatrack sections have the higher EMF
compared to coils with mixed sections. Parallatkreections have lower skew factors compared
to radial track sections which have a skew facfat.@But the coils with parallel sections have

better pitch factors which more than compensat¢hieffect of their lower skew factors.

3.4.5 Single Layer Machines

In chapter 1, section 1.3, the possibility to hawéds on a printed layer shared between phases
has been pointed out. Experiments have been cardedn stators with this configuration. For
fair comparison the same rotor was used as witratbnfigurations. Since at least 6 coils must
be fitted into the layer to build a three phase mrag; it is evident, that the coil pitch differs
from the magnet pitch. This results in a non simeEEMF waveform (figure 3.19) and in a non
sinusoidal inductance variation (figure 3.20). Simidal variation of inductance is an important
requirement of the equal inductance method whighldaned to be used. From a point of view
of EMF this configuration does not achieve the sgmdormance level as stators with mixed

track sections.
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Figure 3.19 : Single Layer Machine Phase EMF Wawefat 1000 r/min

T
—1 -Measured Lbb [
Derived Sin Lbb

2,451

INd
iN
T

2.35F

Self Inductances [uH]

0 (1/2)*pi pi (3/2)*pi 2*pi
Rotor Position 0 [el. rad]

Figure 3.20 : Self-inductanceg-Single Layer Stator

Based on these result the single layer machindguoation has not been considered any further.
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3.4.6 Number of Poles

Predictions and test results shown in table 3.1liaridure 3.18 suggest that benefits of higher
EMF and lower phase resistance are possible ifitiheber of poles is carefully chosen. There
are two major factors affecting the magnitude ef phase EMF. These are the magnitude of the
air-gap flux density and the total number of turSsnce the circumferential gap between
magnets, measured in electrical degrees, was kegtame irrespective of the number of poles,
there is increased leakage between neighbouringieta@s the number of poles goes up. The
consequence, as can be seen in table 3.1, is aadecin the axial component of air-gap flux
density with higher pole numbers. The number ohguand the skew factor both go up with
number of poles. From the point of view of phaseMhe combination of those factors results
in the existence of an optimal value for the numitfgpoles. This optimum value is dependent
on variables such as; Rnd R. As shown if figure 3.18, in the case of the mstbeing

considered, the optimum number of poles is eight.

3.4.7 Ratio of Inner Radius to Outer Radius

In the case of wound axial flux machines a wellskndheoretical result stipulates that making

1 . . . . .
Ri/R, less than— is counter productive. However this result is lbasa the assumption that

NE

active sections of conductors are radial and tfere limit on the number of conductors per

meter in the circumferential direction. In the mneiscase the active conductor sections, at least
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. . . 1
near the inner radius, are not radial and theretfmre\/—§ rule does not apply. Both table 3.1 and

figure 3.18 show that EMF magnitudes go up @RJJoes down, but at a decreasing rate. It has
been found that, for the chosen value @f fRe magnitude of the phase EMF is practically
constant for values ofiiR, which are below about 0.2. A general conclusionldde that there
is no benefit in reducing ;elow a certain value. However that value is lotean the shaft

radius and would therefore have no practical relega
3.5 Design Optimization

The experimentally validated EMF evaluation methadd the suggested track plotting
procedure can form the basis for a design optinezalgorithm for printed circuit motors. In
the example that follows, the design objective wopé to maximize torque output capability

subject to a number of constraints which are ligtetiable 3.2.

The torque developed by the printed circuit motopioportional to the product of the airgap
flux density and the stator current. At one extreifig¢he entire available axial length was
allocated to the field system, torque will be zbexause there would be no room left for the
stator and stator current will be zero. The othdreene would be if the entire available axial
length was allocated to the stator, excitation wWdwt zero and again torque production would
be zero because the field flux density would b@.zAs the axial length allocated to the magnet

and rotor iron is increased from zero, the outptue will rise to a maximum and then fall and
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reaches zero again when no room is left for theoistdhe aim of the algorithm is to find this

maximum.

For a given maximum stator power loss@lower phase resistance, achievable with a highe
value of t, signifies a higher allowable stator current. Metgaxial thickness,tand phase
resistance R may be considered to be independeables under the control of the designer.

Design optimization means identifying thg,R) pair that results in highest torque capability.

A design requirement is for the back EMF per upiéed to be within tight limits. Thus the

number of turns per phase, is relatively constana multilayer PCB design the total number of
turns per phase, assuming all spirals are seri@sected, is N x L x P where N is the number of
turns in a spiral, L is the number of layers arid the number of poles. For a given copper foll,
different (N,L) pairs satisfy the EMF requiremerfor every given value of tm, a sub-optimum
is found which would correspond to the (N,L) pdivat results in the highest output torque. In
cases where there is more than enough axial spavedt the EMF requirement, the algorithm
automatically increases the number of layers. Tdils on the additional layers are connected in
parallel with the other coils. By paralleling theditional coils as uniformly as possible to the

other coils overall phase resistance is minimizediftroduced in section 3.4.3).
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The algorithm consists of the following steps:

(a) Sett, equal to its minimum allowable value.

(b) Make an initial estimate for by simultaneous solution of equations (3.11) ahl4).

(c) Use finite element analysis to obtain the flux digndistribution and, if necessary,
repeat the FEM analysis withré-adjusted until the peak flux density in theoraton is
close to B

(d) Use equation (3.14) to calculate t

(e) For the copper foil being considered, calculatenttaximum value of N using equation
(3.3) or (3.5).

() For each integer value of N between 1 and its maxinmvalue, calculate if the

constraints in Table 3.2 allovE,Ej R,
w, JVR

(g) Select and plot against the current tm the highaise of[ij\/% from the current set
W,

of values obtained from step (f).
(h) Increment tm and go to step (b) if the maximumvadible value of} is not exceeded.
() Repeat steps (a) to (h) for all candidate coppétHimknesses

() Read the graph from step (g) to obtain the maxirtangue capability.

The graphical output from step (g) is shown in fig8.21.
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Figure 3.21 : Torque Capability versus Magnet theds
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Table 3.2 : Printed Circuit Motor Design Example

Design Parameter

Degree of Flexibility

Outer Radius (B

R, =25 mm (R defined in section 1)

Inner Radius ()

R = 5mn

Number of poles (P)

P =4
(Chosen on basis of mechanical requirement ané diitching

frequency)

Total thickness §

t. =28 mm

Rotor Iron thickness jt

t > 1 mm (for mechanical stability)

Rotor peak flux density ({3 Bs =1.4T+0.1

Stator/Magnet Clearance,) 0.3 mn

Insulation layer thickness Foil 1: 100 um ;IEi100 um

Track thickness Foil 1: 70um ; Foil 2: 105 u

Clearance between tracks Foil 1: 230 um ; ZAd00 um

Minimum track widtt Foil 1: 20Cum  ;Foil 2;: 300 un
Foil 1: 25 mm  Foil 2: 2.5 mm

Maximum track width

(to avoid stator eddy currents)

Max allowable stator power loss )P

P =23 W

Magnet thicknes

1mm < 1< thae ( tmax determined by minimur)

Minimum Magnet thickness delta 0.25 mm
Remanence (B B, =1.24T
EMF (at 1000 rpm) 1V: 10%
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3.6 Conclusions

A track plotting procedure has been developedHerdesign of coils in printed circuit brushless
motors. The procedure maximizes the number of tirise printed spiral shaped coil for given
values of substrate inner radius, substrate oatius, minimum track thickness and inter-track
clearance. Active sections of the tracks may belpuadial, parallel with each other or may be
partly radial and partly parallel. Computer progsanthat implement the procedure,
automatically produce track plots which can be udieectly by the printed circuit production

process.

By combining the track plotting procedure with firete element method, a technique has been
developed to predict rotational EMF waveforms dhfed circuit motors. The technique, which
has been validated by experimental results frondii@rent prototype motors, has been used for

printed circuit motor design optimization.



Chapter 4
Sensorless Commutation Technique for

Brushless DC Motors

4.1 Introduction

The aim of this chapter has been to investigatetssibility of a sensorless technique which is
as cost effective as the back EMF method but wigledormance at start-up comparable with
that obtained when Hall sensors are used. Initkastigations led to a saliency based method.
Unlike other proposed methods, no special sigijatfion is needed. The technique is based on
the detection of rotor positions where the two gised phases have equal inductances. It has
therefore been termed tegual inductance methd@]. Theoretical analysis is presented which

shows that the method is insensitive to variationgperational parameters such as load current

88



CHAPTER 4. SENSORLESS COM. TECHNIQUE FOR BLDC MR3TO 89

and speed or circuit parameters such as poweralgualtage drops and winding. Test results are

presented which demonstrate practical applicatfagheomethod.

Gambetta [3] required a neutral connection for ficatimplementation of a version of the equal

inductance method. It is shown in this chapter tloihection to the neutral is not necessary.

An initial position detection and start-up methabséd on saliency related measurement is also
proposed and practically implemented. This methiéet® starting performance as good as Hall

sensor based techniques.

4.2 Relationship between Equal Inductance Positions and

Commutation Positions

Electrical machines that exhibit saliency may balgsed using the well established two-axis
theory. This theory leads to the following expressifor the three-phase winding inductances

and mutual inductances:

La=Lo+Lyt+L,coq &) (4.1)

Lyp = Lo Lyt Ly cos( 29+2?”j (4.2)

Lee = Lo+ Lot Ly cos( 29—2?”) (4.3)
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Lap = Lpa=-0.5L 5 +L co{ 2—2?”) (4.4)

Ly, =Ly, =—0.5L ,+L , cog @) (4.5)
. 2

L,.=L,=-05L,,+L,cCo Z’+? (4.6)

where @ is the electrical angle between the magnetic aixighase A and the rotor direct axis or

the rotor quadrature axidy is the self inductance of phase L; is the mutual inductance

between phase and phasej ; L,,,, L, andL, are positive constants which are independent

of @ and, if the effects of saturation are ignoredytaee also independent of winding currents.
By definition the direct axis (d-axis) of the roisrcoincident with the magnetic axis of the rotor
permanent magnet. The quadrature axis (g-axis)nstynelectrical degrees away from the d-

axis.

Equations (4.1) to (4.6) are good representatiophafse inductances of BLDC motors with
surface mounted magnets or surface inset magnkis.cbnclusion was based on inductance
measurements performed at 20 kHz or higher on ebauwf test machines. Figure 4.1 shows

the phase inductance profiles for one of those mash
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Figure 4.1 : Measured Self-Inductances

It is important to point out that the self-induatas and the mutual inductances that are referred
to here are only effective values rather than dstalaes. The actual value bf, , for example,

can only be obtained by measurement if all circthitg are magnetically linked to phase A were
open-circuited. But that is not possible. Whilse thther two stator windings were open-
circuited, the influence of eddy-currents in thegmets and other parts of the machine could not
be eliminated. Thus the measured winding inductaree lower than their true values. They
may be regarded as effective values that takedowsideration the effect of eddy-currents, in a

similar manner that the use of sub-transient irghe#s in synchronous machine analysis is a
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way of accounting for the effect of damper windireged other induced current paths on the
rotor. In the case of the test motors, induced edulsents in the magnets result in a lower phase
inductance when the magnetic axis of that phass lipp with the magnetic axis of a rotor
magnet (direct axis). Conversely, phase induct@eemaximum when the magnetic axis of the
phase winding lines up with a quadrature axis. fEhgctance is effectively less along the g-axis
because the flux cancelling effect of eddy-curréniess along that axis since the gap between
adjacent magnets breaks the eddy-currents pathss. thie zero degree position in figure 4.1 or
in table 4.1 corresponds to alignment of the phagseagnetic axis with the rotor quadrature
axis.

Table 4.1 : Equal Inductance Positions and Comnautédtervals

0 60" | 120 | 180 | 240 | 300

Rotor position range to to to to to to
(electrical degrees)
60" | 120 | 180 | 240 | 300 | 360

Energised pair in each

i CA CB AB AC BC BA
commutation interval

Equal inductance position befor
next commutation event

D

30 90° | 150 | 210 | 270 | 330

Next commutation position
60° | 120° | 180° | 240° | 300° | 36C°

The BLDC motor is normally operated with only twhases energised at any one time. Each

phase is energised for a 120 electrical degreevaltafter which it is de-energised for a 60
electrical degree interval. The ideal commutatiasionsg tog,, are shown in table 4.1.

These commutation positions lead to the highestrelmagnetic torque per unit ampere as well
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as the lowest torque ripple. The reason for thithéd each phase is energized during the 120
degree intervals centred about the peak value efptiase back EMF. There are six distinct
commutation intervals. They have been labelledgaré 4.1 according to the phase pair that is
energised and supply voltage polarity. For exan@ecorresponds to inverter transistors TB+
and TB-, shown in figure 4.2, being kept off and tither four transistors switched so that, on

average over a PWM cycle, phase terminas kept at a higher potential relative to phase

terminala.

1o ow S T o
K A K A K A Va
] ] ] o «
aq <

b o p— VY ®s
C | (L
L Da’ L Ds u D¢
- /N1 VANEE /\

i i i
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Figure 4.2 : Inverter Bridge Supplying a BrushIB€3 Motor

It follows from the previous paragraph that theozerossings of the back EMF of a particular

phase occurs 30 electrical degrees before thaepbasnergized. But the zero crossing of the
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back EMF of a phase winding also coincides witgratient of the magnetic axis of that winding
with the d-axis of the rotor. Clearly at that pimsit the self-inductance of that phase is a
minimum, whereas the inductances of the two othleasps will, because of geometric

symmetry, be equal to each other. In other wordsrever the rotor d-axis aligns with the
magnetic axis of the A-phase winding, back EME is equal to zero andl,, =L_. Similar

statements can be made about the B-phase windihtharC-phase winding. Thus the positions
of equal inductance of the energized phases, ikssttie zero-crossings of the back EMF of the
non-energised phase occur 30 electrical degreeseotfe next commutation position.

There are twelve positions of equal inductance osach electrical cycle (360 electrical
degrees). Six of them correspond to the rotor g-aginciding with the magnetic axis of each
one of the phase windings. The other six correspgonthe rotor d-axis coinciding with the
magnetic axis of each one of the phase winding$/ €l of these, the ones associated with the
rotor d-axis aligning with stator phase windingdlwie used to help determine commutation
positions. They are specified in table 4.1. Notat twhile the frequency of commutation is
proportional to speed, rotor position at which cautettion is initiated does not change as speed

changes.

4.3 Detection of Equal Inductance Positions

As mentioned before there are six commutation wader During each interval the aim is to have

only two phases active. In table 4.1 the six irénhave been labelled according to the phases
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that are active. Transition from one interval te tfext involves de-energising of one phase and
energising of the next one. This transition is clatonly after the current in the outgoing
phase has decayed to zero. Decay of the currentottrough a diode and takes finite time. For
example the transition from interval AC to inten®C involves decaying current through the
diode DO\". Therefore each interval involves two sub-intesyaine during which all three-phase
currents are present and one during which the tiweaphase current is equal to zero. In total
there are twelve sub-intervals and twelve corredponinverter states. The inverter states are
labelled according to the polarity of the DC supfayminal to which the motor phase terminals
are connected. For example inverter std® b implies the “c” and “a” phase terminals are
connected, through transistors or diodes to thétip@sDC rail whereas the “b” terminal is
connected to the negative DC rail. Since bipolar MPMé used, during any one of the
commutation intervals, the inverter may be in ofiesin possible states. For example during

interval AB, the inverter may be in state’®’, or acb, or ac’b’, or ach’, or ab’, or b'a.
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Figure 4.3 : Equivalent Circuits for Inverter Sttt and Ba

(Switching device voltage drop not shown)

The aim is to use inductive saliency to determireedorrect commutation instants for the motor.
The method is based on the sensing of the potexitthe non-energised phase winding terminal
after the current in that phase has decayed to. Zeomsider commutation interval AB.
Assuming current.ihas decayed to zero, the inverter will revertralitely between the states

a’b and Ba. These are represented by the equivalent circuftgure 4.3.

Voltage measurememsz:gy and vc'y are carried out while the inverter is respectivalgtates &
and Ba. For consistency, as shown in figure 4.4, measenésnare carried out near the middle
of the applied voltage pulses. Consecutive meas&memgy and vc'y are compared. It is shown,

in the next paragraphs that those two values analeq each other at precisely the position of
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equal inductance independent of the value of poasent, supply voltage or speed. Thus, by
cyclic monitoring of voltage signals/,,, Vv, and V,,, commutation instants can be pre-

determined with very little computational effort.

N\

ts ts
Voltage across energized winding pair

R

I I
I I
I I
I I
I I t
i i
I I
I I
| L
I I

Figure 4.4 : Voltage Sampling Instanféf(andt;)

Consider operation during commutation interval A¥th the inverter in state’l we have:

=5 (Vi) 3%

sy a 2 ) (47)

Since j=-i,, equation (4.7) gives:

V+ =&+(Lbb_l‘aaj(d_iaj++£d(l‘bb_Laa)_(Eb-'-Eaj (4.8)
2 dt 2 dt 2
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Adding V; to V, yields:

V+ :ﬁ+( Lbb_ Laa+2Lca_ 2chj(ﬂaj+ +£ d(Lbb - Laa+2Lca_ 2Lct) _(Ea + Eb _ZECJ (49)
2 dt 2 dt 2

+ d(|1a+ Lbb_ZLab)

| Ve, -E,+E -2V -2i'R
Za| = (4.10)
dt (|?a+ Lbb_ZLab)
where 2/ is the total switching device voltage drop.
With the inverter in state’a we have:
_ 1 1
vy = E(V"C_ vby) =3 Va (4.11)

Since j=-ip, equation (4.11) gives:

A :&+ Ly~ Laa ) dig +i;a_d(Lbb_Laa)— EtE, (4.12)
Y2 2 dt 2 dt 2
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Adding v, to v, yields:

V(;y :V_SC_F( Lbb_ Laa+22Lca_ 2chj(%aj_ +i_2; d(Lbb_ Laa-(;tzl-ca_ 2Lct) _(Ea + Eb2_2Ecj (4.13)

Also,

(dia
dt

é dt
( I?a + Lbb - 2Lab)

) (—vdc—i-d(Ha+Lbb—ZLab)_Ea+Eb-2v;—2ia'Rj
j = (4.14)

where 2/ is the total switching device voltage drop. Theray be a small difference between

V" and V" because, for example, in thébastatea pair of inverter transistors may be

conducting whereas in*# state it may be a pair of inverter diodes thatiearthe phase
currents.

In equations (4.7) to (4.14) superscript “+” desotalues sampled while the inverter in thle a

state ¢ in figure 4.4) whereas the superscript “-” denatalsies sampled while the inverter is in

the Ba state ¢, in figure 4.4). If PWM frequency is high enoughysbout 20 kHz, and speed
is low enough, say one tenth of rated, then ite@sonable to assume that there is negligible
change in currents, inductances and back emfs fiam t; to time t_. Therefore no

superscripts have been used for those variables.
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If the reasonable assumption is made thét-(V,") is negligible compared t¥,., it can be

deduced from equations (4.9), (4.10), (4.13) anti4(dthat:

Lbb B Laa + 2Lca_ 2L cbj (415)

V.-V =V
i i dc( Laa + Lbb - 2Lab

Equation (4.15) confirms that, independent of glémating and machine parameters, the rotor

position at which ng andv,, are equal coincides with the position equal indoega(l,, =L,

and Lba= ch)

Equation (4.15) may be written as:

Vdc(\/f_i(Lq— Ld)co{ 29+5éTD

+ —

Vo =\, = (4.16)
cy cy T
(Lq +Lg+(L,— Ld)cos( 29+3D
where:
L =|_|+§(|_a0+|_2) (4.17)
q a T o\ e g
and
3
L, =L, +E(Laao ~Ly) (4.18)

For reasonable saliency ratios, of around 1.2,0a ggproximation for\Cy —V,) is:
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A (\/é( S-1) co{ 29+5éTD

VG, =V, = (541 (4.19)

L
S is the saliency ratio, which for the purpose @ thesis is defined as— . This definition has
d

been adopted because for the machines being coeijgs greater than -

Similarly:

Vo =V = (S +1) (4.20)
and
T
vdc(\/é(s—l) co{ 29+6D
Vo, = Voy = (4.21)

(S+1)

Assuming a saliency ratio of 1.2 the maximum eiroapproximating using equation (4.19)
instead of equation (4.16) is 2.9%. It is dedugednfequation (4.19) (or (4.20) or (4.21)) that
the sensitivity and precision of the equal induceanmethod of pre-determination of
commutation instants is dependent only on salieatip and the DC supply voltage. Figure 4.5

represents practical confirmation of equationsq¥ta (4.21).
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Voltage [V]

1 1 |
0 pi/4 pi/2 3/4*pi pi
Rotor Position 9 [el. rad]

Figure 4.5 : Measured Voltage Differences (eqs 29)-

4.4 Initial Position Detection and Start-Up

Assuming the rotor is initially at standstill, tlstart-up procedure using the newly proposed

sensorless method consists of the following steps:
(a) Determine, by solving any two of equations @.tb (4.21), the two possible values @,

the rotor initial position.

(b) Identify the phase pair that on energisatiolh provide the maximum driving torque.
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(c) Energise the selected phase pair ufil changes by a small (typically less than one
mechanical degree) but measurable amount.

(d) Depending on whethé increased or decreased in step (c), determinadfual value off

(e) Use one of equations (4.19) to (4.21) to eval®awhere:

V,V3(S-1
P: dc ( ) (422)
(S+1)

(f) Identify the phase pair and polarity that witlovide maximum driving torque for rotation in
the desired direction.

(9) Energise the phase pair identified in ste@f®l initiate commutation to the next phase pair

when the value of the measured voltage differetefet{and side of equation (4.19) or (4.20) or

(4.21)) reacheg3P /2.

(h) Activate the normal commutation algorithm gitdi after initiation of the first commutation
event.

Step (a) requires at least two phase pair eneigisato be done with 50 percent PWM to avoid
rotation. Any two or more of the six possible phasé& combinations could be used. A good

strategy would be to use the three pairs and pelsiGorresponding to equations (4.19) to (4.21)
and select two for the determinationéf The third equation can be used for verification
purposes. If, for example, equations (4.19) angQwere chosen to determine the rotor initial

positioné{ , then we have:

6, =tan* P, /P,) (4.23)
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where:
R _(Psin(,))_(-1/2 —/372) (VY% @2
P, Pcos(¥, ) 1 0 v;y ~ Vg

In applying equations (4.19) to (4.24) togethehwiteasured voltage diﬁerencezgy(— V) and
(v;y —V,), @ unique value fod, is obtained in the zero to 360 electrical dega®ge. The
initial rotor positiond , however is either equal 6, /2 or &, /2 plus 180 electrical degrees.
The purpose of steps (b), (c) and (d), listed absv determine whethe! is equal to8, / 2

orto (6, +2m)/ 2. The phase pair combination to be selected in(&ephould be according to
the following:

CAif 0°< 6,/2<60;

CBif 60°<6,/2<120;and

ABif 120 <6,/2<180.

During step (c) the PWM duty ratio is deviated fr&®% just enough to allow a small but

measurable change 6h. If & increases then it can be deduced #at g, /2 otherwise it is

concluded thafl =(8, +2m)/2.

Step (f) is about choosing the optimum phase maiiiritial movement in the right direction.

This can be done according to table 4.1. For exaripthe motor initial position is between

60 and120 and backward rotation was desired, then the pbaiseo be energised should be
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BC. After the first commutation event, performeccading to step (g) above, subsequent

commutation control is carried out by executingalgorithm in figure 4.6.

Initial position estimation as per step (a) to (d) section 4.4

Calculate P using eq (4.19) or (4.20) or (4.21)

Start rotation as per steps (f) and (g) section 4.4

no- Ll

4
Inductance difference for first

commutation reached?

<

L}
yes

Perform next commutation
Reset commutation timer

no q yes
/V
Equal inductance position reached?
yes

Store time (x) elapsed between previous commutation and
equal inductance instant

no »

Commutation timer reached 2x?

Figure 4.6: Commutation Algorithm Based on the Bdp@ductance Method
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45 Test Results

BLDC commutation based on the equal inductance odetvas implemented and tested using an
8 pole 12V / 2A motor (rated speed 2400 rpm). Thmmutation algorithm was implemented

using the 56F8013 digital signal controller.

As shown in figure 4.7(b) there is good agreemetiben the standstill rotor positions deduced
by solving two of equations (4.19) to (4.21) (shoimnfigure 4.7(a)) and the actual rotor
position. This is in spite of the existence of aaBnimbalance in phase inductances. The
maximum deviation between actual position and estioh position was found to be 1.4

electrical degrees.

Estimated Position @ [el. rad]

Estimated Position
_1 | | | | | | |
0 pi 2*pi 3*pi 4*pi 5*pi 6*pi T*pi 8*pi
Rotor Position @ [el. rad]

Figure 4.7(a) : Estimated Rotor Position (360° Methal)
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0.02

0.015+ A

0.01+

0.005 - B

-0.005 H B

Position Error [el. rad]
o

-0.01+ A

-0.015+ A

Position Error
_002 L L L L L | |
0 pi 2*pi 3*pi 4*pi 5*pi 6*pi T*pi 8*pi
Actual Position @ [el. rad]

Figure 4.7(b) : Position Error (360° Mechanical)

Figure 4.8 shows oscillograms of phase A voltagg)( phase A current, thequal inductance

flag and thecommutation flagThe control software operates such thateitpgal inductance flag
changes state whenever the rotor passes througisitiop where the energised phases have
equal inductances. Thus, as expectedethal inductance flaghanges state every 60 electrical
degrees. By design tlmemmutation fladags the equal inductance flag by 30 electricgreles.
The waveforms in figure 4.8 confirm correct comntiolds since commutation events occur
every sixty electrical degrees and disturbancehefrton-commutating phase current is small.
Figure 4.9 confirms that the equal inductance nekthvorks well at higher current and higher
speed. Please note that the presented waveforrergag(in figure 4.8 and 4.9) is identical to

the legend entries sequence.
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Figure 4.8 : BLDC Commutation using the Equal Indace Method (139 r/min)
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Figure 4.9 : BLDC Commutation using the Equal Indace Method (630 r/min)
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The equal inductance method is used to pre-deterallcommutation instants except the first

one. Thefirst commutation flagdisplayed in figure 4.10, is set when the voltdiference (left

hand side of equation (4.19) or (4.20) or (4.2&3ches the pre-calculated value/_'o‘PIZ. The
test results in figure 4.10 confirm correct openatof the proposed starting method since the
timing of the instant of the first commutation eteletermined by thérst commutation flags
consistent with the timing of subsequent commutegieent which are determined by the normal

commutation flag

- o e m"rm‘

e Yt W + i i
L [l e e o o A o ooyl -
Lt ST 0 b 0 i e o) L il s et 4 el A s
= r‘V—‘“‘H’W‘—‘Wwf"—’)—\”‘l\"“‘ywr““—w'}m‘—"‘rrr‘v‘!“VW(“W“T"%"”M"‘N\P—(‘“\MMWWvWf"!’“b/u«“‘?‘-w«‘f

I
b — A ) e -

Phase A Voltage (vay, 6Vv/div) | |

Equal Inductance Flag
—— - Commutation Flag
— - - First Commutation Flag

| | |
-60 -40 -20 0 20 40 60 80 100 120 140
Time [ms]

Figure 4.10 : First Commutation Event
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4.6 Discussion

Performance of thequal inductance method best near zero speed since both positive and
negative PWM voltage pulses applied to the activesp pair are relatively wide. Under those
conditions, there is sufficient time for transietidssettle before measurements are made. Also
there is sufficient time to perform computationowéver, as speed rises either the positive
voltage pulse or the negative pulse within a PWMIleyecomes shorter and eventually there
may not be sufficient time for transients [3] tdtleeand for calculations to be performed. Thus
there exists an upper limit of satisfactory perfante of theequal inductance methott is not
possible to arrive at a general conclusion regardivs limit. It depends on supply voltage,
saliency, resolution and speed of the selectedatligignal processor and the effect of switching
noise. With a saliency ratio of 1.1 or more, 12V B@ply and a low cost DSP with 8-bit
resolution, it is estimated that performance asdga® that obtained with the back EMF zero
crossing is achievable at about 25% of full sp&®dll above that speed the back EMF method
is better, whereas well below that speed the edmdlctance method gives superior

performance. Thus thegual inductance methambmplements the back EMF very well.

The equal inductance methoid based on voltage measurements made as voltdgespare
applied to active winding pairs during bipolar ogt@n. There is no practical advantage in
adapting the method to unipolar operation. Wittpaldr operation, correct measurement at very
low speed is not possible because the voltage puitit is too short. Thus adapting thqual

inductance methotb unipolar operation will not result in a techiégthat complements the back
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EMF zero crossing method. If unipolar operatiomprisferred for normal motor operation, it is
recommended that the motor is started under bippgaration and thequal inductance method
up to a minimum speed. Above that speed, operatiarbe changed to unipolar with back EMF

zero crossings used to determine commutation itsstan

The equal inductance methdtas been found to perform very well with motorsihg surface
inserted magnets. However, the method can be amesidor motors with fully buried magnets.
Qualitative analysis suggests that these motorsldvexhibit inductive saliency due to the

cumulative effects of rotor geometry and eddy autsénduced in their permanent magnets.

4.7 Conclusion

A low cost saliency based sensorless techniquBlE®&C motors has been proposed, physically
implemented and tested. It offers performance ithagual to that obtained by systems relying
on low resolution physical devices such as Hallseesn Rotor position is deduced from the
response of the BLDC motor un-energised phase natrabltage, measured with respect to the
negative DC supply rail, due to bipolar PWM voltgmases that are normally applied to the
other two phases. Theoretical analysis shows thistpotential difference is made up of a DC
component equal to the sum of half the DC supplyage and the un-energised phase back
EMF plus an AC component (non-sinusoidal) that exlolated by the rotor movement. In other
words the peak to peak value of the AC componeniesaas rotor position changes. The

fundamental frequency of the AC component is etudahe PWM frequency. The envelope of
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that AC component is represented by the waveforinfgare 4.5. It was found, from the
theoretical investigation, that a zero peak to pesle of the AC component corresponds to a
rotor position that is thirty electrical degreesagvfrom the next ideal commutation position.
That rotor position is also the one where the émedyphase windings have equal inductances.
Hence the adopted sensorless commutation contrdhothiehas been termed the ‘equal
inductance method’. Further theoretical analysmasd that the peak to peak value of the AC
component depends only on the DC supply voltagethadsaliency ratio. In other words the
position of equal inductance deduced from voltageasarements at the un-energised phase
terminal is insensitive to operational parametehsas load current and circuit parameters such

as winding resistance.

It has been demonstrated that with sufficient aalje standstill rotor position can be determined
from the same measurements made to determinegsitif equal inductance. The necessary
phase winding energisations during those measutsmmeay lead to some back-rotation. But
this has been found to be less than a mechanigatel@nd is therefore considered negligible.
Once the initial rotor position has been determjried optimum phase pair to be energised can
be selected. Voltage measurements allow the rasitipn for the first commutation event to be
identified, subsequent commutation instants beirgrdetermined by the ‘equal inductance

method'.

The back EMF method of commutation control reliesdetection of zero-crossing instants of
the back EMF signal from the unenergised phasedtbeen shown that the instant at which the

rotor reaches the equal inductance position co@scigith the zero-crossing instant of the back
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EMF of the unenergised phase. There is, therefoctgse parallel between the equal inductance
method and the back EMF method. For operation avewide speed range it may be
advantageous to operate using the equal inductawetbod at low speed and the back EMF
method at high speed. The close parallel betweertvibh methods makes it easy to implement
changeover strategies from one to the other asniter speed crosses the chosen boundary

between low speed and high speed operation.

As pointed out in section 2.1.2 other researchave lused saliency as a basis for rotor position
detection. However, the literature review carriad the author revealed that all techniques
proposed before this thesis project were basedplici injection of signals for the purpose of

using saliency to determine rotor position. In cast the new method proposed in this

dissertation relies on information extracted fréva hormal currents and voltages of the motor.

In summary théequal inductance methods easy to implement, is very cost competitive and
offers commutation and starting performance equéhat obtained with Hall sensors. Also, its
close parallel with the back EMF method allows dessichangeover to that method at high

speeds.



Chapter 5
Sensorless Commutation of Printed

Circuit Brushless DC Motors

5.1 Introduction

The technique proposed in chapter 4 termed thealdgductance method’ offers commutation
control and starting performance equal to thatiobthwhen using Hall sensors. However, the
method applies to nominally symmetrical machinethwiigh enough phase winding time
constants. This chapter is about sensorless coatioutof a class of motors which is
characterized by significant asymmetry and relétivew phase winding time constants. The
motors in question are axial flux machines witmiess stators that may be wound or made up

of printed circuits. The basic reason for the aswytmnis that the three stator phases are stacked

114
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with each one of them located at a different adiatance from the rotor. The low phase time
constant is due to the iron-less nature of theostdthe focus in this chapter is on the printed
circuit version of the motor. A new sensorless caration technique has been developed,
which is effectively a generalization of the origily proposed equal inductance method. The
theoretical basis behind the technique and prdatésalts demonstrating its effectiveness are

presented.

5.2 Characteristics of Test Motors

As illustrated in chapter 3, figure 3.6, the testchiines used for this thesis project had each
phase winding on separate substrates. On eaclragebthere is a multilayer printed circuit
which is essentially a set of spirally wound céileming one phase of the stator.

The three substrates are nominally identical. H@wvekie magnetic axes of each substrate are
displaced from those of the other substrates byel@€trical degrees. Details of typical printed

circuit stators were provided in chapter 3.

Two different test motors with identical rotors weused. They were both of four-pole
construction. Each substrate of both motors wasenugdof 8 winding layers. For test motor 1,
the spirally wound coils were arranged so that toegned two series connected groups, each
group made up of the parallel connection of hadf tittal number of coils. For test motor 2, the
coils were arranged so that they formed two pdratienected groups, each group made up of

the series connection of half of the total numidesails. Thus, although the two test motors had
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practically the same winding time constant, theugtdnce and resistance of test motor 2 were
higher by a factor of approximately 4. Phase rasi=ts of motors 1 and two were, respectively,

0.089 ohm and 0.362 ohm.

Motor inductance characteristics are of primary oni@nce to the sensorless method being
considered. Figures 5.1 and 5.2 respectively sha@asored self and mutual inductances of
motor 2. As expected the self-inductance of thelséhed or middle phase, which is phase
different from the self inductance of the other f@ltases. The two outer phases, that is phase
and phase, have the practically equal self-inductances. Tdeigtances of test motor 1 behave
similarly, except as expected they are signifigasthaller. As will be explained later motor 2
turned out to be a better choice because of itsenignductance. Hence it was used for most of
the subsequent tests that were carried out.

32

3L
30+
29+
28+
27t

26

Self Inductances [uH]

25+

24+ -
Derived L__ Cos Function, Measured L__ (*)
aa aa

23+ E
—  Derived Lbb Cos Function, Measured Lbb (+)

22\ — — Derived LCC Cos Function, Measured LCC (0)

1 1 1
0 pi/2 pi 3/2*pi 2*pi
Rotor Position 9 [el. rad]

21

Figure 5.1 : Self-inductances of Test Motor 2
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Mutual Inductances [puH]

Derived L_, Cos Function, Measured L_, (*)
ab ab
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— - Derived L__ Cos Function, Measured L__ (0)
ac ac

1 1 1
0 pi/2 pi 3/2*pi 2*pi
Rotor Position 9 [el. rad]

-18

Figure 5.2 : Mutual-inductances of Test Motor 2

Each set of three phase measurements of self anéihmductances were taken for a fixed rotor
position relative to the magnetic axis of phasé@& small sinusoidal current (50mA @ 20kHz)
was injected into one phase while the other twosphavere left open-circuited. The injected
current and the three line to star-point voltagesewecorded. From the measurements, effective
self-inductances and mutual inductances were etmlu#\s stated in chapter 3, it should be
pointed out that the self-inductances and the nhiridaictances are only effective values rather
than actual values because they incorporate tleetedf eddy-currents in permanent magnets

and the rotor iron.

Electrical machines that exhibit saliency and twat symmetrical may be analyzed using the

well established two-axis theory. Equations (5dY8.6) below are modified versions of the
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classical equations that are based on the two-#dery. The maodifications allow for the
asymmetry that is characteristic of the class ofhives under consideration. The teriis,,
ALso, ALmp andAL,, that appear in the equations represent the negassdlifications. For test
motor 2, in pH, L=27.82; L=3.08; ALs=0.27; ALs7=6.46; Lno=1.14; L,x=2.76; AL,0=3.15

andAL,=0.36.

L. =Ly +Lycos( &) (5.1)
2T
Ly, = (Lo +ALg) +(Lo—AL SZ)cos( 29+?j (5.2)
L.=Lgot Lgco{ 29—2?”) (5.3)
2ir
L, = Lba:—Lm,+Lnﬁcos( 29—?j (5.4)
L. =Ly =L+ L ,c08 D) (5.5)
2ir
Lea = Loe=—(Lyo—AL o) +(L o —AL nz)cos( 29+?j (5.6)

5.3 Determination of commutation positions

Figure 5.3 represents the printed windings of a BuBotor connected to a three-phase bridge.

The commutation intervals are defined in table BHe rotor is considered to be at zero angular
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position when its g-axis lines up with the magneti¢s of stator phase The d-axis of the rotor
coincides with the magnetic axis of its permaneagnet.

During normal operation the inverter transistors switched in turn so that the phase windings
are energised cyclically in accordance to table Bat commutation interval AB, for example,
transistors T*, Ta, Tg* and & will be pulse width modulated whereas transisiig'sand T

will be kept off.

D’ o Dg* Dc*

ia | Current
" Sensor
2 b ib | Current
e Sensor
N’ Current
Sensor
Da Dg” D¢
S LA T e EANE SR e AN
Ny K Kh
] ] ]

Figure 5.3 : Inverter Bridge and Stator Winding

Table 5.1 : Commutation Intervals

0 /3 | 2n/3 T 4n/3 | 5n/3
Rotor position range (electrical radians) | to to to to to to
/3 | 2n/3 s 4/3 | 5n/3 2n

Energised phase pair CA CH AB AC BC BA
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As for the equal inductance method presented iptehad, bipolar pulse width modulation
(PWM) is assumed. The selected PWM frequency wddH20 This means that a relatively large
number of PWM cycles fits into one commutation imé. During interval AB, k" and T are
normally turned on for a longer portion of the PV@eriod to achieve a positive average fgr v
Conversely during interval BA, T and " are normally turned on for a larger portion of the
PWM period to achieve a negative average valuevfprVoltage v is defined in figure 5.4.
Assuming conduction takes place through two leghefinverter, there would be six states that
the inverter could be in. These are labelléd, &'a, b'c and ¢b, ¢'a and dc. For example
during state @, transistors 1" and T~ are turned on. Figure 5.4 shows the motor equitale

circuits for inverter stateskiand Ba.
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X X
A A la A A [
R R
Va T Ea Vb T Eb
~ Lac Lbc
s N = s N =
Laa %Lw Lob V}})LC"
Vi — Vi -
pe ;— E. AN - r E. AN
| |
Leo 27 R Leo X7 R
Lab=|-ba S Lba=|-ab S
Cc Cc
N N
> ' >
| 7 | 7/
L 7 L 7
ij Loc J}j Lac
Loo N = Laa N =
v ch v |_ca
Vb l Ep Va l E.
R R
v H v H
| 1
y b y a
Vap= Va- Vp

Figure 5.4 : Equivalent Circuits for Inverter Sttt and Ba

(Switching Device Voltage Drop not shown)

It can be shown [11] that during inverter stalie:a

+ :h*_( I‘bb_ Laa+ 2Lca_ ZLij( di ajJr +i_; d ( Lbb - Laa+ 2Lca_ 2ch)
2 dt 2 dt
(5.7)

Vey 5

_(Ea+ EE—ZECJ
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d -2L

d. . [Vdc_i; (I?a+|d—:b ab) _Ea+ Eb_2Vt+_2ia+ Rj
&) -

dt ( I?a + Lbb - 2Lab)
Similarly during inverter state*a:
Vv - Vdc +( I-bb_ Laa+2Lca_ 2chj(dl aj_ + I a_ d(Lbb - Laa+2Lca_ 2ch)

oy — A A

2 2 dt 2 dt (5.9)
_( E.+E -2 Et)
2
L —-2L

d - (_Vdc_ia_ d(|?a+d:b ab)_Ea-'- Eb_zvt__Zia_ Rj
( 'aj = (5.10)

dt ( Laa + Lbb - 2Lab)

In equations (5.7) to (5.10), superscript ‘+' desovalues sampled while the inverter is in state
a'bbwhereas superscript ‘-’ denotes values sampledevihi inverter is in stat€d. The values

of currents and voltages referred to in equatiéng) o (5.10) are sampled within a single PWM
cycle. Total switching device voltage drop is dexdbby 2y for inverter state & and by 2y

for inverter state 1a. It is reasonable to assume that rotational badk€E, E, and E remain

unchanged during a PWM cycle.

If, as shown in figure 5.5, voltage is samplechatgame level of winding current during inverter

state &b and Ba, we can deduce, from equation (5.7) to (5.10); tha

— + -
Voy ~Vey = Ve S e W (5.11)
Laa + Lbb - 2Lab
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vdc[(ALSO+2ALmO)+x/§(L§+ 2L ,) co{ Z’+5érj—(ALg+ AL ,) co(s e+2;7ﬂ 5.12)

{(2L50+2LW+AL50)+(L52+2LHQ) co{ 29+;[)—AL§ coE; e+2;7ﬂ

Equation (5.11) is based on the reasonable assamftat |V- v;| is much smaller thanyy
Also inspection of equation (5.7) and (5.10) resehht, theoretically, making'iequal to

results in complete insensitivity of the measureliage difference to phase resistance.

Threshold current Voltage across energized
winding pair

Current

Figure 5.5 : Voltage Sampling Instantg @nd t)

Figure 5.5 illustrates the fundamental differencetween the equal inductance method
introduced in chapter 4, and the method proposehlisnchapter. Voltage.yis first sampled at
time instant § during inverter state’d. The current 4, also sampled at't is termed the

threshold current. In practice, to avoid errorsoasged with ringing caused by parasitic
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capacitances and inductancgsnust be sufficiently delayed from the instant ttreg inverter
changes state. Voltage, s then sampled af,tat which instant currenf must be equal to the
threshold value recorded at.tin contrast, with the equal inductance methgdand t were
chosen to be in the middle of the applied voltaglsgs, the implicit assumption being that the
winding current was practically equal at those ingtants. This assumption is only true if the

winding time constant is long compared with the P\#iod.

In practice identification ofstis carried out by continuous sampling @f &nd the winding
current before the latter crosses the thresholdentirEach current sample is compared with the
threshold current. When the sampled current godswbéhe threshold current, sampling is
stopped, & is deemed to have been identified apdis taken to be equal to the average of the
last two samples of.y

While equations (5.11) and (5.12) are applicablenwphasec is idle, equations (5.13) and
(5.14) apply when phaseis idle and equations (5.15) and (5.16) apply whieaseb is idle.

Vay+ - Vay_ = Vg LCC - Lbb ’ 2Lab_ e = (5-13)
Lbb + Lcc - 2Lbc

T 2
v oy =V"°[( ALy, =28L,) +3(Lg + 2L ) CO{ ? 2)+(AL2+ AL ,) c‘{s 6!+3ﬂ (5.14)
ay ay
{(2L50+2LW+AL50)—(LSZ+Z_"2) cod B)-AL, co% Q+2:;Tﬂ
+ - Laa_Lcc+2L C_ZI— a
Vo — Vo = vdc( il —b2L bj (5.15)
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T
VeeV3(Lg +2L,,) co{ Z’+6j (5.16)

+ i
Voy ~Voy =

y

{(2L50+2Lm0— AL, )+(Lo+ 2L o— AL ) co{ g_ﬂ

It is now shown that there are unique relationsbigtsveen the phase voltage differences defined

by equations (5.12), (5.14) and (5.16) and the cotation positions given in figure 5.6.

Commutati

Voltage [V]

I
) I
I I
I I I
I I I
| | | * A th ical
| | | — -
a4l | | ! vby vbyt eoretical | |
| | | + - .
I I || mm——— V. -V_ theoretical
-5+ | | I jy ay |
| | | ——— vV i
| | | ch ch theoretical
6 | ‘ | | ‘
0 pi/2 pi 3/2*pi 2*pi

Rotor Position 9 [el. rad]

Figure 5.6 : Relationship between Voltage Zero €irgs and Commutation Positions

Equation (5.16) will be considered first. Witk vequal to v, we have:

co{ 29+§j - 0 (5.17)
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Within the range from 0° to 360°, the solutionsetpuation (5.17) are 30°, 120°, 210° and 300°.
Those four solutions appear in figure 5.6. It isatl that two of the solution®=120° and
6=300°, are not applicable to the detection of thmmutation instant because at these positions
Vpy is not being measured. On the other hand, as shovigure 5.6, v, is being measured
during commutation intervals CA or AC. The pointsvhich w," equals y, occur in the middle

of those intervals respectively 8£30° and at9=210°. This means that by monitoring the
voltage of the b-phase while the other two phasesaergised, the next commutation instants
can be determined. It is clear from figure 5.6 tiidhe motor is going through commutation
interval CA and AC, the next commutation positignthirty electrical degrees away from the
position when (" - W) is equal to zero. It is interesting to note tthet position at which

is equal to y; is also the position wheredis equal to L. This is due to the fact that the middle
phase, which is the b-phase, is symmetrically st relative to the other two phase
windings. So detection of commutation positions letouter phases a and ¢ are energised

resembles the standard equal inductance methogté&hg.
Determination of commutation positions at the efic@ammutation intervals AB and BA is

based on the solution to equation (5.12). Samflesltage v, are taken until " is found to be

equal to v, . Under that condition equation (5.12) reduces to:

(ALSO+2ALm0)+x/§(L§+Z_n2) co{ 29+%7Tj—(AL§+ aL ) c{s Q+2_;Tj: (5.18)
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The solution to equation (5.18) is given by:

sint (-AL,-2AL,,)
(\/5 -(L,+2L,,)+(AL g+ 2AL ) T+ “3(L g+ A ) +(AL o+ AL )Y
6=0= \/ ( 2 2] [ 2 ] (5.19)
_3( Lot 2Lm2) +(AL52 +20L mz)
I G s
[@[—(Lsz+2Lm2)+2(ALsz+ 2ALmz)j]
2

Similarly determination of commutation positiongtta¢ end of commutation intervals CB or BC

is based on the solution to equation (5.14). Sasnpieoltage y, are taken until " is found to

be equal to y. Under that condition equation (5.14) reduces to:
V4 2
(-AL, 201, ) +V3(Lg+ 2L ,) co{ Z’—E]+(AL ot AL ) co(s a+?] = (5.20)

The solution to equation (5.20) is given by:
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sin™ (+AL,, +2AL, )
J[@[(LZLW)(ALMD[(ALZAL)]
=p= ° 2 (5.21)
0=p= .
tan® 2
({121,200 20) )
) 2

The angular positions at which equations (5.18) &n2D) are satisfied are shown on figure 5.6.
Equations (5.19) and (5.21) emphasize that thosstigs are independent of operating
conditions. Since the positions at which equati(®48) and (5.20) are satisfied are fixed,
measurements ofyand \, can be used to determine commutation positionferReg to figure

5.6, during commutation interval AB or BA, the commiattion controller can be programmed to
carry out the next commutatiohl/3 - §) or p radians from the instant when equation (5.18) is
satisfied. Similarly during interval BC or CB, themmutation controller can be programmed to
carry out the next commutatiobl/3- p) or & radians from the instant when equation (5.20) is

satisfied.
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5.4 Initial Position Detection

Determination of initial position by the equal irance method (presented in chapter 4) is
entirely based on on-line measurements. The cdéetrdbes not have to rely on stored motor
data. However a basic assumption is that motoyrigrgetrical. In the case of a motor that is not
symmetrical it is impossible to determine the alitiotor position solely from measured voltages
such as those defined by equations (5.12), (5.44)(8.16). One solution to the problem is to

pre-load five motor constants into the controll@mory.

These are:
_ V3(L, +2L,,) : (5.22)
to(2Lg+ 2L, 2AL )
- \/§(Lsz + 2I-mz) ) (523)
? (2Lg+ 2L, +AL)
k, = (ALSZ + 2ALmZ) ; (524)
(2L + 2L, +ALy)
_ (ALSO +2ALmo) and (5.25)

to(2Lg + 2L, +AL)

k, = 8 which is defined in figure 5.6. (5.26)

Motor constants #o k, are coefficients from the right hand side of equmet (5.12), (5.14) and
(5.16). They are derived under the assumptionttt@tosine terms in the denominator of those
equations are negligible. Figure 5.7 compares vemmesd calculated using equations (5.12),

(5.14) and (5.16) with and without the cosine temmitie denominator.
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Voltage [V]

+ - .
41 — Yoy by 0 (constant denominator) | 4
+ - .
5l ——— Vay Vay’ + (constant denominator) | |
+ - .
----- V. -V, X (constant denominator
6 cy ¢y ( ) i

1 1 1
0 pi/2 pi 3/2*pi 2*pi
Rotor Position @ [el. rad]

Figure 5.7 : Voltage Difference Waveforms (full atjons and simplified)

It has been found that neglecting the cosine tezadd to a maximum starting position
estimation error of 4 electrical degrees. It does mowever contribute to any error in the
determination of commutation positions after start-since at the “zero crossing” positions, the
error disappears. There is a possibility to avhid error, by implementing bi-dimensional look-
up tables representing equations (5.12), (5.14) @nt6) in discrete from. If the acquired
voltage samples are properly scaled, they defiaentlices to directly access the look-up tables.
Doing this the method will lose some flexibility twvould still keep the computation burden to
an acceptable level. However the pre-operativeatjpers to generate and link the look-up tables
will be significant. This possibility has also begrsted, but not further considered, due to the

above mentioned drawbacks.
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Motor constants & k, and k are coefficients of the cosine terms in equati@6), (5.12) and

(5.14) respectively. Motor constant;, ks the first bracketed term of equation (5.12).eTh

determination of constantgto ks off-line and their pre-loading into the digitalrtooller greatly

reduces the computational burden during on-linecutations. Experimental methods to

determine the motor constants are presented inehapSensitivity analysis can be carried out

based on differences between predicted values aagured values.

Assuming the rotor is initially at standstill, dtaip would consist of the following steps:

a)

b)

d)

)

Determine, by solving any two of equations (5.18)14) and (5.16), the two possible
values forg;, the rotor initial position.

Identify the phase pair that on energisation wilyide the maximum driving torque.
Energise the selected phase pair ufitichanges by a small (typically less than one
mechanical degree) but measurable amount.

Depending on whethéd is increased or decreased in step (c), deterrmmadtual value of
0;.

Identify the phase pair and polarity that will pide maximum driving torque for rotation in
the desired direction.

Energise the phase pair identified in step (e)iaitiite commutation to the next phase pair
when the value of the measured voltage differeaaelhres the value specified in table 5.2.
Activate the normal commutation algorithm straigfter initiation of the first commutation

event.
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Table 5.2: Value of sensed Voltage Differencesiat Eommutation Positions

Phase pair Voltage Voltage value at first Voltage value at first
first energised difference commutation position commutation position
as per step (e sensed (forward) (reverse)

v, =V
CAorAC | X2 klsin(S—ﬂj klsin(zj
\Y 6 6
dc
v, -V
CBorBC | 2>*—2 -k, + klcos(S—nj +k, —k, + klco{fj— k, co{z—ﬂj
V. 6 6 3
v =V
ABOrBA | ¥ 9 | K+ klcos(s—ﬂj ~k co{z—ﬂj K, + klcos(zj -
v, 6 3 6

As in the case of the standard equal inductanceadestep (a) requires at least two phase pair
energisations to be carried out with 50 percent PW cycle to avoid rotation. Any two of
the six possible phase pair combinations coulddsel.UA third one can be used for verification
purposes. If, for example, phase pair AB and BCewsesed equations (5.12) and (5.14) would

apply and we would have:

6, =tan™ (%} (5.27)

[

2] otz G )ewan( ) ook Ghw b1 ]y

Pl 2, fy-
COS( I) k2 - kssln(z?ﬂ-) k?. 00{2_;7-] Vay Vay +k4
Vd

Cc
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Equations (5.27) and (5.28) define a unique vatred§ in the zero to 360 electrical degree
range. The initial rotor positio, however is either equal 8/2 or @4+2r)/2. The purpose of

steps (b), (c) and (d), listed above, is to deteemhetheB; is equal tdy/2 or Oq+2m)/2.

The phase pair combination to be selected in §fephould be:

CA if Os%d<n/3;
. 4 _
CB if n/3s3d<2n/3, and

AB if 27T/3S%d<ﬂ-

Step (c) requires the PWM duty ratio to be devidteth 50% just enough to allow a small but
measurable change in rotor position. It can be dedithat; = 642 if 6 increases, otherwidg =
(Bg+2m)/2.

Step (e) is about the choice of the first phasetpade energised. This can be done with the help
of table 5.2. For example, if the rotor initial gam is between 120° and 180° and backward
rotation was desired, then the phase pair to begiseel should be BA. The first commutation
event is performed according to step (f) above sutisequent commutation is carried out as

described in section 5.3.

The procedure for the determination of the inigakition has, by design, very much the same

structure as the one presented in the previougehap
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5.5 Practical Investigations and Test Results

Equations (5.12), (5.14) and (5.16) form the basithe sensorless technique proposed in this
chapter. Figure 5.8 represents experimental vatifin of those equations. Tests were done
with the rotor held stationary at a known angulasifpon. While at that position phase pairs AB,

BC and CA were energized in the normal way throtinghinverter and with a PWM duty cycle

of 50%. Voltage differences as defined by equat{srik2), (5.14) and (5.16) were measured and
graphed against rotor position. Simultaneous sanmgplias carried out at 500 kHz. The voltage
transducer was a simple resistive voltage dividgreement between measured and predicted

values was found to be within 3.5%.

Voltage [V]

v .
s —_— be_vby theoretical and measured (0) |

I V' -V theoretical and measured (+) | |
- ay ay

———— V' -V theoretical and measured (x)
cy cy 4

| | |
0 pi/2 pi 3/2*pi 2*pi
Rotor Position @ [el. rad]

Figure 5.8: Experimental Verification of Equatiat’, 14 and 16 (on motor 1)
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Figure 5.9(a) shows the estimated positions. Esitimadf rotor position is part of the motor
starting process and is carried out by going thnostgps a) to d) of section 4, which involves
equations (5.27) and (5.28). The experimentalltesd figure 5.9(b) show that over the entire

range of possible starting positions, the maximunorebetween estimated and actual initial

position was 5.4 electrical degrees.

Estimated Position @ [el. rad]

Estimated Position
-1 | | |
0 pi 2*pi 3*pi 4*pi

Figure 5.9(a) : Estimated Rotor Position (Test M&p
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-0.1 ‘ ‘ ‘
0 pi 2*pi 3*pi 4*pi
Actual Position 9 [el. rad]

Figure 5.9(b) : Position Error (Test Motor 2)

The proposed sensorless commutation techniquedwasused successfully on a number of test
motors including test motors 1 and 2. The contigodthm was implemented using the
56F8037 digital signal controller. Figure 5.10 slkates the control algorithm. In general if X is
the time interval from a commutation instant to iti&ant of zero sensed voltage difference, the

time between consecutive commutations is giverxk{iL+y). The time multiplication factoy is

defined in table 5.3.

The algorithm has been written partially in assgmdntd partially in C language. Freescale

Codewarrior has been chosen as development suifferddt macros, as well as inherent



CHAPTER 5. SENSORLESS COM. OF PRINTED CIRCUIT BUDTORS 137

functionalities of the Freescale 56F8XXX DSC famihave been used, for example to access

the ad converter module.

Figure 5.11 shows the waveforms of the currenthafsp b captured while the test motors were
operating at 750 rpm. The current waveform providegglence of correct operation of the
proposed sensorless technique with commutationtgvaking place every 60 electrical degrees.
Figure 5.11 also shows the relationship betweemahcommutation instants and the instants of
detecting of zero voltage differences. Note that; tand § corresponds respectively to angles

B andé of figure 5.6. The higher ripple content in thereat waveform of test motor 1 is a

reflection of its lower inductance.
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Begin

Initial position estimation as per step (a) to (d) section 5.4

Start rotation as per steps (e) and (f) section 5.4

Voltage difference for first commutation reached?
(table 5.2)

¢
&

yes

v

Perform next commutation
Reset commutation timer

—no ».

yes

e Zero voltage difference reached?

yes

Store time (x) elapsed between previous commutation
and instant of zero voltage difference

no »
Y

Commutation timer reached x(1 +y)?

Figure 5.10 : Commutation Control Algorithm
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b)

Time [ms]

Figure 5.11 : Commutation under Load at 750 rpnMafor 1, b) Motor 2
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N . 4
Table 5.3 : Commutation Time Multipligr| /5 = 3 -0

Commutation interval CA or AC CB or BC AB or BA
o
vy forward rotation 1 — ﬁ
B o
, B o
y reverse rotation 1 = —
o B

It is important to mention that the first commubatis much easier than a commutation during
the running mode because the commutation take plawediately after the pre-loaded voltage
threshold (table 5.2) is reached. This is doneardivare by a dedicated interrupt subroutine,

called automatically after crossing of the pre-kdoltage threshold value.

While successful commutation and start-up wereinbtawith both test motor 1 and test motor
2, it was noted that test motor 1, because ofoiget inductance and resistance presented a
higher burden on the inverter and power supplyrdusitart-up. The technique used to determine
initial position relies on the application of whiatessentially a square wave to winding pairs
(essentially an R-L circuitand this results in a non-sinusoidal AC componarthe winding
current (rising and falling exponential). Figurd®.presents the waveform on motor 1 during
start-up. There is a need to ensure that the ewérnsistors and the DC source are rated to

supply this AC current component.
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Figure 5.12 : Motor 1 Waveforms

5.6 Practical Considerations

5.6.1 Motor Stiction

BLDC sensorless control strategies are useful astfipd in applications where no holding
torque at 0 speed is required for example in ttee ad fans and pumps. During the first two
steps of the start-up procedure, the proposed méthmot sensitive to the load conditions, since

a 50% duty cycle is applied, which does not reisudiny rotation. However in step c), if the load
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is too heavy, the rotor will not move. In ordemtieevent serious damage to the inverter, a fault /

warning signal (over current) will be automaticallgnerated.

5.6.2 Power Semiconductor Voltage Drops Compensation

Equation (5.11) which is obtained from equationg)%o (5.10), shows that voltage drop across
power switches do not have any significant inflleeas long as the difference in voltage drop
across the power switches during the two states P¥WM cycle is small compared to the DC
supply voltage. However, a part of the control &tpm is dedicated to a direct compensation of

these voltage drops, regardless of their amplitude.

The coreless nature of the machine being considereains they have relatively short time
constants. Consequently the current in the outgphagse decays to zero in the first few PWM
pulses after commutation. Generally speaking, aftenmutation, the first few pulses can be
discarded without influencing the drive performargiace the PWM frequency is much higher
than the phase winding commutation frequency. Thace of the PWM frequency is not only

important for that aspect but also from a pointviw of the sampling resolution, since, as
introduced above, the simultaneous sampling frecpués 500 kHz. If the selected PWM

frequency is too high, the resolution could sigrafitly decrease, affecting drive performance.
The sampling frequency of 500 kHz is limited by trendwidth of the DSC analog to digital

converter. Simultaneous sampling is fundamentabrider to have time consistent data to

process.
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The following list introduces the main sampling Eweristics:

» Sampling enabled 3.75 us (approximately 7.5% of P¥évlod) after commutation to
avoid “ringing”

» Three values are acquired simultaneously (for exampvi,and )

» Per definition, in the “first pulse”, the sampleg acquired “only” at time instant = 5 us
(10% of PWM period)

» The acquired value of sets the “current threshold” for “second pulsejusition

* Inthe “second pulse”, samples are taken every @nas. sampling rate)

« Sampling is stopped once the sampled (actwabosses the “current threshold”; values
of actual sampling instant and of (instant-1) asasidered and linearly interpolated to
increase precision

e Special hardware functionalities of the DSC areduskhey notably accelerate data

processing, e.g. automatic interrupt ISR call gaghold value crossing.

After having introduced the sampling charactersstitie focus is set back to the voltage drop
cancellation strategy.
Consider figure 5.13: in every pulsey(tor toer Of the applied PWM pulse) two different
intervals can be distinguished:
a) Current fast (forced) decaying through the freealing diodes. During this interval the
voltage level at motor phase terminals are pusbheges/ below (symmetrically) the dc-
rails references voltages because of the freewigpaliodes voltage drops. As the

current decays the voltage shift is reduced folignthe diode’s characteristics.
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b) “Normal” driving current. During this phasepR, of the power semiconductors

influences the applied voltage at the at motor pli@sninals

Phase Current
Level A

« 9. —==|. === Phase Current

. '
R ‘r L B o 1 Level B
' . ~

Applied Phase Voltage (vab, 5V/div) 1

______ Sensed Voltage (Vy» 1V/div) i
R Phase Current (ia, 2A/div) |
1 1 1 I
-40 -20 0 20 40
Time [us]

Figure 5.13 : Measurements on Motor 1

It is important to sample at the same level of eniri(for example “Phase Current Level A” or
“B” in figure 5.13), this way the algorithm is neensitive to the phase resistance, as already
pointed out after equation (5.12).

The algorithm is able to sense the voltage drofmott terminals of the actual energized phase
pair. A pre-process stage automatically processattiuired voltage samples, in order to
eliminate the actual voltage shift (regardles$id@ actual interval is a) or b)) having as reference

the dc bus voltage, which is sampled as well. Cquesetly the data processed by the algorithm
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are consistent with the value computed with théuak-voltage as a reference. Due to this easy
pre-processing step there is no need to modifyoditlye presented equations, giving full system

stability also if a low cost semiconductor presegt large value of iR, is used.

If the voltage shifts (on the motor terminals) beeconsidered as dc-bus voltage ripple, the pre-

process stage can be considered as a dc-bus capiellation stage.

5.6.3 Computation Burden and Speed Range

During rotation, multiplication factor is used (Table 5.3 and Figure 5.11). This wayDB€ is
not loaded with “heavy” computations, since the tiplitation factors are determined off-line
based on equations (5.19) and (5.21). An onlinepeation would not be possible with the
proposed DSC, since the MIPS (Million instructiqgges second) value is too low. Solution of
equation (5.28) is relatively easy and is performadine only at start-up when there is ample
time to do so. It has been proven that the methoksvwell from zero speed to hundreds of
rpm. Beyond a few hundreds of rpm, there is alvihgsoption of shifting to the back EMF zero

crossing method.

The constants ;kto ks (equations (5.22) to (5.26)) and the differentcdige trigonometric

functions (as indexed look-up tables) are as welloaded onto the controller. As stated above,
equations (5.12), (5.14) and (5.16) are definitely heavy to be solved in a closed form (also
during the initial position detection, where thare no timing problems). The author was forced

to find a way to substantially reduce the compatedi effort. The simplification can be seen in
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Equation (5.28). This way the computation burderiiced to the minimum (not far from what

is needed in the method presented in the previoagter).

5.7 Conclusions

Whereas the previously proposed equal inductantkeardor sensorless commutation of BLDC
motors is restricted to machines that are desigogae symmetrical, the sensorless technique
presented in this chapter has been proven to wenk effectively for an increasingly important
class of non-symmetrical motors. These are mufgded printed circuit or wound axial flux
motors, with ironless stators, where the threers¢paingle phase layers are stacked so that they
are located at slightly different axial positionis. the case of the equal inductance method,
commutation control, except for the assumptionhoéé-phase symmetry and relatively high
phase winding time constant, does not rely on amywkedge of the motor parameters or the
value of DC supply voltage and current. In contriiet more general technique being proposed
requires values for the DC supply voltage and cdresd five other dimensionless constants
which are known functions of the motor self and waltinductances. The dimensionless
constants have to be pre-loaded into the motoralert and this is a disadvantage compared to
the case of the equal inductance method used witimgtrical motors. It is also assumed that
the preloaded dimensionless values remain congtemighout the operating life of the motor.
This is a reasonable assumption for mechanically thermally well designed motors that
operate within their ratings since the pre-loadatlies are only dependent on motor geometry

and the magnetic and electric properties of therrot
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In common with the equal inductance method, the matation position determined by the
proposed technique is insensitive to operationaamaters such as load current and circuit
parameters such as phase resistance. The techisiqaleo cost competitive and it offers

commutation and starting performance equal todhtdined with Hall sensors.



Chapter 6
Stator Eddy Current Losses in Printed

Circuit Brushless Motors

6.1 Introduction

Eddy-current losses in the conducting tracks aftpd circuit stators of brushless motors may be
significant for cases where tracks are relativelyenand speed is high. This chapter presents a
numerical technique that will allow estimation og$es due to eddy currents flowing within the
tracks of a printed circuit stator. It is basedaomybrid between 3-D finite elements analysis and
2-D finite difference. Estimation of this componeftpower loss is an important part of the
stator design process especially if high speedabiperis intended. Stator power loss, of which

eddy current loss may be a significant part, detemthe stator operating temperature which

148
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has to be kept below a safe level to avoid thegmaltluced damage and life reduction.
Experimental validation of the proposed model isdobon measurement of the parasitic braking
caused by the induced currents. This validatedniqale is fast, reasonably accurate and its

computing resource requirements are very modest.

6.2 Characteristics of Test Motors

A prototype three-phase motor rated at about 2Gswaer krpm was used to validate the
electromagnetic model specially developed for mtéah of eddy current losses in the stator. An
exploded view of the motor was shown in chaptdigbire 3.6. Axial lengths of the rotor disks,
permanent magnets and mechanical air-gaps arecteghe4 mm, 4mm and 0.3mm. The stator
is made up of a stack of three printed circuit deaihe printed coil shape that designers can
choose includes, for example, the rhomboidal aud the mixed parallel and radial coil. It will
be clear in the next section that the numerical ehditting suggested for working out eddy
current loss is applicable to any printed coil hafhe coil shape used for the machine’s stator

is shown in figure 6.1.
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Figure 6.1 : Coil Shape used for the Machine’s@té.4 mm Track Width)

Each substrate was made up of two layers of trdckck dimensions and other stator
information are given in table 6.1. Each printegelaof the stator belongs to only one phase and

the coil pitch is equal to the rotor pole pitch.
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Table 6.1 : Test Motor Details (inner radius = 8 nomter radius = 25 mm)

Track Width
Stator Axial Thickness
(Base Cu = 3m) Comments
[mm]
[mm]

1 1.6 Single phase test

1 4.8 Full stator test
2.4 1.6 Single phase test
2.4 3.2 Dual phase test
2.4 4.8 Full stator test
3.7 1.6 Single phase test
3.7 4.8 Full stator test

The presented eddy current modelling method isiegdde whether printed circuit layers are
shared among phases or belong to a single phadhislriest motor the two printed layers
making up one phase reside on one substrate. 8inplinted layers belonging to the other two
phases reside on two other separate substratesthiide substrates are nominally identical.
However they are displaced circumferentially sa thair magnetic axes are separated by 120
electrical degrees. The printed circuit test motor be operated as a brushless DC motor or as a

synchronous motor.
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6.3 Eddy Current Modelling

This section presents a formal definition, basedviaxwell laws, of the eddy current problem
being investigated. The simplifying assumptionst tivare necessary to arrive at a practical
solution to the problem are explained. The maipeets of the proposed solution procedure are

also presented.
6.3.1 Formulation of the Eddy Current Problem
In general the determination of eddy currents ggaréed as a quasi-static problem and requires

the simultaneous solution of three of Maxwell's &tjpns together with the constitutive

equations for each material within the domain ¢ériest. The equations to be solved are given

below.

curl H=J (6.1)
div B=0 (6.2)
curl Ez—a—B (6.3)

ot

B=pH (6.4)
J=d+ L +J (6.5)
I=oE (6.6)
Jn=curl M 6.7)
where:

H is magnetic flux intensity;
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J is current density;

E is the electric field induced within printed tkac
B is magnet flux density;

J is the imposed current density;

Jeis the induced current density;

Jn is the magnetisation current density;

u is magnetic permeability;

o is electric conductivity; and

M is magnetisation of permanent magnets.

The problem of determining eddy current loss dsitibn in the stator would be excessively
complex if reasonable simplifying assumptions asemade. The main reasons are the complex
geometries involved and the aspect ratios of ingmbrsub-domains such as airgaps and copper
tracks. An important assumption on which the pregomodel is based is that the inductive
effect of the eddy currents is insignificant. Irmet words the induced eddy currents have
practically no effect on the flux density distrilmt set up by the permanent magnets. In
mathematical terms. Js being removed from the right hand side of eiquat(6.5) and (6.1)
because the effect of dn B or H is insignificant compared to that gf ¥ery little flux results
from the induced eddy currents because in genbesl &re restricted to loop within a track
thickness.

Neglecting the inductive effect of eddy currentsalgples equation (6.3) from equations (6.1)
and (6.2). This greatly simplifies the problem etaefmination of eddy current loss distribution

since equations (6.1) and (6.2), together with titutive relations (6.4) and (6.7), can be solved
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as a magnetostatic problem. The magnetostatic isolutan then be used, together with

equations (6.3) and (6.6), to determine the indwtecent distribution.

6.3.2 Determination of Magnetic Flux Density Distribution

A three dimensional magnetostatic solution for th&t machine was arrived at based on the
finite element method (FEM). As shown in figure ,6s§mmetry planes allowed the full 3-D
problem to be reduced and only one sixteenth offdlegeometry needed to be considered,

following the same approach adopted in char*er 3.

0.02

Z position [m]
0.01

= 0.05
0.04

i 0.03
0.02

001
X position [m]

Figure 6.2 : FEMLAB® Model of the Rotor (Half PdRétch, inner Radius of Permanent Magnet = 11 mm)
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The ironless nature of the stator allowed a singhgnetostatic solution to be used for the entire
eddy current evaluation procedure. In other womtsature reaction is neglected and the flux
density distribution set up by the permanent magimetassumed to be undisturbed by rotor
movement or stator currents. Equation (6.8) expsesisis assumption mathematically in terms

of spatial co-ordinates é,and z.

B(r, 6, z, t) = B(r,0-wt, z, 0) (6.8)

where:

B(r, 0, z, t) = flux density seen, at time t, by an obeefixed to the stator at location ¢,z)

o = speed of the rotor in mechanical radians pesrsgc

Equation (6.8) is justified by the fact that thatet is ironless. It is also a consequence of the

assumption that flux due to eddy currents is ndgkg
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6.3.3 Induced Current Evaluation

It is well-known that if a magnetic field is statimd a straight conductor of length 1 metre
moves relative to the magnetic field then the irdlelectromagnetic force (EMF) across that
conductor is given by:

E = BysinQ.) (6.9)
where:

B, is the component of flux density that is normathe plane in which the conductor lies;

v= or = relative speed between the magnetic field Aecconductor; and

A is the angle between the conductor and the direct relative motion.

Equation (6.9) can be used to find the inducedagaltaround a conducting loop as a result of
relative movement between the conducting loop asthtic magnetic field. In order to do this,
the conducting loop should be discretised intoisieffitly small elements. Equation (6.9) can
then be applied to each of the elements. The suheafalculated induced voltages will be equal
to the loop EMF. The loop current flowing as autesf the induced voltage can be assumed to
be equal to the induced voltage divided by the lmsistance. The preceding sentence is based
on the following assumptions:
(a) The induced current does not significantly influertbe magnetic field causing the
induced voltage.
(b) The effect of the conducting loop inductance isligdgle compared to the effect of its
resistance.

(c) The conducting loop is not electrically connecteanything else.
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The proposed eddy current evaluation procedureased on the basic idea presented in the
previous paragraph. However, while for the purposk®ddy current evaluation, the stator
printed tracks may be regarded as a large numbeconflucting loops, those loops are
interconnected which means that assumption (c) el®wot valid. It will be shown that, by
application of standard circuit theory to the cdiien of interconnected loops representing the
stator printed coil, assumption (c) becomes unrsecgs

The validity of assumption (a) relies on the fdwttthe induced currents are resistively limited.
The eddy currents within the printed copper tratley, to a first approximation, be assumed to
experience a resistance which is at least twicedbistance seen by normal load currents. Thus
the eddy current path resistance would be of tderaof tens of milliohms per metre. Similarly
the inductance of the eddy current paths withiraakt may be taken to be approximately equal
to the loop inductance of a two-wire transmissiim® where the two wires are in very close
proximity. Based on this, the eddy current loopuictdnce would be of the order of one
microhenry per metre. With an estimated eddy cdrienp time constant of about 0.1
millisecond, the assumption of resistively limiteddy currents would be valid well beyond 15

krpm, which is outside the speed range of the bfprachine being considered.
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6.3.4 Stator Track Discretization

Subdivision of the printed copper track was donstesvn in figure 6.3. For clarity, figure 6.3 is
only a partial representation of the spiral shapeitl which is shown fully in figure 6.1. The
track has been split into three types of standardians which are radial, circumferential or
‘parallel’. The ‘parallel’ sections are parallelttee mid-line between neighbouring spirals. Each

section of the track has been divided into whattiesen termed ‘filaments’ and ‘segments’.

Y position [m]

Angular position reference lines ||
N

0.008 0.01 0.012 0.014 0.016
X position Im]1

Figure 6.3 : Subdivision of the Printed Copper ksac

For example, the right most track section in figr8 is divided into eight filaments and ten
segments. Filaments run along the tracks in thection of flow of normal current. A segment
runs across the track. For the purpose of evaluationduced eddy currents, the printed copper

track is represented by purely resistive grids wrspatially coincide with the filament and
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segment boundaries. The resistance of each of eclbes forming a grid is determined

according to equations (6.10) and (6.11).

Ria= Wy (otW)= Red2 (6.10)
Rib: Wf/ (Gths): Rel] 2 (6-11)
where:

Ri.= resistance of internal branch along the track;

Res= resistance of branch along the track on the eptige;

Ri,= resistance of internal branch across the track;

Rew= resistance of branch across the track on the efdie grid;
Wws = width of segment;

w; = width of filament;

t; = track thickness; and

o= electrical conductivity of track;

As long as the number of filaments and segmentsuffeiently large, the replacement of the
actual printed coil by a number of resistive giglsonsidered to be a reasonable approximation.
As shown in figure 6.3, in the neighbourhood of ¢lages of the grids there are small sections of
tracks that are not directly represented. Howeusy arror arising because of this non-
representation is insignificant because only aikally small part of the track is involved and for
each non-represented area there is an approxinmedebl area in the same neighbourhood that
is doubly represented. Node pairs at the edgedjatent grids are considered to be electrically

connected.
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The model that is being suggested is only a tweedsional representation of the printed circuit
coil. In other words the assumption is that induceddent density is uniform within the printed

track in the axial direction. This assumption istified because:

(a) track thicknesses that are being considered ageaaier than 10(m whereas the track
widths are typically greater than 1 mm;

(b) there is practically no change in the axial comporef the flux density due to the
permanent magnet over a distance of §60in the neighbourhood of the printed coil;
and

(c) the highest track thickness that is of intereshigh smaller than one skin depth at the

highest relevant eddy current frequency.

The question of sufficiency of number of filamefrtg and number of segments)(needed to

be addressed. Generally higher values; @l  leads to better accuracy but at the expense of
higher memory requirement and computation time. Gasc requirement is to ensure that n
and n are chosen such that both and w are significantly smaller than one skin depthhat t
highest eddy current frequency of interest. It b@sn quite easy to meet this requirement while
staying well under computer memory limitations. figigncy of number of filaments and
segments were verified by comparing solutions oethiusing nominal values foy and  with

those obtained when significantly higher valuesuesed.
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6.3.5 Determination of Eddy Current Loss Distribution

According to the proposed model induced eddy cisrevithin the stator printed tracks are
approximated by currents flowing in the resistivédg of figure 6.3. For clarity, it may be
assumed that the stator winding is open-circuifdlie grid currents can be determined by

standard loop analysis which is based on the fatiguwnatrix equation.

IIoop=( Rloop)_lEloop (6- 12)

where:

lioop IS the array of loop currents;

Eiop IS array of loop EMFs; and

RiopiS the loop resistance matrix

Examples of loops and the adopted loop numberistesy are shown in figure 6.4. It is well

known that construction of the loop resistance ix&rbased on Kirchhoff's voltage law.
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Figure 6.4 : Examples of Loops and the adopted IMambering System

Determination of the elements ofdsis based on equation (6.9). For each rotor pwséitd for
each loop the equation is applied four times si@eh loop is comprised of four conducting
branches. For a particular branch, the value of BBeamid-point of the branch is taken to be the
flux density for the whole branch. That value ofiBa function of the rotor position. It is
evaluated by using the FEA results. Since the F&AIlts are available in discrete form, linear
interpolation is necessary to obtain the value céitBhe mid-point of each branch. For each

branch the radius that is used with equation (i§.89ken to be the radial co-ordinate of the mid-
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point of the branch. Any element of,& is the sum of four values calculated using equatio
(6.9) taking into consideration the polarity of teculated EMFs.

For each rotor positiond, can be determined by using equation (6.10). Branctents can be
deduced from loop currents by using the loop tandinaincidence matrix A. Equation (6.13)
expresses the relationship between loop curremtbreanch currentsyhnenis the array of branch

currents.

loranci= Al loop (6 13)

The spatial distribution of eddy current loss candetermined by evaluating the resistive loss

for each resistive branch. Summation of the rasidtbsses of all the branches of the resistive

grids representing a printed coil gives the totlalyecurrent loss for that printed coil.

6.4 Theoretical Predictions

6.4.1 Effect of Track Width and Number of Turns

Figure 6.5 represents calculated eddy current flasshree printed stator substrates that were
made for the test motor of figure 3.6, chapter Be Three printed stators were nominally

identical in all respects except for the track Wwidand the number of turns per spiral.
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Figure 6.5 : Calculated Eddy Current Loss for Difg Track Widths

(for the Middle Phase at 1000 rpm)

With the widest track of 3.7 mm only 2 turns peirapare able to be accommodated on the
substrate. The number of turns per spiral for tiemtwo stator substrates were respectively 6
(2 mm track) and 3 (2.4 mm track). As expectedetthdy current loss was found to be a strong
function of track width. The induced EMF that dsvihe eddy current within the active section
of each track is, to a first approximation, proforal to track width. The eddy current loss is

proportional to the square of that induced EMF iandrsely proportional to the track resistance.
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Thus a wider track suffers more from eddy currdrsause its induced EMF is higher and its

resistance is lower.

Figure 6.5 shows that there is variation in theelexf eddy current loss as the rotor position
changes. This is specially the case when the nuofliarns is small. Each turn in the spiral may
be considered to have a component of eddy curosatthat is independent of rotor position and
a ripple component. The spatial frequencies presetie ripple component result from the
spatial harmonic frequencies in the air-gap fluxasiy distribution set up by the rotor
permanent magnets. The total eddy current losa &piral is the sum of eddy current loss of the
individual turns making up that spiral. The ripmemponents in the eddy current loss of
individual turns of a spiral may not be in phasd aray cancel or partially cancel each other as
a result of summation. These two important statésnind their justification in a turn by turn
analysis. All presented cases from 1 mm to 3.7 ramelbeen analysed turn by turn and results
are presented in figures 6.6 to 6.8. Since theakpirns have a different pitch, the axial flux
density experienced by every turn is differentcéises where the circumferential displacement
between coil sides is large enough, complete phasersal of the ripple component appears.
The reversal can clearly be observed in all andlyseek widths. In the 3.7 mm case, with only
two turns on the substrate, ripple cancellatiosnisll but still significant. With decreasing track
width, there is a smoother transition, becausehefgradual change in position of the spiral
turns. In the 1 mm case this transition is veryblés It is interesting to point out, that in cases
where the turn span is close to half-pitch, the efenm, except for the ripple caused by the
spatial harmonics, is quite flat (for example t@in the 1 mm case or turn 2 in the 2.4 mm

case).
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Figure 6.7 : Per Turn Loss with 2.4 mm Wide Traak4000 rpm
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Figure 6.8 : Per Turn Loss with 1 mm Wide Track$G@0 rpm

Summarizing, based on figures 6.5, the ripple itlyezmlirrent loss curves is less prominent in the
case of the narrower tracks. There are two rea®orikis. Firstly the ripple component of eddy

current losses, just like the rotor position indegent component of eddy current losses, is
strongly dependent on track width. Secondly, asstithted in figure 6.8, a higher number of

turns in a spiral makes cancellation of the rigy@enponents more likely.
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6.4.2 Consideration on the Relation between Eddy CurrenRipple and Axial Flux

Distribution

In section 6.4.1, the following statement has beeaxe: “The spatial frequencies present in the
ripple component result from the spatial harmomeqéiencies in the air-gap flux density
distribution set up by the rotor permanent magnets”

This statement is justified by considering diffdrexial flux density distributions (Bz). An

overview is presented in figure 6.9.

Full FEA Bz
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Figure 6.9 : Eddy Current Loss Waveforms underdddht Axial Flux Density Distributions
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The model, considering a track width of 3.7 mm andechanical speed of 1000 rpm, has been
run with seven different axial flux density disuiibn (Bz). The first waveform, which
represents the reference, was obtained using Bitinesdirectly from FEMLAE’, without any
modifications. For the next four waveforms, Bz issamed to be sinusoidal in the
circumferential direction. The following four vatians in the radial direction have been
considered:

» Bz kept constant from the inner radius towardsatiter radius

» Bz varies sinusoidally from the inner radius to theer radius; the resulting Bz is

presented in figure 6.10.

Magnetic flux density [T]

Arc-length [m]

Rotor Position @ [electrical radian]

Figure 6.10 : Bz with Sinusoidal Variation in bdrections.

» Radial Bz varies quasi sinusoidally, since the @we is slightly flat topped. The

resulting Bz is presented in figure 6.11.



CHAPTER 6. STATOR EDDY CURRENT LOSSES IN PRINTEOWT BLDCs 170

_ 7
i
lgd i
Wty gy, iy
WA
1)
TR
L
\\55\\\\\.
.

[L] Ausuap xnjy onsuben

Rotor Position @ [electrical radian]

Arc-length [m]

Figure 6.11 : Bz with modified Sinusoidal (flat pogal) Variation in Radial Direction.

Radial Bz varies approximately similarly to the ieddvariation of the full Bz resulting

from FEMLAB. The resulting Bz is presented in figug.12.
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Figure 6.12 : Bz with modified Sinusoidal (approgit@ly as Bz from FEMLAB) Variation in Radial Datéon.
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For the last two waveforms, Bz is assumed to lgewaidal in the circumferential direction. The

following two variations in the radial direction\r@been made:

Bz kept constant from the inner radius towards dhter radius. The resulting Bz is

presented in figure 6.13.
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Figure 6.13 : Bz with Trapezoidal Variation in tB&cumferential Direction.
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» Bz varies approximately similar to the radial vidda of Bz resulting from FEMLAB.

The resulting Bz is presented in Figure 6.14.
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Figure 6.14 : Bz with modified Sinusoidal (approzit@ly as from FEMLAB) Variation in Radial Direction

The results presented in figure 6.9 led to follggwaonclusions:

 The “high” frequency ripple component is mainly dte circumferential spatial
harmonic frequencies in the air-gap flux densitstrithution. The radial active parts of
the coil are the most exposed to these harmonics.

» The ripple component, similar to the ‘dc-offset’ igainly influenced by the radial
behavior of Bz. A radially constant Bz results ibigger “dc offset”, since the active

parts experience the same Bz over the whole rhatigth.
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* The word “mainly” has been intentionally used, sirecclear and complete decoupling

of the two effects is not possible.

6.4.3 Level of Discretisation

An important question is how sensitive the accuratythe method is to the segment and
filament discretization and the angular resolutibigure 6.15 simply and clearly shows that

discretization and resolution used were adequate.

5 °el deg angular resolution (8 segments x 8 filam ents)
0.11r —————— Full angular resolution (8 segments x 8 filaments)
---------- Full angular resolution (16 segments x 16 filaments)
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Figure 6.15 : Eddy Current Loss (3.7 mm wide traak$000 rpm) under Different Levels of Discretiaat
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6.4.4 Effect of Substrate Position

Figure 3.6 has shown that the stator of the testhina has its outer phases closer to the rotor
magnets compared to the middle phase. As illustrate figure 6.16 this gives rise to
significantly higher eddy current losses in theeoythases. The substrates closer to the magnet
are exposed to a higher flux density which gives io higher induced EMFs. Even a small
difference in induced EMF leads to a relativelygtadifference in eddy current loss because the

loss is a function of the square of the induced EMF
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Figure 6.16 : Calculated Eddy Current Loss foreti#ht Phases (at 1000 rpm)



CHAPTER 6. STATOR EDDY CURRENT LOSSES IN PRINTEOWT BLDCs 175

6.4.5 Eddy

Current Paths

This section focuses on spatial distribution of théuced eddy currents. Before going into

details definition of directions have to be madguFe 6.17 presents the reference directions.

The arrow is always taken as reference in ordedefine positive / negative horizontal and

vertical currents, but it does not represent amyedirrent path.
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Figure 6.17 : Direction Definitions

Figures 6.18 and 6.20 present the eddy currenideitse spiral at two different rotor positions.

The line width of each “branch-line” (horizontaldamertical) depends on the amplitude of the
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eddy current flowing in this particular branch. Tewor of the “branch-line” depends on the

sign of the eddy current: dark-gray representstipesiurrents, light-grey negative ones.
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-0.015 -0.01 -0.005 0 0.005 0.01 0.015

Figure 6.18 : Eddy Current Distribution at Posit@fh(both rotor and stator axis are aligned)

To avoid misinterpretation of figures 6.18 and 6.20s important to present details on the
boundaries, where the track changes from radialrtmmferential. At first it could appear that
there is break in the eddy current paths. Thatoistime case (would not be possible from an
electrical point of view). This is only due to thdopted geometric model. Figure 6.19 presents
how the broken lines are ‘mathematically’ connecligdus connection is depicted by the dashed

lines.
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Figure 6.19 : Tracks Boundaries between Differauti®ns

Figures 6.18 and 6.20 clearly show how the eddseats flow in “concentric loops” and mainly
in “vertical” direction. There are also horizontalrrents, mainly where the loops “end” (they are
like “end-part connections” for the concentric lsppt is interesting to observe that a portion of
the “arc”-sections can be part of the “concentoizgs”, since there is no insulation and the eddy
currents will flow there to “close” the loop. Atithpoint it is important to mention, that eddy
currents can also be induced in the arc sectigmse $wo of the four loop edges (discretization
loops) are still in the “active” direction. Thiam be seen in figure 6.20, where stator coil axis i

aligned with rotor g-axis.
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Figure 6.20 : Eddy Current Distribution at Posit@0f electrical Degrees

6.4.6 Co-existence of Eddy and Load Currents

In practice the eddy currents induced in the pdrteils will be superimposed onto normal load
current flowing in those coils. An important questiis whether this co-existence leads to
additional losses. In order to analyse this quesiids assumed that the normal load current
flows through the grid branches totally along thiated track and not though the grid branches
across the track. This means that if R is the tasi® of a track section, | is the motor current

and L is the eddy current then total resistive loss fiost approximation, is given by:

2(1/2+1)°R+2(1/2- )°R = PR + 4(L)°R = loss due to normal current+eddy current losg6.14)
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Equation (6.14) predicts that the co-existence aimal machine currents and induced eddy

currents within printed tracks does not cause amidit losses.

In practice eddy currents will be induced simultauy in all phases of the motor. As shown in
figure 6.21, the eddy current loss for the stasothie sum of the eddy current loss of the three
individual substrates. As expected this summatesults in significant reduction in the ripple
content of the eddy current losses. Indeed if thmber of turns is high enough total eddy

current losses can be assumed to be independeatboposition.
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Figure 6.21 : Calculated Eddy Current Loss for &t Track Widths (full 3 Phase Machine at 100@)rp
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6.5 Experimental Validation

The method of experimental validation is basedhenfact that it is mechanical energy coming
from the rotor that gets converted to eddy curlesses. The preceding statement remains true
irrespective of whether the brushless printed dirotachine operates as a motor or as a

generator. For convenience tests were performddthé machine running as a generator.

Motor Shaft

Permanent Magnet ' b
(coupled with the driving motor)

Ceramic Bearing
(with shoulder to hold the
substrates stack)

Rotor Disk

Substrates Stack

Torque Arm

Scale Base Plate

Motor Shaft
(coupled with the driving motor)

Rotor disk
Permanent Magnet

Figure 6.22 : a) Ceramic Bearing for Stator SupggrArrangement for Force Measurement
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The arrangement illustrated in figure 6.22 (b) wasd to carry out specially designed tests. The
printed circuit machine under test was motor drivEhe stator of the machine was bearing

mounted (figure 6.22 (a)) onto the shaft effecivallowing the overall system to operate as a
dynamometer. As shown in figure 6.22 a torque atathed to the stator was made to rest on an
electronic scale which had a resolution of 0.1 gr&he length of the torque arm was 0.050 m.

An eddy current loss of.Rvatts requires a rotor driving torque of Which is given by Po

whereo is the rotor speed. This torque is measurabléerlectronic scale as a force given by:

Fe = PJ/(Law) (6.15)

where L, is the length of the torque arm.

Assuming that the stator is open circuited, theaaneasurement on the electronic scale will be
due to a combination of bearing friction torque_¢frand the driving torque needed to generate
the eddy currents. Special low friction ceramicrivggs were used to mount the stator onto the
shaft. Pre-tests were performed on the bearirdetermine Fat 1000 rpm and at 1600 rpm.
The pre-tests were performed with the bearing nexioh the shaft without the stator and with
the torque arm mounted on the outer race of theingpaSubsequent tests on a number of
different stators were performed at 1000 rpm antié@0 rpm. It was assumed thatr€mains
constant if speed remains constantwis taken to be the difference between the reastine
electronic weighing scale and whose value was 1.1 gram at 1000 rpm and 1.3 gtab®00

rpm.
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Table 6.2 shows good agreement between measungesval i and those predicted using the
method described in section 6.4. The percentaggegiancy is less than 6% for the two wider
tracks. For the 1 mm track the error is larger beeahe force being measured falls within the

resolution of the electronic scale.

Table 6.2 : Force Measurements width Different KrAtdths (Base Cu = 3fm)

Track Width| Speed Middle Phase Full stator
[mm] ['Pm] ["Measure | Simulatec | Error | Measure | Simulatel| Error
[9] [g] [%] [a] [9] [%0]
1000 1.4 1.363 2.64 5.2 5.097 1.98
3.7
1600 2.3 2.181 5.17 8.4 8.155 2.92
1000 0.6 0.597 0.50 2.3 2.270 1.30
2.4
1600 1.0 0.955 4.50 3.8 3.632 4.49
1000 0.1 0.096 4.00 0.4 0.368 8.00
1.0
1600 0.2 0.153 23.5( 0.6 0.588 2.00

Additional tests were performed to confirm the diyi of equation (6.14) which states that co-

existence of eddy-currents and normal operatingeats does not result in increased stator loss
beyond the sum of the separately calculated lo3$ese tests were performed with the printed
circuit machine running as a resistively loadedegator. Prediction for instantaneous phase
EMFs was based on equation (6.9). From instantanpbase EMFs, average power consumed
by the resistive loads was evaluated and convéntad equivalent braking force as presented in
figure 6.23. Table 6.3 shows that there is readenafgreement between the measured total

braking k and total force that was predicted using equaifoi4). The fundamental reason for
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insignificant additional loss due to co-existenéeeddy-currents and load current is the small

ratio of width to length of the copper tracks.

Table 6.3 : Force Measurements (two substrates redud.4 mm track width)

Load Resistance not Connected Load Resistance ¢brép Connected
Speed
[rpm] Measured | Predicted | Error | Measured Predicted Error
[a] [a] [%0] [a] [a] [%6]
1000 15 1.433 4.47 8.3 8.034 3.2
1600 2.3 2.292 0.35 13.3 12.854 3.3

Force [g]

Top Phase
- Middle Phase

L
pi/2

pi

Actual Position @ [el. rad]

L
3/2*pi

Figure 6.23 : Braking Force of the Middle and Td@mée at 1000 rpm

2*pi
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6.6 Comparison between fR and Eddy Current Loss

As for the optimization algorithm introduced in plter 3, the phase EMF at a hominally fixed
mechanical speed of 1000 rpm + / - 10% has beesechas reference, in order to make
meaningful comparisons. The axial length of thenerent magnet has been adapted for all
cases in order to have exactly the same axial dieixsity in the stator air gap. The assumed

phase currentis 1 A.

1 mm track width (6 turns)

Phase I2R Losses = 1.22wW
Phase Eddy Current Loss = 0.0048 W
Ratio= Eddy Loss / I2R = 0.39%

2.4 mm track width (3 turns)

Phase I2R Losses = 0.5484W
Phase Eddy Current Loss = 0.060W
Ratio = Eddy Loss / 12R= 10.94 %

3.7 mm track width (2 turns)
Phase I2R Losses = 0.3027W
Phase Eddy Current Loss = 0.208W

Ratio= Eddy Loss / I2R= 68.71 %



CHAPTER 6. STATOR EDDY CURRENT LOSSES IN PRINTEOWT BLDCs 185

From the above, it is clear that eddy current ldses sharply with track width. Every
application should be considered on its own mehiemva decision on maximum track width is
being made. Eddy current loss becomes an incrdgsingportant consideration as speed
increases. For the purpose of this thesis, as figbdn table 3.2, track width was limited to

2.5mm.

6.7 Conclusion

During normal operation of a motor with a printeidcait stator, eddy currents are induced
within the stator tracks. The significance of sucinrents depends mainly on speed and on the
track width. A computationally efficient numeriaalethod has been developed to evaluate eddy
current losses within the stators of printed ciréumiushless motors. The theoretical basis of the
proposed technique has been presented. The teehhigi been experimentally validated by
specially designed tests. It was found stator eddyent loss is independent of the flow of

normal stator current.



Chapter 7
Prediction of Inductances of Printed

Circuit Motors

7.1 Introduction

The variation of stator inductances with rotor gosi plays a crucial role in BLDC motor
commutation control systems that are based onghal énductance method. If a BLDC motor is
being designed and the intention is to use the lemductance method for sensorless
commutation of that motor, then there is a neeghture right at the design stage that the motor
will have sufficient inductive saliency. While podypes could be built and tested to determine
inductances, it is much more economical and comevertio carry out theoretical predictions.

However, the method of prediction should be aceuratsy to use and cost effective. This

186
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chapter is about the development of such a meffiwel requirement for relatively high accuracy
ruled out purely analytical methods. Consequeritéy adopted method was numerical. In this
chapter the theoretical basis behind the methedptained and test results are presented which
confirm its validity.

Stator inductance may also be required to estithatsize of current ripple at a particular PWM
frequency. For this purpose, a first order estiomathay be sufficient. A closed form formula for

first order estimation of the stator inductancgii@n in appendix C.

7.2 Basic Principles

By definition the self inductance of a circuit igual to the flux linking that circuit per ampere of
current flowing through it with all other circuit$p which it is magnetically coupled, open-
circuited. At first the impossibility of open-ciriting eddy current loops within the permanent
magnets and the rotor iron appears to be a difficBut this is conveniently resolved by an
alternative, but more appropriate, definition oftst self inductance. The inductance of a
particular stator phase is defined, at a particfilaquency, as flux linkage per ampere of
sinusoidal current flowing through that phase vilie other two phases open-circuited. This
definition is appropriate for the application beihgoked at because the self-inductance
evaluated or measured is based on flux distributian closely resembles the one which would
exist under normal operating conditions. The setkdrequency is taken to be the PWM

frequency that the BLDC motor drive would use.
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Based on the above definition, the requiremenirfductance calculation would be knowledge
of the flux distribution in the BLDC motor when sipidal current flows in one of its phase
windings. That flux distribution is influenced bgdy currents flowing in the magnets as well as
in the rotor. Therefore the quasi static solutioiMaxwell’s equations is required. Due to the
complexity of the geometry an analytical solutianriot possible. A number of numerical
technigues have been developed to solve the gtaisi-form of Maxwell’'s equations. These
include the finite element method (FEM), the findiference time domain method, the coupled
network method and the assumed flux path methoch Bathose methods has advantages and
disadvantages. For example the FEM has the adwabfagjving accurate results, but it requires
expensive software that can be hard to use andwaigm times can be long. The assumed flux
path method is good as a first approximation, ikamputer resource efficient and processing
time is small. Its main disadvantages are thatomised software has to be written for each
problem and that good prior knowledge of the mhir paths is necessary. The technique being
used is a combination the assumed flux path medhddhe coupled network method.

A number of simplifications were necessary to & a solution that is satisfactory in terms of
computer resource requirements, processing tinfeya® development effort and accuracy.
The actual geometry of the problem is represemdijjure 7.1. The main difficulty is the three
dimensional nature of the problem. It has beeniplesto reduce the actual problem to what is

effectively a two dimensional problem by makingedareasonable assumptions. These are:

(a) The stator coils which are in reality spirals, d®wen in figure 7.2(a), have been

replaced by a number of separate turns, as shofiguire 7.2(b).
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(b) Throughout the region of interest the magnetic filensity component along the

direction of the conductors shown in figure 7.2&¢qual to zero.

(c) Phase inductances are made up of an offset companéra sinusoidal component with
extrema at locations where the magnetic axis optiese winding aligns with the rotor

direct and quadrature axes.

0.02 .
X position [m]
R 0.01
0.02. . ' . 0
0.01
Z position [m]
Substrates 0
-0.01
-0.02
-0.03
0.02
Y position [m] 0
-0.02

Rotor disks

Permanent Magnets

Figure 7.1 : Overall Problem Geometry



CHAPTER 7. PREDICTION OF IND. OF PRINTED CIRCUIDIMORS 190

As a consequence of the last assumption the intcetat any rotor position may be deduced
from two inductance values evaluated at two difiereotor positions. The chosen rotor
positions for inductance evaluation give the dirakts inductances and the quadrature axis

inductances.

7.3 Prediction of Direct Axis Inductances

7.3.1 The Coupled Network Model

As shown in figure 7.2(b), the phase winding hasnbeeplaced by a set of infinitely thin

conductors.

0.025 - R

0.02 - R

— 0.015 R

0.01+ R

0.005 - R

1 L L L 1 L
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
[m]
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— 0.015

[m

0.01

0.005

L L L L L L
-0.015 -0.01 -0.005 0 0.005 0.01 0.015

[m]

b)

Figure 7.2(a) : Actual Spiral, (b): Current Loopgkpximation

The coupled network method is essentially aboutoipg a physical electromagnetic structure
by a reluctive network which is mutually coupledtiwia resistive network. In general the
reluctive network is made up of a set of nodes wéthctive branches connecting neighbouring
nodes. The diagram in figure 7.3 includes a layiemagnetic nodes that are just above the
conductors representing the stator coils. Therelayers of nodes in equally spaced planes
parallel to the coil plane. In particular theraiplane of nodes just below the plane of the stator
coil. Every plane has the same number of nodestendodes line up in the axial direction. Note

that there are no magnetic nodes on the planesafdih
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Figure 7.3 : Magnetic Nodes
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Figure 7.4 : Grouping of Magnetic Nodes
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Assumption (b) in section 7.2 states that themeis flux along branches between neighbouring
nodes that lie between two conductors and thairfathe same plane. For example there is no
flux in the branches joining neighbouring pairgttd nodes that are shown in the shaded area of
figure 7.4. This means that those nodes are aaime magnetic potential and therefore they can
be joined together to form single nodes. As shawfigure 7.5, the nodes have been joined to
form three planar networks. In section 7.3.1, isl®wn that the use of three networks rather
than a single one allows flexibility in setting lisdic boundary conditions. All the nodes
between OW and 0Z in figure 7.4 have been joingutapiately to form the planar network in
figure 7.5(a). For example all nodes between tliogs have been joined to form nodes al, a2,

a3, a4, ab, a6 and a7.
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Figure 7.5(a) : Planar Reluctive Network

Similarly all nodes shown between 0Z and QY in fegid.4 have been joined to form the planar

network in figure 7.5(b).
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Figure 7.5(b) : Planar Reluctive Network

For example all nodes between those lines have jbewrd to form nodes bl, b2, b3, b4, b5, b6

and b7 in the planar network of figure 7.5(b).
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network in figure 7.5(c).
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It has been assumed that electric currents, whetipgosed or induced, flow only in planes
parallel to the stator coil plane. Electric cirsuiink the magnetic network as shown in figures
7.3 and 7.5. Both imposed and induced currentsrepeesented in figure 7.5. The imposed
current is the current flowing through one phasehef stator, the other two phase windings

being open circuited. Currents are induced in tagmets and in the rotor iron.

7.3.2 Branch Reluctance and Loop Resistances

The reluctance in the axial direction & to the outer edge of the rotor iron, is givgn b

R = LA (7.1)
where:

L, = axial separation (defined in figure 7.5)

A, = area between conductor loops (as defined fdn aatwork in figure 7.4)

V] = permeability of material

The reluctance in the radial directiop,Rs given by

L

R=— (7.2)
HA

where:

L, = mean separation between inter-conductors m&blas shown in figure 7.6

A

(conductor perimeter) x ( axial separation)
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“Help line” for I”
\
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0.017
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O

0.01

0.011

Figure 7.6 : Definition of ‘radial’ Length Lr

Note:

a) The same formulae are used for calculation of tehmes in the stator region, air-gap
region, magnet region or iron region. For the filsee regions a relative permeability of one
was used. For the iron region the value of pernigabivas based on flux density
distribution in the iron due to the magnets. The filensity distribution was obtained from a

3-D non-linear magnetostatic solution generate&ba.

b) Equations similar to (7.1) and (7.3) were used dmanch reluctances of network 7.5(c)

which fall in the region beyond the outer radiushaf machine.

The resistance of the stator current loops areremptired because stator currents are imposed

currents. Resistance values are required for tbpslaepresenting eddy current paths in the
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magnet and in the rotor iron. As shown in figurg, The magnet and the rotor iron are sliced in
layers parallel to the stator coil. Each layer itmewn set of current loops. Figure 7.7 shows the
magnet profile superimposed on the stator conddotmps. For all the magnet and rotor iron

conducting loops except for the outermost onekembagnet,

R = peri metegonductor
oL L,

(7.3)

where:

o = conductivity of the magnet.

The outermost eddy current loop has a perimeterighegual to the average of the perimeter of
the stator conductor that falls fully within the gmet profile and the perimeter of the magnet.
Equation (7.3) is still used to calculate the tesise of the loop but with cross-sectional area
equal to L times the average of,LAs shown in figure 7.7, ,is the weighted average of all
discrete distances between the last stator condtiebfalls fully within the magnet profile and

the edge of the magnet.
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Outermost stator conductor that
falls fully within the magnet profile

0.025

0.02

— 0.015

[m

0.01

0.005

-0.015 -0.01 -0.005 Mg 0.005 0.01 0.015
[m]

Figure 7.7 : Calculation of Eddy Current Loop Resises

7.3.3 Boundary Conditions

At the centre of the spiral it is assumed thatflilme density is purely axial. Hence, as shown the
right hand side in figure 7.5, a zero flux or magn@sulation condition is assumed. The left
hand side of figure 5(a) and 5(b) corresponds &dhter periphery of the stator coil. The
reluctive branches on that side represents magpatits back to the magnetic zero potential

plane which is the plane separating neighbouriagpstcoils or neighbouring rotor magnets.
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That plane also contains the quadrature axis. leulzing the reluctance of those branches

equation 7.2 has been used. The radial lengthsaveved at as follows:

a) For network b), a weighted average ‘radial’ diseahas been used as shown in figure 7.8

b) For network c), the radial length was assumed tonbde up of two sections as shown in

figure 7.8

0.025

0.01
0.005 ) g |
\ A/ W . R Assumed flux path for
Fshaft distance calculation
1 1 l l l l ‘
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
[m]

Figure 7.8 : Calculation of radial Distance at Boary
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The left hand side of figure 7.5(c) representsitbendary conditions at the outer arc shown in
figure 7.3.

The network in figure 7.5(c) was extended suffidieenough in the radial direction so that it
did not matter whether the adopted boundary candit the radial boundary was a magnetic

short-circuit or a magnetic open-circuit.
7.3.4 Magnetic Circuit Loop Analysis

Ampeére’s Law states that:
¢ Hdl =enclosed currer (7.4)

The above equation is analogous to Kirchhoff'sagdt law for electric circuits. It states that the
summation of magnetic potential drops around a limop magnetic network is equal to the
current enclosed by that loop.

Magnetic potential drop = Reluctance x Branch Flux (7.5)
Branch flux is related to loop flux in exactly teeme way that branch currents and loop currents
in an electrical circuit are related to each ottie@mples of flux loops are given in figure 7.9.

Magnetic loop analysis results in the following maequation:

M, M, M. M_l[o.
M. My, My Myl o,
M M M M
M M M M

o

cd qoc
dd (Dd

(7.6)

o
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where:

M.a Mps Mae ..., Mg and M are n x n submatrices
Maa Mug, Mcq @re n x m submatrices

Mya Man, Mgc are m x n submatrices

Mgq IS M X m matrix

@, @, @ arenx 1loop flux vectors

@ is an m x 1 loop flux vectors

la Ip, Ic @are n x 1 imposed current vectors

lqis an m x 1 imposed current vector

M is an (n+m) x (n+m) matrix

n, equal to nx n is the number of loops in network 5(a) or 5(b) dmap of nloops in the radial
direction and nloops in the axial direction.

(n+m), equal to (+ m) x n, is the number of loops in network 5(c).
T
o=la" 4 o o]

— T T T T
I A A DA A

The loop flux vectors are unknowns that need todbtermined. The imposed currents are

T

assumed to be known. The real part of the diageleatents of M, My, Mccand My is equal to

the sum of reluctances around the loop correspgrdirthat element. The imaginary part of the

. . jw . .
diagonal elements of )M My, and M, is equal to% where R is the loop resistance calculated

using equation 7.3. If a magnetic loop is not lthkby an induced current loop, the

corresponding diagonal entry for this loop will kaan imaginary part equal to zero. For
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example the diagonal matrix entry for loop x inufig 7.9 is (Ry + Rn2 + Rnz + Rna + %)

whereas the diagonal entry for loop y isdR Rns + Ryz + Rng). The imaginary part of the

diagonals elements of }Mis equal to zero.

Each off-diagonal element of M My,, Mccand Myq is a function of the spatial relation between
the two corresponding loops. If the two loops aeighbours then the corresponding matrix
entry is equal to -Rwhere R, is the branch reluctance common to the two lotipthe two

loops are not neighbours then the corresponding»attry is equal to zero.

Eddy Currents
(Induced Currents)

Stator Currents
(Imposed Currents, ;)

Figure 7.9 : Example of Loop Equations
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For example for loop x and loop y the correspondiradrix entry is —R4. For loop y and loop z
the corresponding matrix is zero.

The loops have been numbered so that the imagpatyof My{i,i) is equal to the imaginary
part of My(i,i) and M.(i,i). The real parts of all entries of M Mag Mps, My, Mca @and My, are
equal to zero. The imaginary part ofili), Madi,i), Mpi,i), Mpc(i,i), Mci,i), Mcg(ii) are all
equal to the imaginary part of JM,i). All entries of Mg Mpg, Mcg, Maa Man, Mg are equal to
zero.

For a magnetic loop that is not linked by an impgosarrent, the corresponding entry in the
imposed current vector will be zero. For example [top x in figure 7.9, the entry in the
imposed current vector will be zero, whereas fopla it will be equal toyl In equation 7.6:
1a()=16(i)=1 (i)

All the entries of  are equal to zero.

From equation 7.6 we have:

@ (7.7)

Once loop fluxes have been obtained from equati@n tanch flux, if needed can be easily
deduced. From example branch flgg, in figure 7.9 is equal t@qq —%) .

By definition inductance is equal to the flux ligeper ampere. All imposed currents in the

model of figure 7.5 are equal to 1 A. Therefore:

Coil inductance =/’ | (7.8)
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Phase inductance = Number of coils x coil induataxcoupling factor (7.9)
The value of the coupling factor is 0.96. This ealvas found empirically. It represents the
magnetic coupling between co-axial spirals on diffié layers of the printed circuit. This

coupling factor may be considered constant fordewange of stator design.

7.4 Prediction of Quadrature Inductances

Figure 7.10 gives a set of self-inductance measemésnmade on a prototype machine. All

measurements were carried out at 20 kHz with tte ad standstill.

8.5
O Full Machine without PM
o +  Full Machine @ Q-Axis
*  Wood Rotor Disk (PM mounted) @ Q-Axis
8 4 OO Substrate in free space
i o x  Wood Rotor Disk (PM mounted) @ D-Axis ||
= <& Full Machine @ D-Axis
=
0
()
Q
c
8 7.5+ i
O
>
©
£
5
n
7 L -
X
&
6.5

Figure 7.10 : Self Inductance Measurements caaigéct 20 kHz with Different Machine Configurations
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Two of those measurements were carried out withirtimerotor replaced by a wooden rotor. The
normal g-axis inductance (with iron rotors) and thachine inductance without permanent
magnets (but with iron rotors) are respectivel\88u01 and 8.25 pH. These values illustrate that
the presence of the permanent magnet has relatesdyeffect on the g-axis phase inductance.
The reason for this is the air-gap between neighibgunagnets. While the magnets still form
part of eddy current loops, there are no curreopgothat are totally within magnets as in the
case when stator coils are directly aligned with ribtor direct axis. As shown in figure 7.11 an
eddy current loop section that is through a magnebnnected to the rest of the loop, which is
within a neighbouring magnet, by loop sections imitthe rotor iron. The current flowing in
loops such as the one shown in figure 7.11 tendsetemall compared with the current that
would flow in a loop that is totally within a perment magnet. The reason for this is the high
resistance of the loop sections within the irorsiRance in the iron is higher because of the skin
effect. Figure 7.12 illustrates the coupled netwartdel that has been used to evaluate g-axis
inductances. The model is technically the saméasne used for the d-axis model as shown in
figure 7.5. The same solution procedure was folthwidhe conductive effect of the magnet was

transferred to the current paths representing eddnts in the rotor.

Figure 7.11 : Q-Axis Eddy Current Paths (for graphtlarity only two loops show)
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This was done by distributing the conductance efdirrent path through the magnet equally to
the assumed rotor eddy current paths. Clearly,dhisstitutes an approximation. But the error

due to this approximation is not greater than alicfo.

7.5 Calculation of Mutual Inductances

The procedure to determine mutual inductance cnsistwo steps. Assuming the mutual
inductance between phase ‘a’ and phase ‘b’ is tergéned, flux density distribution due to a
current of 1 A flowing through the ‘a’ phase wingiis first determined. The next step consists

of evaluating the flux linking the ‘b’ phase windin

~ ~ ~] 3
L~~~
~ ~ ~ 3
~
~
NN ~3
3~

ARRRRERN NNy,

[ANRRARRRRENEENLE)

Figure 7.13 : Determination of Mutual Inductance
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Refer to figure 7.13. The dotted lines, radial airdumferential, define cells. A value of axial
flux density is assigned to each cell. This vakiedlculated by using the loop flux results from

sections 7.3 or 7.4. Flux for each axial branchbigined in the normal manner. For example in
figure 7.9, branch fluxg,; in figure 7.9 is equal téqq —%) .

Corresponding branch fluxes, one from each of theet networks (figure 7.5 or figure 7.12) are
summed to obtain the total flux for the area betweeighbouring closed conducting loops.
These areas have been termed ‘sectors’ in figlee Axial flux density for each cell is defined
according to the following rules:

If, as shown in figure 7.14, the cell is not ‘chy a sector boundary:

. . Flux
Axial flux density through cell == = Psector (7.10)
AreaSector ASector

If, as shown in figure 7.14, the cell is ‘cut’ bysector boundary:

At: %ectoQ + A ¢Sectc8
ellFractionSectoR CellFractionSect8

A ]
Axial flux density through cell = Asecton A Sead (7.11)
ell
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L — Turn 1 (closed loop)

7

__—— Turn 2 (closed loop)

b

Figure 7.14 : Flux Density Distribution

Once cell flux density due to current in the ‘a’apk winding has been determined, mutual

inductance can be computed. This is done by faktutating the flux linking each turn of the

phase winding. Summation of the flux linkage fdrtakns making up the ‘b’ phase winding

gives the mutual inductance between phase ‘a’ &ade‘b’. The flux linkage for a turn is the

total axial flux enclosed by that turn. The totalah flux is computed using the flux density

values of each cell that fall within the turn. Alldbat is ‘cut’ by the turn contributes an amount

of flux that is proportional to its area that faghin the turn.
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Examples of calculated flux density distributionsedo a stator coil of 1 A are given in figures

7.15 and 7.16.

Magnetic flux density [T]

Phase D-Axis

Radial Cell Reference Phase Q-Axis Angular Position Reference

Figure 7.15 : Calculated Flux Density Distributidne to Stator Current (a-phase only energised and

a-phase aligned with d-axis)
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Magnetic flux density [T]

Phase D-Axis

Radial Cell Reference Phase Q-Axis Angular Position Reference

Figure 7.16 : Calculated Flux Density Distributidme to Stator Current (a-phase only energised and

a-phase aligned with g-axis)
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7.6 Experimental Validation

As stated in chapter 5, the assumption is thateself mutual inductances satisfy the following

equation:
L, =Ly +Lycoy B) (7.12)
2
Lbb:(Lw+ALw)+(L§—AL§)co{29+?j (7.13)
2
L.=Ly+ Lgco{ 29—?) (7.14)
2
Lab:Lba:—Lno+Lnﬁcos( 29—?) (7.15)
L. =Ly =—L o+ L yco8 D) (7.16)
2
Lo = L=~ (Lo —AL o) +(L ,—AL m)co'{29+?j (7.17)

It can be deduced, based on the above assumptianfaur self-inductance and four mutual
inductance values are needed to fully describstdtter’'s inductance behaviour as rotor position
changes. The chosen four self-inductances afell, L4 and Ly, which are respectively the
direct and quadrature axis self-inductances of @taisand ‘b’. The chosen mutual inductances
Mpa, Mca, Mpq @and M, Which are respectively mutual inductances whers@ha is aligned with

the rotor direct axis and quadrature axis. Tahleand 7.2 give measured and predicted values

for Laa Lab Lga Loy Mba Mg, Mpg @and M. The measured and predicted values correlaterwithi

less than 3%.
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Measurements were carried out at 20 kHz whicheassthitching frequency of the PWM voltage
applied to the test motor during normal operatiéhcommercial instrument was used to
measure self inductances. Based on the rated ayonfréhe instrument the estimated maximum
error in the measured self-inductanceti®.05 puH.

The mutual inductances were measured were detedirbinenergising one phase with a known
(measured) current and measuring the voltages @i the other windings. The estimated

maximum error due to instrument inaccuracies &1 pH.

Table 7.1: Measured and Predicted Self Inductances

Magnet Pitch [°]
70 60
Measured 6.58 6.89
Lda [IJ- H]
Predicted 6.64 6.99
Measured 6.78 7.09
Lab [LH]
Predicted 6.82 7.17
Measured 8.06 8.19
Lga [MH]
Predicted 7.99 8.08
Measured 7.97 8.13
Lgo [MH]
Predicted 7.92 8.04
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Table 7.2: Measured and Predicted Mutual Inductance

Magnet Pitch 70 []

Measured -1.52
Mg [HH]

Predicted -1.56

Measured -2.26
M cd [IJ- H]

Predicted -2.30

Measured -2.75
Mpq [LH]

Predicted -2.72

Measured -3.68
Meq [UH]

Predicted -3.64

Machine constants;kk,, ks, ks and k which were defined in chapter 5, need to be pagédd
into memory of the BLDC motor controller. As peruatjons (5.22) to (5.26), constants are

expressed in terms ofd. Lsp Lmo, Lm2, ALso, ALsz, ALmo andAL, Which are deduced by using:

Lo :w (7.18)
L, :w (7.19)
ALy, = (L ; ) —(L"a;an) (7.20)
AL, = (L~ Lar) - O (7.21)

2 2
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Lo }M (7.22)
Lo = —(Mbq—;Mbd) (7.23)
ALmO:(M“’;MCq)—(Mb";M“‘) (7.24)
AL, = (M”;M“’) —(Mbq;M o) (7.25)

Table 7.3 presents a comparison between values aohime constants;kto k based on

theoretical prediction and those based on measuteme
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Table 7.3: Comparison between Values ofdkks

Measured 0.1978
Ky

Predicted 0.1846

Measured 0.1813
Kz

Predicted 0.1692

Measured 0.0162
Ks

Predicted 0.0148

Measured 0.0836
Ky

Predicted 0.0832

Measured 0.2856
Ks

Predicted 0.3035

There is reasonable agreement between measurgaregidted values. It should be noted that
expected values ofzland kg are relatively small. This means that the perggnidiscrepancy

between predictions and measured values couldrppe. [&he error values in table 7.3 are useful
in that they provide designers with some idea ef éixpected range within which the actual
values of kto ksare likely to be. Sensitivity analysis can be eafrout to ensure that operation

in the sensorless mode will be satisfactory overetkpected range of to ks.
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7.7 Concluding Remarks

As expected, this chapter is based on well-knownatgns that define the inductances of
electrical machines. However the techniques thate hiaeen developed to evaluate those
inductances are new. The techniques are basedpozseatation of the machine by a coupled
network model. The main advantages of the propasédork are computational efficiency and
its flexibility. Difficulties arise with traditionkfinite element methods because of geometric
complexities and large aspect ratios of componsenth as air-gaps and tracks. With the
proposed method computation mesh resolution didhaot to be greater than 0.04 mm and

computation times were less than 75 seconds.



Chapter 8

Conclusions

8.1 Thesis Project Achievements

The aim of this thesis project was to develop l@stcsystematic methods that will allow design
optimisation of sensorless axial field printed gitdrushless DC motors. In achieving this aim a
number of design tools have been developed andriexgeally validated. Also a new
sensorless technique, based on inductive salitrasybeen developed and tested. A summary of

the innovative features of the design tools andseresorless technique are given below.
(d) Design equations have been derived based on geonagizlyses which allow the

number of turns per printed stator coil to be maséd for commonly used coil shapes.

The coil shapes considered were the rhomboidal thailparallel coil and the radial coil.

222
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A mixed track shape, partly radial and partly patalas developed and was found to be
the most effective shape from the point of viewtofque production. The design
equations require stator inner radius, stator owtdius, clearance between tracks and
track width need to be specified. The raw caledatalue for maximum number of
turns is generally a non-integer which needs toob@ded down to the nearest integer.
This provides an opportunity to increase the trad#th to a value higher than the

original specification.

(e) The design equations mentioned in (a) above wezd tes develop an algorithm and a

(f)

computer program which automatically plots the apghaped stator coil tracks. The
electronic version of the track plots can and hheen used as input to the PCB

manufacturing process.

The track plots were also used as input to anatberputer program which predicts
instantaneous winding EMFs and compares torquebdédpeof alternative coil stator
designs. The program imports flux density distiimutdata from a 3-D non-linear
magnetostatic finite element (FEM) model of the onoFEMLAB® was used for the
FEM model. The non-linearity results from the metgmbehaviour of the rotor being
represented by its measured magnetic saturatiovecdie program uses the flux
density information to evaluate instantaneous plAdEs at a given rotational speed.
Using the track plot it also evaluates the per phasistance. For a given maximum
allowable resistive power loss, the torque capgbdf a motor is proportional to its

phase back EMF and inversely proportional to theasg root of the phase resistance.
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The program can therefore be used for objectivepawison of motor designs using
different track shapes. It was deduced, by udiegorogram that the mixed track shape
results in highest torque capability for given atatimensions. The program can also be
used to select rotor, magnet and stator axial dénen that would result in the highest

torque rating for a given motor space envelope.

(g) The track width determined by the program descriiredc) above needs to be
constrained to avoid excessive eddy current logsdgced in the stator copper. A
numerical model for prediction of stator eddy cuotrdistribution has been developed.
The model, which has been validated by test ressltsased on the assumption that the
eddy currents are resistively limited. In other @sthe inductive effects of the eddy
currents are neglected. This greatly simplifies dtgorithm for determination of the
eddy current distribution. The computer progrant treermines the stator eddy current
loss distribution imports flux density distributiodata from the 3-D non-linear
magnetostatic finite element (FEM) model descrilmeft) above. The copper tracks are
represented by two dimensional resistive grids. Wdieage induced in each loop of the
grids at a given rotor speed is determined by uBargday’s Law. The currents in each
branch of the grid are then determined by using lawalysis. Once the branch currents
are known, eddy current loss distribution and pacawrque due to the eddy currents
are calculated. It was found that for the prototymechines, whose tracks were 1 mm

wide, stator eddy current loss was negligible camgao the full load statofR loss.
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(h) The adopted sensorless commutation technique éltmasthe previously reported equal

(i)

inductance method which is based on the existefcgator inductive saliency. The
advantage of the equal inductance method over ¢ng widely used back EMF zero
crossing method is that it is effective down toozepeed. The back EMF zero crossing
method does not work below a certain level of baklE, which means that it is useless
at low speeds. The equal inductance method is sigitgble as a complement the back
EMF method. As part of this thesis project the inadly proposed commutation
algorithm, based on the equal inductance method,emianced to achieve motor start-
up with practically zero back rotation. The enhanert consists of detection of the
motor’s initial position and energising of corrgdtase pair so that rotation takes place

in the desired direction.

The previously proposed equal inductance methodoaasd on the assumption of stator
three phase symmetry. The printed circuit motorssimered in this thesis project,

because of the axial position of their stators phasxhibit significant phase asymmetry.
As a result, the equal inductance method had tgelneralised to make it applicable to
those motors. Test results confirmed the effecdgsnof the generalised equal

inductance method.

In the case of symmetrical motors, except for akltleat there is sufficient saliency, no
guantitative information on motor inductances aeeded in order to implement the
equal inductance method. In the case of asymmetriotors, stator inductance values

are needed. Those values can be obtained by mesnireHowever, there may be a
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need to check suitability of the equal inductancethod at the design stage when
physical prototypes are not available. In that cashuctance values have to be
theoretically determined. Predicted values of statductance are also useful for the
theoretical determination of peak stator currenictvitan be relatively high during the
initial rotor position detection since the algonithrelies on application of bipolar PWM

with duty cycle near 50 per cent.

The rotor position estimated by the equal indudanethod is proportional to the
difference between quadrature and direct axis itashees. This difference is typically of
the order of 10 to 20 percent of the average of qoadrature and direct axis
inductances. Therefore theoretical assessment itdbsity of the equal inductance
method for a particular motor should be based dnegaof inductances that have been

determined with an accuracy of better than twdhoed per-cent.

An electromagnetic model, based on a hybrid ofctwepled network method and the
assumed flux path method, has been developed toadeal-axis and g-axis phase self-
inductances and mutual inductances for printeduitirmotors. Tests performed on

prototype motors gave results that were withinahper-cent of values predicted from
the model. Predictions of the proposed model canske to pre-determine the machine
constants necessary for practical implementatiorsafsorless commutation control

based on the equal inductance method.
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8.2 Future Work

This thesis project has focussed on the electrogtagdesign and performance analysis of the
printed circuit axial flux brushless DC motor. Teés a need for further investigations into the
mechanical and thermal aspects of the motor.

Accelerated aging tests need to be carried outngure that the stators of motors used in
practical environments remain in good conditionrabe design life of the motor. In particular
there is a need to find out whether mechanicalthadmal stress lead to early failure resulting
from buckling of the FR4 substrate.

Only stator power losses have been investigatatiiinthesis project. Rotor power losses are
likely to be low, but this needs confirmation. Blemagnetic analysis is required to determine
permanent magnet and rotor iron eddy current IBss. could be based on models similar to the
ones described in (f) above. Some measure of betarng and aerodynamic loss may also be of

interest to those interested in prediction of olvenator efficiency.

Prediction of thermal performance of the motor rexsuknowledge of heat transfer coefficients.
These are functions of rotor design, outer casedguaesotor speed and the operating
environment. Modelling of air-flow inside the motoeeds to be carried out to help determine

the necessary heat transfer coefficients.
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The equal inductance method requires sensing ofdltage at the terminal of the un-energised
phase of the BLDC motor. The resolution achievedhsy method would theoretically allow
sensorless control of brushless motors operatisgrichronous mode.

However, further research work is necessary to tatti@pequal inductance method to this class

of motors because they have all three phases sedrgimultaneously

It was found that the prototype motors had backsetindit were very close to sinusoidal (less
than 2% distortion). This implies that the motors suitable for operation in synchronous mode.
If the inverter injects sinusoidal currents intapl windings, torque ripple will be minimal. The
fact that the back emf waveforms are closer tossiidal than trapezoidal means that torque
ripple will be present during operation of the matobrushless DC mode. It is expected that the
motors will operate satisfactorily in the BLDC moder most applications. Detailed

investigation aiming at minimising torque ripplekirushless DC mode remains to be done.
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Appendix A

First Order Magnetic Model

A.1 The model

The airgap flux density in equation (3.11) has beemputed using the model geometry

presented in figure A.1.
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[ Rotor Disks
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Figure A.1 : Model Geometry
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Figure A.2 introduces the electromagnetic modedtied to the geometry presented in figure A.1
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Figure A.2 : Model Geometry

By neglecting the leakage flux between neighboupiegnanent magnets, figure A.2 can be

simplified as shown in figure A.3:

Figure A.3 : Simplified Model Geometry
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By re-arranging and grouping the various reluctara@ flux sources, the model can be further

simplified as presented in figure A.4:

2 Rdisk

3

() 4R, g 2R,

Figure A.4 : Further Simplified Model Geometry

A.2 Reluctance Computation

t

=0 — (A.1)
Hol:_omPn
where:
R’m-R7
A, = ( o )am (A.2)
7
a, = %0.7 (0.7 is the clearance factor between two magnets) (A.3)

Inserting (A.2) and (A.3) in (A.1):

t.P
1'4/'10:ur_pm ( Rozﬂ_ Rzﬂ)

R, = (A.4)
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__ 9

= A.5

oA, -

where:
A=A, (A.6)
Inserting (A.6) in (A.5):

_ gP

— (A.7)
i 1.4, (R*r- R*7)

— IdiSk

o = s (A.8)
R o, gisk Piisk
where:

(R+R)),,
=2 |2 A9
disk — (2) P ( . )
A =(R-R) (A.10)
((Rﬁ R)jm
Z(té)+ i

Riisk = (A.11)

Mol gisk ( R, —- R) {
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A.3 Flux Density Computation

Based on figure A.4:

_ 4R,
%—(4 2 P )(pr (A.12)
Ry + 2Ry * 2R,
where:
@ =BA, (B, from permanent magnet datasheet) (A.13)
B, I 4Ry @ 1 (A.14)
A (4R, + 2R+ 2R) " | A

Assumingu, 4y =candu, .. =1:

B -_ Bt (A.15)

g
=
"2



Appendix B
First Order Stator Eddy Current

Model

B.1 The model

At first the total volume of copper winding in eatthck width case has been computed. Results

are presented in table B.1.

244



APPENDIX B: FIRST ORDER STATOR EDDY CURRENTS MODEL 245

Table B.1: Total Volume of Copper Windings (perday

Track Base Cu | Radial+Parallel| Total Spiral Radial+Parallel | Total Spiral

Width | Thickness Parts Length Length Parts Volume Volume

[mm] [um] [m] [m] [mm?’] [mm?’]
1.0 35 0.1124 0.3088 3.93 10.81
2.4 35 0.0565 0.1461 4.75 12.27
3.7 35 0.0385 0.0943 4.99 12.21

In [54] a first order model is presented, which sigeconsider end-windings. The author knows
that at certain rotor positions eddy current as® @ahduced in the end-winding, but for a first
estimation of the eddy current losses, this appnekion is applicable and as shown, the results

are acceptable.

T o Vg
AR& :?_ f2azrnzon Bmzzzza- f2a'z\/coani (Bl)
where:
c = Electric conductivity =47e6 S/m
f = Frequency (electrical) at 1000 rpm =33.33 Hz
a = Track width =1e-3/2.4e-3/3.7e-3 m

Veon = Conductor volume without end-winding = 3.93e975e-9 / 4.99e-9 In



APPENDIX B: FIRST ORDER STATOR EDDY CURRENTS MODEL

246

Bz = Peak Axial flux density =07T

The formula assumes a sinusoidal flux density ihistion (no distortion)

Table B.2: Predicted Loss per Phase

Track Width | Total Eddy Current Loss
[mm] [MmW]
1.0 3.8
2.4 26.4
3.7 65.6

Agreement with results presented in chapter 6 kiw20%.



Appendix C

First Order Self Inductance Model

C.1 The model

Different publications are available on inductanoenputation of single layer and spiral coils. A
very interesting handbook on inductance calculatibas been published by [55]. This book

represents a nice short cut for engineers or dessgmAn analytical formula for the self-

inductance of a single layer circular coil of &glyeng—r:[ratio has been given by Wheeler [56]:
lameter
N?7zr?
L=H K (C.1)
C
where:

247



APPENDIX C: FIRST ORDER SELF INDUCTANCE MODEL 248

3T\ r (o c

K :in—SJ[F(k)— E(K)]-29 g k)_ir}

r = radius of the coil
c = axial length of the call
d = Var?-c?
N = number of turns
K - 2
d
F(K), E(K) = Elliptic integrals of first and secondder

A closed solution of the elliptic integrals is notmediate. Miller [57] introduced an iterative
method to determine F(k) and E(k). The primary otije of the intended first order model is a
fast estimation of the motor phase self inductanteés is useful for first evaluation of control
possibilities of the planned machines. Therefoeefttmula should not contain iterative loops,
which would require significant computational effor

Chan, Cheng and Sutanto [58] introduced a simptificn of the Neumann’s Formula. In this

case the elliptic integrals are approximated bygatithmic function.

To overcome difficulties with elliptic integrals, Mdeler [56] published different approximate
formulae, which are nowadays well diffused. In pagticular case he derived an approximation
for a spirally shaped coplanar coil, by collapsthg coplanar turns in one “mean” turn under

assumption that the conductor width is much latgan the clearance between each conductor.
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This is a reasonable assumption also in the caperdéd circuit spiral. The flat spiral air-core

coil inductance by Wheeler [56] can be easily coraguoy:

N?r?
L=k C.2
(2r+2.81)10 ° (€2

where:

r= mean radius of the coil

c= axial length of the coil

d= outer coil radius § - outer coil radius (r

and,

[ -l
k, = P? E—Ipsli‘)ps where:
Ccs

P= number of stator poles
le= length of the circular spiral (used by equati?y) (12r 77N
los= length of the phase spiral (real track shape fatgorithm).

los= length of the outer arcs of the spiral (realkralsape from algorithm).

The inductance computed by (C.2) is in free sp@bés condition is not reflected in the motor.
By measurements presented in figure 7.10, the g@kis inductance is near to the coil

inductance in free space.

The first order model delivers a value which isseloto the g-axis inductance, within 25%.



D.1

Photos of Hardware

Figure D.1 : The Motor Prototype
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Photo Gallery
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Figure D.2 : Thermal Measurements on first Protetyp

Figure D.3 : Self-Inductance Measurements



