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Abstract

Abstract

Brushless DC (BLDC) motars often used in industrial applicatiebecause of their robus
ness and their low maintenanc@n the other hand reluctance actuators are also used in a
wide range ofindustry starting with simple binanactuatorsup to high pecision applia-
tions. For this reason it is important to teach studesdbout the design, calculation andrco
trol of thesedevices.

In this thesis, a modular brushless DC motor with a reluctance basgmetically levitated
rotor is developed, as a teaclgrtool for universities. Because of its simple design, it is-po
sible to build this systermasingstandard manufacturing techniques available in most kwor
shops.Thelow costs approachf the setupfeaturesthe National Instrment myRIO board.

Themodularconcept allows the use dhe system in different levels of teaching.ils basic
configuration, the commutation of BLDC motors as well as the design of position controllers
by using model based design candmmonstrated The next step focuses on the wangof
the magnetially levitation of a disc, in this steforces of reluctance actuater, coupling
between differentaxesand the control of nonlinear system can bk&plained.In the final
step, the motor can be run magnetically levitated and in sigrdes of freedom controlled.

In this thesis all the necessaryefiland algorithms are presented, which émeneededbuild
andrun the system.



Kurzfassung

Kurzfassung

Birstenlose Glelsstrommotoren erfreuensich aufgrund ihrer Robustheit sowie ihresrwa
tungsarmen Betriebes zunehmender Beliebthriindustriellen Anwendungerkin weiteres

weit verbreitetes Aktuator Prinzip sind Reluktanzaktuatoren, welche binar angesteuerten fur
einfache Schaltanwendungen bis hin zum Hochpréazisenbereich Anwendung indede-

sem Grund ist es wichtig, Fachleute in deislegungBerechnung sowie der Regelung dieser
Gerate auszubilden.

Im Rahmen dieser Arbeit wird emodular aufgebautemit Reluktanzktuatorenmagnetisch
gelagerter burstenloser Gleichstrommotor (BLD@)wéckelt, welcher in der Lehre an Wn
versitaten und Hochschulen eingesetzt werden kann. Durch einen einfachen Aufbau ist es
moglich, das System mit standartmafiigen Herstellungsverfahren und geringen kaosten
fertigen. Als Echtzeit System wird das von iNaal Instruments vertriebene System-NI
myRIO verwendet

Durch den modularen Aufbau ist es moglich, das System in verschiedenen Ausbildungsstufen
einzusetzen. In der Grundstufe kann die Kommutierung von BLDC Motoren, sowie das Erste
len von Positionsregehgen auf Basis demodellbasierten Funktiosentwicklung gelehrt
werden. In der nachsten Stufe wird eine Stahlscheibe magnetisch gelagert. Hierbei kbnnen
die Krafte und das Verhalten von Reluktanzaktuatoren erklart werden, des Weiteren kann
die Entkopplung und Regelung von nichtlinearen Systememitteft werden. In der finalen

Stufe wird der Motor in sechs Freiheitsgraden magnetisch gelagert betrieben.

Diese Arbeit umfasst alle benétigten Dokumente und Algorithmen die fiir den Bauaind B
trieb des Systems benétigt werden.
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Introduction

1 Introduction

Brushless D@LDEmotors are widely used imany industrial applicationdue to their o-
bustness and low maintenan@mpared to conventionglbrushed)DC motorsin addition
their efficiencyis very highwhich makes these motors interestimg times wherea respan-
sible use ofresourcesbecomes more and more importanDue to their stiff and compact
design, very high cdrol bandwidths can be achievedience, his motor is often usedn
positioning applications

A secondgroup of actuators whichs widely used inindustry are reluctance actuator$hese
actuators areoftenused ast A YLIX S Go Ayl NB ¢ | O dzthdydpfierlinet A | S
ar movement, higtforce densities and higltontrol bandwidth. Asthese actuators daot
require a connection betweestator and moving part, they are a perfect caddte for high
precision positioning application.

It is important toincorporate both BLDGnotors based on ta Lorentz principle as well as
reluctance actuators in universitiestuients should understand the fundamentals of the
design, building and adjustment of these devices. Brushless DC motors and reluctamee actu
tors are good exaples formechatronic systemdue to thdr close interaction of mechanics,
electronis and control.Using these systentie model based design of mechatronic apglic

tion can be taught. This includes the following details:

1 Designof BLDC motors includirigeir pole and winding structur

1 Commutation of BLDC motwincluding different commutation techniques

1 Design of reluctance actuators by analyzing the magnetic ciasityell aalculd-
ing the flux densities and forces in the air gap

1 System and parameter identification as well as mloghlidation

1 Loop shaping design of PID controllers

Systems where brushless DC motors and reluctance actuatmisin combinatiorare ele-

tro motors with magnetic bearings&Jnfortunately, there are no existing solutions of agna
netically levitated BLD@notor which can be used for teaching, as commercial systems do
not have access to all the required signals and algorithms. In addition industrial systems are
very price intensive which makes it hard to equip a full lab with such setups.

Thegoalof this thesis igo develop a modulatow costbrushless DC motor with a magmet
cally levitated rotor This system should providecess to all the signals, which are needed
to drive, identify and control the motoandthe levitation system. The systeshallbe usel

in different levels of teaching, so the various pareedto run separately.

In the design of this system, it is very important to keep the costs low, that universities can
afford this systemThe motor has to be produced with standard manufacturteghniques

and low effort like 3D printing. The retime target NI myRIO will be used as it is cost and
power efficient and can be easily programmed via LabVIEW.
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Standard industrial motors uses pulse with modulation (PWM) because their high power
efficiency. The downside of this method for teaching is that it is hard to measure and-unde
stand the signals in the motoFor the understanding of brushless DC motors, students have
to be able to measure the signals of th@tor by using an oscilloscopsp anabg circuits

and signals have to be used. As the focus of this project is set on teaching, the lower power
efficiency of analogmplifiersis less important.

To teach students about BLDC motors, the motor hakawe access to all the signals and
algorithms. Blockcommutationof BLDC motor has to be necessarily possible. In addition the
use of more advanced commutation techniques like sine commutation is desired.

The whole system will be used to teach students about model based design of mechatronic
systemsand controllers.Therefore a low design complexity is desired, that it is possible for
students to model the system accurately. In additibere should be a good comparability
between the model prediction and the actual measurement.

One goal of this thas is to teach students about controller design. The different parameters
of a PID controller can be felt if the torque created by the motor is high endutgrque of

> 5 mNmshouldbe achievedas a minimum The speed of the motor is less important, but
should reach a value which similar to commercial motors which is well above 1000.rpm

The system has to be designed modular, that it can be used in different levels of studying.
This results in a system which starts with the basics of BLDC motore &ssttstep, up to
the control of nonlinear MIMO systems in magnetic levitation for graduate level teaching.

The thesis is structure in the following pattern.

In chapter 2, the concept of the brushless DC motor including its magnetic levitation system
is developed Different concepts of actuation and sensing for the BLDC motor as well as for
magnetic levitation are evaluatedhapter 3 focuses on the development ohaaxial field
brushless DC motor. The desigraafinding ard pole structure is explained and the relevant
motor parameters are calculated. A dynamic model of the motor is creatbech is verified

in a numberof different tests

In chapter 4, a three axis magnetic bearing for controlling the Z, Pitch and Roll axis is deve
oped. Different sensing principles are described. Actuators and power electroniceare
signed. Adynamicmodel of the magnetic bearingcludingposition control iscreated This
model is verified on the setup by measuring the system behavior.

Chapter5 describeghe designof a magnetic bearindor the two remaining horizontabxes

A model of the magnetic bearingcluding all controlled axes built. Based on the modgl
different controllers arduned. In different tests, thenodelis verified. In Chapter6the func-
tionality of thefull system isvalidated Different tests to show the functionalityf the spn-
ning rotor with magnetic levitatiomre performed Chapter7 summarizes the work which is
done in this thesis and gives suggestitorsfollow-up projects.
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2 Conceptual design

In this chapterthe concept ofa BLDC motowith a magnetically levitated rotor idevd-
oped. The definedeaturesfrom chapterl are compared to existing solutions in the field of
brushless D@otors (section2.1) and magnetic bearirgysection2.2). Section2.3 compares
different actuator conceptswith respectto their applicabilityand modularty. In section2.4,
solutions for sensing the rotor position are present&ection2.6 presens the overall con-
cept of the motorto be developedand tested in this thesis.

2.1 Overview brushless DC motors

2.1.1 Basics of DCmotors

In conventional (brushed) DC motopermanent magnets are mounted at the stator and
coils are attached to the rotor. This requiresransmissionof electric current from the st-
tionary part of the motor tathe rotor which is usually done by brushes. The limited lifetime
of the brushes is the major drawback of conventional DC motors.

In brushless DC motors the permanent magnet and amilfiguration ismirrored. A scle-
matic drawing of both types of motor ishown inFigurel. The electriderminalsare con-
nected to the windings on the stator, so there are mechanical connection® transmit
electrical powerto the rotor required. This increases the lifetime of this motors significantly
compared to brushed DC motorBhe torque in this motor is created by the Lorentz fojtk

2.

Rotor winding
Rotor

o Stator magnets
Stator winding

Magnetic flux

NHza Kf S . NHza KSR

Figurel Schematic drawing of brushless and brushed DC motors

2.1.2 Commutation

GCommutation i.e. changing the direction of the electric currer® necessaryn order to
achievea continuous unidirectional torqué&his is dondy changing thelirection of current
in the coik, according to the magnetic fielof the rotor. InbrushedDC motors this isealized
with the commutator which changes the direction of the electrical currémthe coils ne-
chanicallyas shown in the following figure.
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Figure2 brushedDC motor commutatiortaken from([3, p. 80]

Usingbrushless DC moterthe commutation has to be donley motor electronics The cu-
rent in the stator coils has to be aligned to theagnetic field of the rotor. If this is donerco
rectly, the electric field rotates in the same speed than the magnetic Gélihe rotor. To
alignthe electric currentn the coilsto the rotor angle a measurement of the rotor angle is
required[4, p. 4] This isusually doe by Hall sensorsvhich measurehe magnetic field 6
the rotor.

Different commutation methods can be chosen to run a BLDC motorsiit@estcomnu-
tation mode is block commutatiorhe rotor angle is measured by Hall sensors wiget
erate binary signal$or the motor controller. The controller switches the current through the
motor coils on and ofbased on these sigralFigure3 A). Advantage of this methodre that
there are low costs for sensing the magnetic aragid the motor software is not complex.
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Figure3 Bock commutation and Sine commutation

The switching of the currengeneratesorque ripplesin the motor. These torque ripples can

be reduced by the use of sine commutation. When sine commutation is used, the rotor angle
has tobe measured accuratelyfhe current through the coils is adjust@deciselyto the
magnetic field of the rotor to create torque witlitle torque ripple Eigure3 B).
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2.1.3 Types of brushless DC motors

Brushless DC motors can be separaitediifferent subgroups. The most common tygoef
motors are radial field motors. A schematic drawing of a radial field motor is shokigune
2. It can be seen thidahe magnetic field lines leave the rotor in radial direction.

Stator

i b

MMM

wlk RAFE  FA l'EAILf FTAS

Figure4 Radial field and axial field motors

The second maigroup of BLDC motors &xial field motors. In these motors the magnetic

field is created in axial direction by a permanent magnet with different poles. The coils are
placed in the stationary part of the motor. The advantage of this motor configuration is that
the motorcanbedzZA ft R Ff G O2YLI NBR (2 N}IRAIFIET FASER
in floppy disc drives or hard disc drives. The following pictures shatisassembled floppy

disc axial field brushless DC motor.

Figure5 Disassembled #ippy disc axial field motor

The design of the rotor can bachieved without big manufacturing effoferoblematic is the
winding of the coils of these motors, as this requires special machines to wind the coils in
the desired shap€5], [6] suggestprinting coilson a PCB board, because of the high fldxibi

ity for the design of the coil§he board can be bought from different veod after desig-

ing it inPCBdesign software. Using PCB boards for the wirglofghe motoris well suited

for the use in a teaching motor, as the effort and costs to buy such a l@yancther low.
Power and sensinglectronicscan be integratedvith the coilson the PCB board.
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2.2 Overview m agnetic bearings

2.2.1 Reluctance actuators in magnetic levitation

Magnetically levitated systems based on reluctance actuators are often used in universities
as a mechatronic example of magnetic actuators and controller design for nonlingar sy
tems. Theaim oftheseteaching projects is to levitate a ball a constant distance torneac-
tuator. Teaching applications of magnetic levitation using this physical principle of applying
forces against gravity af€], [8], [9] or [10]. A schematic example is shown in the following
figure.

_J

—)

Figure6 Schematic view of a reluctance actuator based magnetic levitation system

By applying a current | through a cathich iswound around iron core a magnetic flixin

the actuatoris createdThis result in a flux density B and a foi©e in the air gap between
actuator and mover (steel ballfhe current through the actuator is controlled based on the
measured position of the steel ball. Thesitionis often measuredby optical sensors.

The force characteristic of this actuator can be described with the following equatioere
X represents the distance between actuator and steel ball and k a geometry speciic co
stant.

. . 0 Equation2-1
°© By

By the use of one reluctance actuator, only attraction forces betwsttor and mover
(steel ball)can be applied. In the above configuration the negative feraee generated due
to gravity.Using this concept the stebhll can be actively controlled in one degree ofefre
dom. If more DOF have tbe controlled, as it is the case in this thesis, more reluctanca-act
ators can be usedl'he University Saarlangll1] developed a magnetically levited plate,
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where four reluctance actuators are placed at the edges of the plaseng these actuators
the Z, Pitchand Roll axis can be controlled and the gravity is compensdteid approach
seems interesting for the levitatioof the horizontal axesf the rotor.

2.2.2 Magnetic bearings

Electric motors with magnetic bearings da@separated in two main groups. The figgbup
comprisesmotors with magnetic bearings. The magnetic bearing is independent from the
motor windings itselfA secondgroup iscalledbearingless motors whichthe generation of
torque and radial forces isombined[12]. Bearingless mota&will not be considered in this
thesisas they do not allow a modular design concept of the system.

Figure7 shows a typical structure of a motor systemith conventional magnetic bearings.
The motor itself is placed between two radial magnetic bearings. The force created by each
radial bearing is perpendicular to the shaft position. This way the rotor can be centered in
the middle. The position of the Z axssregulated by a thrust magnetic bearing.

Radial Radial Thrust
magnetic magnetic magnetic
bearing Motor bearing bearing

W%/%/W”‘_\

Qé% ,-\/ /\) )

J
W//\E\V//ﬁ

s 1[I sfl] Il
16 INV 16 INV | [ 16 INV
14 INV 3¢ INV 1g NV | | 14 INV
14 INV 1¢ INV |
16 INV 1 INV |

Figure7 Motor with magnetic bearinggicture taken from[12, p. 3]

Typically each radial magnetic bearing has four coils around the stator, two X dixés and
two in the Y axisvorking in anantagonisticarrangement Soit is possible to create forces in
the positive and negative direction of each axis to keep the rotor in its posilios.is esp-
cially positive when there is no gravity forcergadjust the system in negative directiofhe
motor itself can be used and controlled as a conventional electric motor withoytnaay-
netic bearings.

The antagonistic arrangement of the actuators is reasonable for axis, where areno
readjusting graity force is in the system. For the case of an axial field motor, this coafigur
tion has to be preferred for horizontal axis.
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2.3 Actuation concept

With the defined features and considerations about brushless DC motors and magnetic bea
ings different conceps of BLDC motors with magnetic bearings deeelopedin order to
achievea good overall design.

An axial field brushless@®™motor on a PCBoard as suggested ifb] is chosen because the
windings are the critical part ibuilding the motor. Thiscan cleverlybe solved by printing
them on a PCB board in combination with the rest of the electsonic

Reluctance actuators above the rotor as adviseflLit] will be used to control the vertical
axis of the rotor, working against gravity. For the horizontal axis, where no gravity force can
be used, an antagonistic arrangement as suggest¢ti?ijis developed.

2.3.1 Vertical actuation

The actuation of the Z, Pitch and Roll aza be donesimilar to the levitation of a platen
2.2.1by mounting reluctance actuators above the rotor. Because efgravity forceof the
rotor, only one direction of actuation is require@or the control of the three axesnly
three actuatorsare neededwhich fits to thelimited D/A channel®f the myRIO Also the
amount of power electronics can be reduced with tbasfiguration.

Actuator designs which can contrblesethree axesof the rotor are described inFigure8.
All concepts uséhree reluctance actuators which are maed above the rotor in an angle
of 120°. The magnetic flux created by these actuators is indicated with green lines.

14

O ! 0 . o/

All Al12 A13

RI1 R12 R13 o3 a1 32 a3 .
Figure8 Actuator conceptfor Z, Pitch and Roll
In (A) three reluctanceactuators are mounted above the rotavhich are connected via a

return pathabovethe other actuators. This results in a simple desibjegative in this acta+
tor configuration is, that there are strong couplings between the actuators. When the cu

23



Conceptual design

rent inone actuator is increased, the magnetic flux and force increases in all three actuators.
This makes this configuration hard to control.

(B) shows a concept where the three reluctance actuators are sepaufaten each other.
Couplings in the magnetic fllbbetween the actuatos are avoided The disadvantage in this
concept is that each actuator has two points where a force is created at the outer radius
which is not wanéd. When the rotor tips or tilts, the force generated by one actuator moves
between the o stator coils of the actuator, as the resistances changes unequally.€Fhis r
sults in an additional nonlinear behavior.

In configuration (C) a feedback patRs,) in the middle of the rotor is addeduring a no-
mal operation the magnetic flux created byach actuator is over the feedback path in the
middle.So the actuators can be driven mostly independent form each other.

By comparing these three actuator principles it can be seen, that coriCeptfers the most
advantages for contrbhg the ZPitch and Roll axis, as the couplings between the actuators
are low. In addition the points of force generation are constant.

2.3.2 Horizontal actuation

For the control of the X and Y axis additional actuators have to be added. As there isno gra
ity force in tre XY plane, an antagonistic actuator principle has to be chosen as ib4is pr
posed in2.2.2to be able to apply positive and negative forces to the rof@2] suggests
using two reluctance actuators in each axis to achieve an antagonistic actuation, which r
sultsin four actuators for the X plane. Problematic for the use of four actuators is the-lim
tation of D/A channels on the myRISo actuator principkusing three actuators fothe XY
plane actuation areleveloped

o ! o/ | o)
i s
- A Z
A, x A
I %
A
Ah1
Avl ALL(]) A12 '.
R1Z R2 Rl R Rh1l
Ah1
A
Rl

Figure9 Actuation concept for the X and Y axis
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To achieve forces which adbstributed equally in the X plane the three additional redu
tance actuators are also mounted in an angle of 120° around the rbigure9 shows three
different concepts for controlling the X and Y axis.

The first concept (A) adds a reluctance actuator in thé plane next to each Z axis adtwa
By changing the current through this actuaty; the rotor can becontrolledin X and Y. As
the magnetic circuitf the horizontal axis actuatas designed to be over the feedback path
(R/2) in the middle of the rotor, also #orce in the Z axis is created, which needs to be-co
pensated.In addition there is a coupling between the horizontal axis actuators angelfte
cal axis actuators in the magnetic flux.

Concept (B) shows a more integrated version for the control of tepkane. Two actuators

are mounted in an angle of 45° above the rotor where a triangular shaped ring is added.
With changing the current ithese actuators antagonistically positive and negative forces in
the X and Y axis can be applied. By changing the current through both actuators in parallel, a
force in the Z axis as well as a torque at the rotor is applied. This can be used to control the
Z, Pitch and Roll axis. Negative in this concept is, that the magnetic flux created by #re actu
tors can be shortened. When the rotor turns out of its middle position and the resistance R2
becomes lower than R3 which results in a force mainly in Z direclihen a creation of
forces in the X and Y axis by changing the current antagonistically is not possible and more
complex algorithms have to be used.

In concept Q three reluctance actuators are mounted around the rotor. By applyingra cu
rent through ore actuator(An1 ¢ Ahg), a force in its direction is created. Because of the angle
of 120° between the actuatoypositive and negative forces in X and Y camgé&eerated To

keep the point of actuation for each actuator centered, the distance between bmite
creating parts of one actuator is set to be smRlbsitive in using this concept is that the X
and Y actuators can be used separately fittvn verticalactuators, which results in a high
possibility of modularization as well @&s easier control Borithms In this concept two
points of forces are created by each actuator. The distance between these two points is set
to be low, to reduce the effect of the vargrcenter of force per actuator.

For the purpose of this thesis conce pffers the mat advantagedecause the couplings
between the vertical and horizontal axis are low as it would be the case in concept (A). Also
there is no possibility to shorten the magnetic flux asainvd be the case in concept (B).
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2.4 Sensor concept

2.4.1 Sensing of the motor angle

In the basic configuration of the motor, commutation as well as position coht@slto be
possible. Because of the modular design of the motor, a contactless measurement of the
rotor position needs to be done.

The position sensing of the rotor in BLDC motersften doneby using quadratire encad-
ers. An example of an optical based encoder is showkigare10. On the rotora disc with
different slots is mounted. Via a LED and light receiving elements, quadrature saagmals
generated when the rotor is rotating.

LED Rotating Disk Fixed Slit
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Figurel0 Optical quadrature encoderpicture taken from[13]

The resolution of the encodes ibased on the amount of slotsidhe encoder disc. Tan4
crease the resolution of the encodeanalog sine/cosine encoders can be used where the
position between each slasinterpolated. The signals of both types of encoder are shown in
Figue 11.

For the design of posdn controllers with a sufficiently high control bandwidth as well as for
systemidentification it is required to measure small angle changes of the rat@f). When

a quadrature encoder is used, this results in more tB&isegments of the encoder disthis

high amount of slots in a disc is hard to produce with standard manufactuechniques.
When a sine/cosine encoder is used, which interpddke values between each segment,
the number of segments to achieve a high resolution encoder can be reduced significantly
and the encoder disc becomes much easiemanufacture
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Encoder signals
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Figue 11 Encoder signals of quadrature and sine/cosine encoders

As the encoder is also used for commutation of the BLDC motor a reference signal of the
magnetic angle of the rotor has to be measured and both signals have to be aiigoeter

to get a good commutatiorin industrial application the measurement of the magnetic angle

is usually don be three Halls sensors which measures the magnetic field for each phase and
generate binary values for the retine target.

[14] suggest to use permanent magnets and Hall sensors to build an incremental encoder
for measuring the rotor positiolWhen the magetic field of the motor magnets used to
create a sine/cosine encoder, the measurement of the magnetiteaand the rotor position

can be combined. Also no additional cost for creating an encoder disc is requsieg. this
combination a cheap and accurate sensor for both cases of application can be built.

2.4.2 Position sensing for magnetic bearings

Themagneti® SI NAy 3 g2NJa oAGK Of 2aSR f22L) 02y iNZ
of each axis needs to be done. Because of the different stages of modularization, two set of
sensors should be used to measure the vertical and horizontal axes indepen@&anbos

which are not sensitive to magnetic fields shoblel used to avoid disturbancesused by

the magnetic fields of rotor and the reluctance actuators.

The sensors of the Z, Pitch and Roll axis are placed above the rotor close to the a@sators
it is shavn in Figurel2. Using this configuratiothe height of the rotor is measured at three
points. This makes it possible to contedch actuator individuallyith the measured &-
tance between actuator and sensa@k second option is to transform the measured distances
in Cartesian coordinates and to control the different axis.
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S5

S6

Figure12 Sensor concept of the magnetic bearing

For the placement of the sensors of measuring the position in X and Y the same approach is
chosen. The sensors §466 are placed next to the actuators amgtasures the distanceeb

tween actuator and rotor. So a control of each actuator independewithythe measured
distance between actuator and rotas possible. In addition the sensors value can bestran
formed in Cartesian (X, ¥dordinate When this is doe three the sensors offers a higher
accuracy becausenly two sensors are required to measure these axes. The third sensor acts
redundant.

2.5 Rotor concept

The rotor of the BLDC motor has to be designed, that permanent magnets can be glued onto
the bottom. Therefore a smooth surface between rotor iron an magnets is required in order
to reduce the magnetic flux in these points. To achieve high dynamics with the motor, as
well as to reduce the bias current to levitate the rotor, a mass of the rotor has tovioe |

For levitating therotor in its desired position, the ferromagnetic surface of the rotor, which
interacts with the reluctance actuators, has to be big enough, that no additional resistance
between in the magnetic circuits appean. addition a materiaWith a high permeability has

to be chosen.
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As the vertical and horizontal axesvedo be used independently, the couplings between
these axis has to be low. This can be achieved, when the horizontal axis actuators are acting
in the center of gravity.

The reluctance actuator of the horizontal axes has to be placed close the perman@at ma
nets of the rotor. Nevertheless the rotor has to be designed, that the cogging torque b
tween rotor magnets and actuators is loim the following figure, the requirements the
rotor design are shown.

s
-

b2 O2. /I Sy GdSNJ z

Figure13 Rotor concept

2.6 Concept for a Maglev BLDC motor

2.6.1 BLDC motor

Anaxial field motor is designed with all tledectronicsand windingglacedon a PCB boat.

The rotor consists ofa round steel disc with glued on permanent magndts.measure the
rotor position accurately for control and commutation a Hall sensor based sine/cosine e
coder is implemented on the board.

In this step of modularization different commutation techniques of BLDC motors can be
shown. Also the processing of sensor signals can be explained. The motor charactristic p
rameters can be measured and compared to calculated values which have been used the
model based design approach. Finally a position control of the rotor axis can be designed
and tested.

Magneticflux in the motor

Magnetic leakage flux

PCB
| Back
Back iron

No back iron

Figurel4 Motor with and without back iron
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Because of the modular design it is required to replace the rotor with conventional bearing
to the rotor with magnetic bearing3his has to be done without a big effort, which resuit

a motor without back iron which is described kigure14 . The attraction forces between

rotor and back ion would m&e it had to replace the rotor andould increase the force to
levitate the rotor significantlyOn the other hand the torque generated by the motor igHo

er because of the high leakage flux and the bigger magnetic resistéhedollowing figte

shows the desired design of the BLDC motor on a PCB board and an easy connection to the
myRIO reatime target.

bL Ye

PCB including motor windings

wW2i2NITRAZO A
Of dzRA Y3t LI NI

ySyid YI3aysia

Position
sensing f
Power and

sensing
electronic

Figurel5 Schematic drawing of the motor concept

2.6.2 Magnetic levitation

The second goal of this project is to make the rotor disc levitating using reluctance actuators.
In this configuration it is possible tevitate the rotor inup to five degrees of freedon(X,Y,

Z, Pitch and R9lIDifferent control algorithms and interdions between different axes can

be observed and algorithms to prevent these effects can be explained.

This is realized by addirigree actuatorsabove the rotor in an angle of 120°. These aetu
tors take of the gravity and control the Z, Pitch and Roll a€st is described i8.3. A con-
cept for sensing the rotor positn isdevelopedin 2.4.2 The placement in the setup is shown
in Figurel6.

Tostabilize the X and Y axis, three moréuatorsand sensorgare added around theotor as
it can be seen ifrigurel6. In this conguration the position in the X and plane can beda
justed and imbalances of the spiing rotor can be compensatetVith this configuration it
is possible to contrahe rotor disc in five DOBsing the magnetic bearing.
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2.6.3 Magnetically levitated BLDC motor
In the final stepthe BLDQOnotor with magnetic bearingan beused Sothe motor can be
driven magnetically levitated and in six axes controlled. Different effects, like sens@ n

because of theotating rotor andgyroscopieffects can be seen.

Z, Pitch, Roll
sensors

‘yand. 'z

[
NN
.x

Q.
J1orenioe |joy

;

Jojenioe |0y ‘yand ‘Z

)oxemf-)e

X, Y sensors

Hall sensor for measuring the
rotor position

Figure16 Concept of the magnetic levitaterushlessDC motor
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3 Axial field brushless DC motor

This chapter describes the design, modeling and testingn @xal fieldorushless DC motor.
Section3.1 focuses on thecoil design of axial field brushless DC motddgfferent winding
structures are compared and rated regarding their usability in PCB mdtossction3.2the
rotor of the BLDC motor is developeddifferent types of permanent magnets and their use
in axial field motors is compared.

The accurate sensing of the rotor positioging Hall snsorsis explained in sectio8.3. For a
model based design approach, the motor characteristic parameters are calculagedim
order to predict the relevant motor behavior.

In section3.5 the motor is designed including electronics and LabVIEW implementation.
With the designed motor, the estimated motor parameters are verified in se&i6én

For the design of position controllers a dynamic model of the BLDC motor is developed and
linearized in sectiorB.7. A position controlleris desigred and the implementation of a &
jectory based positioningeveloped In sectiorB8.8the model and controller is validedl.

3.1 Coil design

The following section compares different winding structures of brushless DC motors. These
structures are compared regarding their use in PCB motors. For the chosen windiog stru
ture, coils are designed which offer a high torque capability.

3.1.1 Winding structure

The winding structures oBLDQOmotors can be separated in two groups, overlapping and
non-overlapping windingsThetwo different strudures aredescribedand comparedor the
use in PCB motors.

3.1.1.1 Overlapping winding

The overlappingvinding is the most common winding structuri@ standard synchronous
motors, as the magnetic field in the air gap of the motor is nesirflysoidal15, p. 2] In this
type of winding the coils of the different phases aredapping Sothe coils of the different
phases have to be separated to different layers on B&Bboard. An example foan over-
lapping winding with foucoils per layer is given the following figure
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Figurel7 Overlappingwinding structure

In the overlapping winding structure the number of coils per phase is equal to

the number of poles at the rotor) as displayed iequation3-1. The total amount of
coils of the motor is calculated by number of coils per phasgtiplied with the number of

phases.

0 0 Equation3-1

The difference between electricapeed] and mechanical speed of the motor is
represented in the following equation.

: 1T X Equation3-2
n

The variable is the number of poles at the rotor. The followitaple shows the number of

poles the resulting coils and theatio between mechanical and electrical spefed a three

phase motor.

Tablel Parameter setup for overlapping windings
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For the design of brushless DC motors on PCB boards it has to be taken into account, that
everycoilmust have an evenumberof layers to have a connection throughe lead cables

from the outside of the coil. Otherwisenaxtra connecting layer is needethis is shown in

the figurebelow. This results in a minimum of six layers of the PCB board for a three phase
motor.

Lead wire 1
(Layer 1)

Lead wire 1

Layer Lead wire 2 (Layer 1)

connection (Layer 2)

Layer
connection
Lead wire 2

l£Layer 2)

Figurel8Layers per Coil

As the coils of the different phases are overlapping, the connection between the different
layers isdifficult. It can either be done by usingy 2 i G KNR dzZK K2f Gre 02y y
expensiveto manufacture, or by leaving enough space in the other coils to use standard
GUKNRddzZZK K2fS 0O2yySOilA2yaé ¢KAOHRIifférendsdNE K
tween both connection typgare shown in the figure below.

Layer 1

B Wl e

Layer3

. Layer 4 /\\

Through hole Not through
connection hole connection

Figure19 Through hole and not through hole connection

3.1.1.2 Non Overlapping winding

In comparison to the overlapping winding structure tloeils are separate in the nen
overlapping winding structure. This winding structure is a common structure in linear motors
and forthe building of low speed torque motof46]. The following figure shows a schema

ic view of a noroverlapping windinglt can be seen, that every coil is independent from the
other coils.
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Figure20 Schematic view of noroverlapping windings

Therelation between the electrical and the mechanical speadEiquation3-2 still holds.
Common coil and pole arrangements for roverlapping windings structures atleree coils
to four poles or three coils tovie poles configuratiomand their multiples The follaving
table gives an example of common distributions dhelir ratio between electrical and e
chanical speed.

Table2 Parameter setup for overlapping windings

The advantage of a neoverlapping winding structuran the design of an axial field PCB-m

tor is the high design flexibility in designing the coils. For the amount of layers on the PCB
board only an even value has to be chosen because of the lead c8bleke torque co-

stant of the motor can be adjusted better by adding or removing two lagerthe board.

¢tKS O2yySOiAz2y o06SGsSSy (GKS RAFFSNByu €I &SN
O2yySOiArz2yaéd sKAOK YI1S5a8 GKS 062FNR fSaa SEL
3.1.1.3 Winding comparison

By the use of a neonverlapping windingtructure there is more flexibility in designing coils.

This way thdayers of theboard can be adjusted freely and the number of turns candbe a

justed to the maximum allowable resistance of the clwiladdition the costs for producing

GKS 02FNR& I NB 2SN 0SOI dza S 2 For thik ®asdiRa & A 0
non-overlapping winding structure has been chosen for the design of the motor.
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3.1.2 Caoil Design

To achieve a high torqueapabilityin the motorusinglittle mechanical spaget is important

to design coilvhich areeffective in respect of their shap&o maximize the torque crated by
each coil, thdength | of wires in radiadirection to the rotating axis has to be maximized
Thesewires create the motor torque via the Lorentz forEewhen a magnetic field B ip-a
plied. The following figure showes simplified coil structure and the forces due to current and
magnetic field.

t

S &
)

Figure21 Lorentz brces in a coll

One approach irthe design of coils with high torque is the userbdmboidal turns(Figure

22 A)in the coils. This way the length of wire in the magnetic fegdbe maximiza&l. On the
other hand the'Y JO losses in the cdilare very high, as there is only half of the coil in the
magnetic field5, p. 40] Also this coil structure needs a lot of space on the PCB board, which
makes it inefficientn respect of space

Figure22 Rhomboidal coil coil with parallel active sectionspicture taken from[17, p. 2]

A second approach is the use of coils with paraltgive sections(Figure22 B). In compai-
son of the maximumachievabletorque under a magnetic field, the torque created by the
Lorentz force is lower. But on the other haattigher torque constant in relation to thesed
space on the PCB board and to the resistance of the coil cachieved which makes this
shape attractive.

For the design of the PCB motor the coils with parallel active sexcticgchosen, as this coil
arrangement is more efficient in relation space anaopper losses
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An important design parametesf the coil isthe number of turns which can fit on one coil
This parameters estimatedby using the following equatiofl7, p. 4]

Y Y Equation3-3
cOL W

The variablesyY and'Y represents the outr and inner radius of the coiN is the total
amount of turns at one layelVith a track width of 5 mil and a clearance of 6 mil on the PCB
board, an outer diameter of 75 mm and an inner diameter of 20 mm of the eaitd) layer

of the coilis estimated to havd9 turns.

To achieve a higher torque more layers of coils have to be asddhe coils of the different
layers haeto be connectedn seriesIn order b have the electrical currenh the same @&
rection in each caijlthe coils of the different layers have to be designed as the followag fi
ure indicates.

a) b)

Figure23 Coll structure for different layerspicture taken from[17, p. 2]

With the first approximation of the coil parameteend the consideration about connecting
different layersa more detailed coil version has been created. A Mastaipt for the design
of coils iswritten which is attached at the appendiXhisscript is interfaced to the PCde-
signsoftware Altium where the needed Gerber fileadithe rest of theelectronicsare de-
signed.

It turned out, that a maximum amount of 35 turns can be placed on oneandilone layer
By using dour layer PCB board 140 turns cand&hievedon one coil.The torque constant
of each coil can be calculated usiBguation3-18.

To achieve the maximum torque constant in relation to the needed spdifferent vara-

tions of coils with parallel active sections have beaiculated It turned out, thatthe max-

mum torque of the motor can be increased by 17 % using coils with an arc structure at the
outer radius compared to cailvith only straight lines at the outer radiushisis because the
maximum length of the tracks parallel to the rotating axis ¢@e enlarged using the arc
structure.This can be seen Figure24.

¢ K I { Q ®ils with paralel active sections and an arc structure at the outer ralaave
been choserin the coil design of the motor.
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Figure24 Coils with straight lines and arc structure

3.2 Rotor design

After designing the coil structuref the motorarotor is designedo get a motor with a high
torque capability and easyanufacturing Therefore different magnetic materiaése com-
pared and testedThe most promising desigs chosen.

3.2.1 Magnetic material

To achieve a motowith adequate torque, different magnetimaterials are comparedihe
main requirements for the design of theotor are that the magnets can be eién bought as

a standard magnet or that the permanent magnet material can beagnetizedand na-
chinedwith adequate effort.Also the magnetic field cegded by the magnets has to be suff
ciently high.Table5 in the appendixshows different magnetic materials and their main
properties.

It can be seen, that NdFeB nmags offer the highesenergy product but on the other hand
they are hard to machine and remagnetize. This means, that thesdf/pnagnetic material
can only be used if the suitable shape of NdFeB magsetgailable of the shelFortunately
there is awide range of different shapes of NdFeB magnetsich can be bought from i
ferent vendrs.

Ferrite magnets would be a good solution tbe use in rotors for axial field machines, as
they can be remagneted rather easy, and still offexr high magnetic field. Unfortunately no
ferrite ring magnet with the right dimensions could be found.

38



Axial field brushless DC motor

NdFeB flexible magnets and NdAsihded magnets are also not thieest choice for the e-

sign of aprototype of an axial field rotor, as even if they caminachined it is hard to nga

netize the rotor in the desired pattern. On the other hand, if a larger amaidinhotors is
planned to be builtbonded NeFeB magnets could be a good chaisdgheycan be bought
machined and magnetized fronifferent vendors. For large amounts of motorthis kind of
magnet offers higlkenergy products well as customized shapes.

A flexible ferrite magnet offers the loweshergy product but they can be machined and
magnetized very easy for prototyping of different shapes armdynetic patterns. Because of
this features, this material becomes interestinigr the use in prototypes of an axial field
brushlesDCmotor.

It can be seen, that NdFeB magnets daudite flexible magnets offexthe most advantages
for a first prototype of an axial field brushless DC motor. Rotor configurations of these two
rotor systems will be discusden the next steps.

3.2.2 Flexible magnet rotor

For building a flexible magnet rotor a sheet of flexible magneaterial has been ordered.
With a magnetic material listeoh Table5 and agiventhickness the magnetic flux density in
the PCB board of the motoan be calculated. The magnetic circuit of the mototh a back
iron behind the rotor carme repreented as the schematic shown kigure25.

Rfe
gpm @ gpm
Rpm Rpm
T T
Rair Rair
Rpcb Rpcb
T 1 T
| I—
Rfe

Figure25 magnetic circuit of a motor with backon

Themagnetomotive forceg created by the permanent magnets can be calculated using the
following equation

g O Equation3-4
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The variabléOrepresents the magnetittux intensityof the permanent magnet and | the
length of the magnetThe magnetic resistanCé of the different elements in the magnetic
circuit can be expressed as:

v a Equation3-5
0 D

Where b is the magnetic permeability on vacuum; i$ the magnet permeability of the
materialand Athe cross sectionWith the sum of the resistances and theagnetomotive

force, the magnetic fluxg can be calculated.

s g Equation3-6
Y

The flux density’ in the PCB board can be determined as

" i Equation3-7
0

The variabléA representsthe cross sectiotin the RCB board in the magnetic fieldcéording
to these calculationa flux density of 0.08 T can be achieved using a flexible magnet disc
with a length of 3 mm.

In order to magnetize the rotor in the desired magnetic pattern a magnetization tool using
NdFeB permaent magnets has been developevhich is shown in the figure below.

Return Iron

%

Retor backron Magnetizingmagnet
flexible magnet

Return ron

Figure26 CAD Magnetizing tool

Using this tool a pole structure of eight poles danplaced on the sheet of flexible peam

nent magnets.To magnetize thdlexible magnets, therotor will be clampedin a lathe. On

the ram ofthe lathe the magnetizing toat clamped.To magnetize the rotor the following
steps have to bperformed
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1 Lowering the distance between the flei@ magnetand the magnetizing toolntil
both sides almost touch

1 Tuming the spindle of the lathe at least 45° by hand (the spindle has to be turned
clockwise)

1 Increasing the distance between the two sides till thhagnetic field between the
two parts is negligible

1 Removing the rotor from the lathe

The magnetizatiorprocesss shown in the following figuse

Figure27 magnetizinga flexible magnet rotor

To calculate the needed magnets in the magnetization tglation3-4 to Equation3-7
havebeen used. According tiese calculations. NeFdB magnet with a length of at least 12
mm has to be used to generate a magnetic field higher than 1.0 T which is desired to achieve
full remagnetization in the flexible magnet.

To validate themagnetic patterns on the rotor a magnetic foil has been used, which shows
the different magneic field lines. IrfFigure28it can be clearly seen, that the rotor has the
desired pole distribution of 8 poles.

Figure28 Self magnetized flexible magnet rotor
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3.2.3 NeFdB magnet rotor

The seond design approach for a low costar with off the shelf materiais done by using
NeFdB disc magnets which are glued on a ferromagnetic steelNis@B magnets e
been chosen for this purpose as they can be bought from manyorend

Different discmagnet configurations have been calculated to achieve the maximum amount
of magnets on a rotor disc with a diameter of 75 mm. It turned out, that a magnet coafigur
tion of round magnets with a diameter ofi 0 K ngigeStke highest density of permanent
magnets, without using too many magnets. The following figure shthesCAD drawing of

the designed magnet

Figure29 CAD drawing of &leFdB magnet

Round magnets have the additional advantage, that the magnetic field of a rotationis
expected to be more sinusoidal, than by the use of rectangular magnets. This is indicated in
the following figure where the magnetic field for one turn of the windings is estimated.

A ¥ 4 oA ~

TtdE RSya.

Figure30 Expected magnetic field in the coils

As the magnetic field of this rotor is strong enough to be used as a motor with and without
back iron the magnetic flux densitjor both casesas been calculatedAccording toEqua-

tion 3-4 to Equation3-7 the magnetic field in the PCB board is 0.6 T using a ibackand
NeFdB magnets with a length of 3 mm.
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