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ABSTRACT

Magnetic bearings have applications in the fields of moment wheels, molecular pumps,
high speed motors, flywheel energy storage systems and ventricular assist devices. They have
the advantages of non-contact operation, lower friction, less heat generation and less power
consumption as compared to the conventional mechanical bearings. There are two types of
the magnetic bearings, active magnetic bearings and passive magnetic bearings. Passive
magnetic bearings make use of permanent magnets to generate the bearing forces. Their
advantage is that no electrical power is needed for their operation and also easier control of
the bearing stiffness and damping. Passive magnetic bearings can stabilize a rotor in only
four out of five degrees of freedom. Therefore, active control is needed in the fifth degree of
freedom to completely stabilize the rotor. Electromagnets are used for the operation of active
magnetic bearings. The combination of these two types is known as the hybrid magnetic
bearings. Hybrid magnetic bearings are used in the blood pumps, vacuum pumps, and
machine tools etc.

For designing the hybrid magnetic bearings, the distribution of the magnetic fields
across the electromagnets and the permanent magnets is a major factor because the damping
and the stiffness of the hybrid magnetic bearings depend upon the strength of the magnetic
field. However, the measurement of the magnetic flux density is not easier because of the
smaller airgaps between the rotor and the stator. Also, the damping and the stiffness are
nonlinearly related to the control currents, magnetic flux and the airgaps. For designing the
magnetic bearings, magnetic circuit method is used widely. However, in this method, the
leakage flux, eddy currents, effects of fringing, the hysteresis effects, reluctances and the
nonlinearities are ignored. As there are lot of assumptions and simplifications involved in the
magnetic circuit method, the models obtained through this method do not provide the exact
distribution of the magnetic fields. Also, the damping and the stiffness obtained through this

method have low precision. Therefore, a field method more precise than the magnetic circuit



method should be used for designing the hybrid magnetic bearings. Finite element Method
(FEM) analysis is based on numerical tools. As compared to the magnetic circuit method,
the models obtained using FEM analysis are more identical to the corresponding physical
prototype system.

In this research, a hybrid magnetic bearing prototype setup is designed using the FEM
analysis. The damping, stiffness, magnetic flux distribution, forces in the radial and axial
direction, the number of turns and the current for the electromagnets are optimized using
FEM analysis. Based upon the optimization performed, a prototype setup is manufactured
and the different properties of the hybrid magnetic bearing prototype are experimentally
verified.

The control of the magnetic bearing system is a critical problem in the presence of
the disturbances, unmodeled dynamics and nonlinearities. The classical control techniques
such as PID control cannot give robustness against theses disturbances and parameter
variations. Therefore, an advanced adaptive sliding mode controller is designed for the
hybrid magnetic bearing system and experimentally applied to the prototype setup to see the
effectiveness of the designed controller.

The third-generation axial flow blood pumps utilizing the magnetic bearings suffer
from the problem of longer rotor size in the axial direction. The rotor of the axial flow pump
resembles a column, therefore only one magnetic bearing cannot stabilize the rotor in the tilt
direction and in the radial direction. At least two radial magnetic bearings are needed for the
axial flow pump to fully stabilize the impeller of the pump with additional motor unit as well
to rotate the impeller. Also, at least two bearingless motor units are required for the complete
operation of the third-generation axial flow pumps.

The aim of this research is to design a third-generation axial flow blood pump using
only one bearingless motor unit for the rotation as well the levitation of the impeller. The

computational fluid dynamics (CFD) analysis is performed in order to optimize the design



of the impeller and overall pump system. An enclosed impeller based rotor system is
proposed based upon the optimization performed, in which the rotor axial length is much
smaller as compared to the diameter of the rotor. Therefore, only one bearingless motor
system is required for the complete operation of the pump.

Generally, eddy current sensors are used for measuring the rotor radial position in the
bearingless brushless DC motors and bearingless permanent magnet synchronous motor
systems, while Hall Effect sensors are used for measuring the rotor angular position. The
eddy current sensor’s application in the proposed optimized design of the third-generation
blood pump is not possible due to the much smaller diameter of the pump. Therefore, a sensor
system must be developed in order to measure the radial position of the rotor in the proposed
design.

In this research, a novel design for the rotor assembly of the novel blood pump is
proposed, in which the rotor radial position is measured with the linear Hall Effect sensors
in addition to the rotor angular position. The working principle of the sensor assembly is
explained in detail and the rotor control system is explained based upon the Hall Effect radial
position sensors. Finite element analysis of the novel design of bearingless motor for the
miniature axial flow blood pump is also performed. The passive and active stiffness,
damping, magnetic flux distribution, forces and currents are obtained through the finite
element analysis and compared with the experimental data. The results obtained through
finite element analysis show a good agreement with the experimental data. An experimental
setup of the designed bearingless motor system is manufactured. The performance of the
proposed bearingless permanent magnet motor is evaluated under various test conditions.

The designed adaptive controller is applied to the novel design of the bearingless
motor in which the radial direction displacement of the rotor is measured using Hall Effect
sensors. There are two permanent magnet rings in the rotor assembly, one ring is used for

measuring the rotor radial direction displacement and one ring is used for generating the



torque for the bearingless motor and the radial bearing forces. Therefore, strong magnetic
coupling exists in the rotor system and accurate radial position is required for the advanced
controller implementation. Therefore, the radial position of the rotor is first adaptively
estimated and then a sliding mode controller is designed for the position control of the
proposed bearingless motor system. The simulation and experimental results show better
position tracking of the proposed bearingless motor using the designed adaptive controller

as compared to the classical control techniques.



OZET

Manyetik rulmanlarin moment tekerlekleri, molekiiler pompalar, yiiksek hizli
motorlari, volan enerji depolama sistemleri ve ventrikiiler yardimci cihazlar gibi alanlarda
uygulamalari bulunmaktadir. Geleneksel mekanik rulmanlara kiyasla temassiz ¢alisma
prensibi daha diisiik siirtiinme, daha az 1s1 iiretimi ve daha az gii¢ tliiketimi avantajlarini
beraberinde getirir. Manyetik rulmanlarin iki tipi vardir: aktif manyetik rulmanlar ve pasif
manyetik rulmanlar. Pasif manyetik rulmanlar rulman kuvvetlerini iiretmek icin kalici
miknatislardan yararlanmaktadir. Avantajlar1 arasinda calisma i¢in herhangi bir elektrik
enerjisine ihtiya¢ duyulmamasi ve rulman rijitlik ve soniimlemesinin daha kolay kontrolii
bulunur. Pasif manyetik rulmanlar, bir rotoru bes serbestlik derecesinin sadece dordiinde
dengeleyip sabit hale getirebilir. Bu nedenle, rotorun tamamen stabilize edilmesi i¢in besinci
serbestlik derecesinde aktif kontrol gereklidir. Aktif manyetik rulmanlarin ¢aligmasinda ise
elektromiknatislar kullanilir. Bu iki tip rulmanin kombinasyonu hibrit manyetik rulman
olarak adlandirilir. Hibrit manyetik rulmanlar kan pompalarinda, vakum pompalarinda ve
tiretim tezgahi takimlarinda kullanilmaktadir.

Hibrit manyetik rulmanlarin tasarimi i¢in manyetik alanlarin elektromiknatislar ve
sirekli miknatislarin arasinda dagilimi 6nemli bir faktordiir, clinkii hibrit manyetik
rulmanlarin séniimlenmesi ve sertligi manyetik alanin toplam giicline baghidir. Bununla
birlikte, manyetik aki yogunlugunun ol¢iimii, rotor ve stator arasinda daha kiiciik hava
bosluklar1 bulunmasi nedeniyle kolay degildir. Ayrica, soniimleme ve rijitlik; kontrol
akimlari, manyetik aki ve hava bosluklar1 ile dogrusal olmayan bir sekilde iliskilidir.
Manyetik rulmanlarin tasarimi i¢in manyetik devre yontemi yaygin olarak kullanilmaktadir.
Ancak bu yontemde kagak aki, girdap akimlari, sagaklanma etkisi, histerezis etkileri,
isteksizlik ve dogrusalsizlik faktorleri dikkate alinmaz. Manyetik devre yonteminde bir¢ok

varsayim ve basitlestirme oldugu i¢in, bu yontemle elde edilen modeller manyetik alanlarin



kesin dagilim bilgisini saglamazlar. Ayrica, bu yontemle elde edilen soniimlenme ve sertlik
diisiik hassasliga sahiptir. Bu nedenle, manyetik devre yonteminden daha hassas bir manyetik
alan yontemi, hibrit manyetik rulmanlarin tasarimi i¢in kullanilmalidir. Sonlu Elemanlar
Yontemi (FEM) analizi sayisal araglara dayanmaktadir. Manyetik devre yontemi ile
karsilagtirildiginda, FEM analizi kullanilarak elde edilen modeller, ilgili fiziksel prototip
sisteme 6zdeslik bakimindan daha yakindir.

Bu aragtirmada, bir hibrit manyetik rulman prototipi kurulumu FEM analizi
kullanilarak tasarlanmistir. Sontimleme, sertlik, manyetik aki dagilimi, radyal ve aksiyal
(axial) yondeki kuvvetler, doniis sayist ve elektromiknatislar i¢in akim FEM analizi
kullanilarak optimize edilmistir. Yapilan optimizasyona dayanarak, bir prototip kurulumu
tretilmistir ve hibrit manyetik rulman prototipinin farkli ozellikleri deneysel olarak
dogrulanmustir.

Manyetik rulman sisteminin kontrolii; sistem bozukluklari, modellenmemis
dinamikler ve dogrusal olmayan etkiler varliginda kritik bir sorundur. PID kontrolii gibi
klasik kontrol teknikleri, bu bozulmalara ve parametre degisimlerine karsi saglam bir ¢oziim
saglayamamaktadir. Bu nedenle, gelismis bir adaptif kayma modu denetleyicisi, hibrit
manyetik rulman sistemi i¢in tasarlanmis ve denetleyicinin etkinligini gérmek i¢in deneysel
olarak prototip kurulumuna uygulanmstir.

Manyetik rulmanlar1 kullanan ii¢lincii nesil aksiyal akisl kan pompalarinin, aksiyal
yonde normalden uzun rotor boyutlar1 barindirmalart bir problem teskil etmektedir. Eksenel
akis pompasinin rotoru bir siitun seklindedir ve bu nedenle yalnizca tek bir manyetik rulman,
rotoru egilme yoniinde ve radyal yonde dengeleyemez. Pervanenin kendisini dondiirmek ve
ilave motor iinitesi ile pompanin pervanesini tam olarak dengelemek i¢in, aksiyal akis
pompasinin en azindan iki adet radyal manyetik rulmana sahip olmas1 gereklidir. Ayrica,
ticlincii nesil aksiyal akigsl pompalarin tamamen calisabilmesi i¢in en az iki adet rulmansiz

motor birimi gereklidir.



Bu aragtirmanin amaci, carkin ddnme ve havaya kaldirilma islemi i¢in sadece bir adet
rulmansiz motor birimi igeren, {i¢iincli nesil aksiyal akisli bir kan pompas1 tasarlamaktir.
Pervanenin ve toplam pompa sisteminin tasarimini optimize etmek i¢in hesaplamali akis
dinamikleri (CFD) analizi yapilmistir. Yapilan optimizasyona dayanarak, rotor aksiyal
uzunlugunun rotor ¢apindan ¢ok daha kii¢lik oldugu kapali bir pervane bazl rotor sistemi
Onerilmektedir. Bu nedenle, pompanin komple ¢alismasi i¢in sadece bir adet rulmansiz motor
sistemi gereklidir.

Genel olarak, girdap akim sensorleri, rulmansiz ve firgasiz DC motorlarda ve
rulmansiz sabit miknatisli senkron motor sistemlerinde, rotorun radyal konumunu 6lgmek
i¢in kullanilirken, Hall Efekt sensorleri rotorun acisal konumunu 6lgmek i¢in kullanilir.
Ucgiincii nesil kan pompasinin dnerilen optimize edilmis tasariminda girdap akim sensoriiniin
kullanilmasi, pompanin ¢ok daha kii¢lik ¢ap1 olmasi nedeniyle miimkiin degildir. Bu nedenle,
Onerilen tasarimdaki rotorun radyal konumunu oJlgmek icin bir algilayict sistemi
gelistirilmelidir.

Bu arastirmada, rotorun radyal ve a¢isal konumunun dogrusal Hall Efekti sensorleri
ile Olclilmekte oldugu, yeni bir kan pompasinin rotor diizenegi i¢in yeni bir tasarim
Onerilmistir. Sensor grubunun calisma prensibi ayrintili olarak agiklanmis ve rotor kontrol
sistemi, Hall Efekt radyal konum sensorlerine dayanilarak agiklanmigtir. Minyatiir aksiyal
akigh kan pompasi i¢in rulmansiz motorun yeni tasariminin sonlu elemanlar analizi (FEM)
de yapilmistir. Pasif ve aktif rijitlik, soniimlenme, manyetik aki dagilimi, kuvvetler ve
akimlar; sonlu elemanlar analizi ile elde edilmis ve bu simiilasyon verileri, deneysel elde
edilmis veriler ile karsilastirllmistir. Sonlu elemanlar analizi ile elde edilen sonuglarin
deneysel veriler ile iyi bir uyum gosterdigi gézlemlenmistir. Tasarlanan motor sisteminin
deneysel bir diizenegi {iretilmistir ve Onerilen rulmansiz sabit miknatishh motorun

performansi, ¢esitli test kosullar1 altinda degerlendirilmistir.



Tasarlanan adaptif kontrol cihazi, rotorun radyal yondeki yer degisiminin Hall Efekti
sensorleri ile Ol¢iildigii rulmansiz motorun yeni tasarimina uygulanmistir. Rotor
diizeneginde iki sabit miknatis halkasi bulunmaktadir. Bu halkalardan biri rotorun radyal
yoniinlin yer degistirmesini 6lgmek i¢in kullanilirkend diger halka da rulmansiz motor ve
radyal rulman kuvvetleri i¢in tork iiretimini saglamaktadir. Bu nedenle, rotor sisteminde
kuvvetli manyetik kuplaj mevcuttur ve gelismis kontrolor uygulamasi i¢in dogru radyal
pozisyon bilgisi gerekmektedir. Bu nedenle, rotorun radyal konumu ilk dnce adaptif olarak
tahmin edilmektedir ve buna bagli olarak Onerilen rulmansiz motor sisteminin pozisyon
kontrolii i¢in bir siirmeli mod kontrolorii tasarlanmistir. Simiilasyon ve deney sonuglari,
klasik kontrol tekniklerine kiyasla, tasarlanmis uyarlanabilir kontrol cihazi kullanilan

rulmansiz motorun, daha iyi konum takibini basardigini goéstermistir.
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Chapter 1
INTRODUCTION

1.1 Magnetic Bearings

A magnetic bearing uses magnetic field to maintain the relative rotor and shaft
position with respect to the stationary stator part. According the control action, there are two
types of magnetic bearings: passive magnetic bearings and active magnetic bearings. The
passive magnetic bearings generally make use of permanent magnets in order to passively
stabilize the rotor. It does not require any control system but it has a disadvantage that it can
only stabilize four degrees of freedom out of five. Therefore, in order to stably suspend the
rotor, it has to be combined with active magnetic bearings. Active magnetic bearings make
use of electromagnets in order to generate the levitation forces for stably suspending the
rotor. The combination of active magnetic bearings and passive magnetic bearings is called
hybrid magnetic bearings. Hybrid magnetic bearings make use of both the electromagnets
and the permanent magnets in order to stably suspend the rotor in five degrees of freedom.

According to the forcing action, there are two types of magnetic bearings: attractive type
magnetic bearings and repulsive type magnetic bearings. In attractive type magnetic
bearings, the levitation forces are generated by the interaction between the opposite magnetic
poles and in repulsive type magnetic bearings, the levitation forces are generated by the
interaction between the similar magnetic poles. Figure 1.1 shows the different structural
forms of radial and axial passive magnetic bearings including the concept of attracting type
and repelling type. There are normally two ring permanent magnets used in the passive
magnetic bearings. One ring is superimposed on the shaft and another ring is fixed on the
stator. When the rotor magnet is not aligned with the stator permanent magnet, then an axial

force is exerted on the rotor, the magnitude of which depends upon the axial distance between
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the centers of rotor permanent magnet and stator permanent magnet. Figure 1.2 shows the
axial force vs the axial displacement of the shaft for the passive magnetic bearings.
Therefore, in order to counter this axial force, active control is needed in the axial direction
to bring the shaft back to the center position using electromagnets. The stiffness of the
passive magnetic bearings depends upon the strength of the permanent magnets, radial
distance between the two permanent magnet rings, axial length of the permanent magnet

rings radial thickness of the permanent magnet rings.

Radial bearing Axial bearing

Repelling

Repelling

Attracting

Attracting

Figure 1.1: Passive magnetic bearings structural forms [1]
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Figure 1.2: Passive magnetic bearing axial force vs axial displacement [1]

As the stiffness of the passive magnets increases, the axial force on the shaft also
increases. Therefore, there should be a tradeoff between the stiffness and axial disturbance
force exerted on the shaft.

According to the sensing action, magnetic bearings can be classified into sensor-sensing
magnetic bearings and self-sensing magnetic bearings. In sensor-sensing magnetic bearings,
the radial and axial direction displacements of the rotor are measured with sensors, like Hall
Effect sensors, optical sensors, inductive sensors, and eddy current sensors etc. In self-
sensing magnetic bearings, the rotor radial or axial direction position is estimated by using
different techniques i.e. by designing an observer or by sensing the rotor position from the
currents going into the coils of the electromagnets etc.

Active magnetic bearings use electromagnets and position sensors in order to control the
shaft position. The currents in the electromagnets are adjusted based on the position feedback
from the sensors and therefore closed loop control system is needed in order to stably levitate
the rotor. Figure 1.3 shows the basic structure of the active magnetic bearings. The rotor

radial position is measured with the gap sensor and is fed back to the microprocessor, where
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the required control signal is generated for the power amplifier in order to apply the desired

currents to the electromagnets to bring the rotor to the desired position.

Gap
Sensor

Electro-
Magnet

Rotor ) R Micro-
X Processor

Control

Power Amplifier

Figure 1.3: Basic working principle of active magnetic bearings [2]

The combination of the active magnetic bearings and the passive magnetic bearings is
called hybrid magnetic bearings. Hybrid magnetic bearings have the advantages of lesser
electrical power consumption, complexity of the controller and cost as compared to fully
active magnetic bearings. Figure 1.4 shows an axial flow blood pump utilizing the hybrid
magnetic bearing concept. Permanent magnets are used for the axial stability of the rotor

while electromagnets are used for the radial stability of the rotor. A brushless DC motor is

included for rotating the shaft around its axis. Figure 1.5 shows an axial flow blood pump

having hybrid magnetic bearings. In this design, permanent magnets are used for the radial
passive stability of the rotor, while electromagnets are used for actively controlling the

shaft position in the axial direction. A motor is also included in the design for rotating the
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shaft around its axis. The axial length of the rotor increases with the inclusion of the radial

and axial magnetic bearings to the design.

Bl

[ ot Jihnt
T Jibnit

s . . .. §

Diagrammatic illustration of the structure
1-Inlet 2-Line Outlet 3,6-Radial Magnetic Bearing 4-Hall Sensor
5-Motor 7-Axial Permanet Magnetic Bearing 8-Outlet

Figure 1.4: Axial flow blood pump with hybrid magnetic bearing [3]
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Figure 1.5: Axial flow blood pump using the concept of the hybrid magnetic bearings
[4]
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Magnetic bearings have the advantages of low friction, less heat generation, and non-

contact operations as compared to the conventional mechanical bearings.

1.2 Stiffness and Damping of the Magnetic Bearings

The two main characteristics of both the magnetic bearings and mechanical bearings are
the damping and the stiffness of the bearings. The stiffness of the bearing is analogous to the
force displacement constant or spring constant as given in Hooke’s law. However, the
stiffness for the magnetic bearings may be negative unlike the Hooke’s law. For an active
magnetic bearing, when the shaft position is controlled by a constant current passing through
the coils of the electromagnets, then for a negative stiffness, any disturbance acting on the
rotor will cause the rotor to move it away from the equilibrium position as shown in Figure
1.6. Therefore, the rotor will keep on moving away from the equilibrium position resulting
in an unstable system. Therefore, the active magnetic bearing system is an unstable system
in open loop. The stiffness of the active magnetic bearing can be made positive by the
application of the feedback control system. The rotor position is fed back to the controller,
where a corresponding current is generated for the coils of the electromagnets in order to
bring the rotor back to the equilibrium position.

The stiffness of the passive magnetic bearings utilizing the permanent magnets depends
upon the geometric parameters of the permanent magnets and the type of the permanent
magnets. The stiffness increases with the decrease of the radial air gap between the rotor
permanent magnets and the stator permanent magnets. Also, the axial length of the
permanent magnets is directly proportional to the stiffness of the passive magnetic bearings.
However, with increase in stiffness of the passive magnetic bearings, the disturbance forces
acting on the rotor due to the repelling on attracting forces between the permanent magnets
also keep on increasing.

The damping coefficient of the magnetic bearings is the measure of the ability of the

bearing to diminish the oscillations of the rotor and stabilize the system. The damping of the
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active magnetic bearings is controlled by injecting the control current into the windings of
the electromagnets. For passive magnetic bearings, the damping is usually low and fixed for
a specific design of permanent magnets as compared to the active magnetic bearings.
Therefore, active magnetic bearings have widest range of applications as compared to the

passive magnetic bearings.
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Figure 1.6: Concept of the positive stiffness and negative stiffness [5]

1.3 Control of Active Magnetic Bearings

The position control of the active magnetic bearings is a critical problem. Active
magnetic bearings utilize the attractive forces between the rotor and the stator in order to
stably levitate the rotor. Figure 1.7 shows the detailed diagram of the single degree of

freedom active magnetic bearing system. The rotor is balanced between the two
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electromagnets actively by the currents i; and i,. When the distance x increases in the
positive direction, then based on the feedback of the position sensor, the current of the
electromagnet 1 is decreased and he current of the electromagnet 2 is increased. Therefore,
robust control is needed to keep the rotor at the equilibrium position in the presence of the
external disturbances by controlling the currents going into the two electromagnets.

Rotor
o _m_ -y

Figure 1.7: A single degree of freedom active magnetic bearing system [6]

1.4 Bearingless Motors

Magnetic bearings require one additional motor unit for rotating the shaft around its axis
making the system stable in 6 degrees of freedom. This additional motor unit increases the
length of the shaft. The functionality of both the motor unit and the magnetic bearings are
combined in the bearingless motor system. One stator unit is used for both the levitation and
rotation of the motor. There are two windings wound on each stator leg. One winding is used
for the rotation of the shaft while another winding is used for stably levitating the rotor at the
equilibrium position.

Figure 1.8 shows the schematic diagram of a bearingless motor unit. The stator consists

of alternate coils for the rotation and levitation of the rotor. The rotor consists of permanent
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magnets with alternate polarity of north and south. Figure 1.9 shows the schematic diagram
of a bearingless motor with two coils wound on each stator leg. One coil is used for the
levitation of the rotor while another coil is used for generating the torque for the motor. The
winding denoted by drv is used for rotating the rotor and the winding represented by bng is
used for generating the bearing forces. The rotor consists of a permanent magnet which is

diametrically magnetized.

Angular and

displacement sensors
Stator
ineluding Bearing

and Dive Cails

including permanent
magneis and iron ring

Mechanical air gap a

Figure 1.8: Schematic view of the bearingless motor with alternate coils for levitation

and rotation [7]
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Figure 1.9: The arrangement of bearing and drive windings in a bearingless motor [8]
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1.5 Application of Magnetic Bearings in Blood Pumps

Figure 1.10 shows the main components of a left ventricular assist device.
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Figure 1.10: A left ventricular assist device and its drive components

Second generation blood pumps suffer from the problem of the red blood cell damage
due to the stresses introduced by the mechanical bearings. Magnetic bearings are applied in
the third-generation rotary blood pumps in order for the blood cells to move freely through
the pump without being exposed to the shear stresses. The blood pump life is increased by
the advantages of lesser heat generation, lower material wear, and minimization of the blood
clotting. Application of hybrid magnetic bearings provide the advantage of simpler control
structure and electronic complexity as compared to a fully actively levitated third generation

blood pump. Figure 1.11 shows the cross section of an axial third generation rotary blood

pump.
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Figure 1.11: Schematic diagram of a third-generation axial flow blood pump [9]

The rotor is radially stabilized by electromagnets employing an active control. In axial
direction, the rotor is stabilized using permanent magnets using the concept of passive
magnetic bearings. Bearingless motor concept is used in centrifugal blood pumps in order to
rotate and stably suspend the rotor in all six degrees of freedom using only stator unit. The
rotor is passively stabilized in the axial and tilt direction by the reluctance forces present
between the stator iron and the permanent magnets embedded into the rotor. The currents in
the stator windings are adjusted in such a way so as to stably levitate the rotor. There are
either two separate coils wound on each stator leg, in which one coil is used for the levitation
and another coil is used for the rotation of the rotor. Also, there are bearingless motor pumps,
in which only one coil is wound on each stator leg and the currents in each of these coils is

adjusted in such a way that the rotor is rotated as well as levitated at the same time.
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1.6 Research Objectives

The third-generation axial flow pumps utilizing the magnetic bearings suffer from the
problem of longer rotor size in the axial direction. The rotor of the axial flow pump resembles
a column, therefore only one magnetic bearing cannot stabilize the rotor in the tilt direction
and radial direction. At least two radial magnetic bearings are needed for the axial flow pump
to fully stabilize the impeller of the pump with additional motor unit as well in order to rotate
the impeller. Also, at least two bearingless motor units are required for the operation of the
third-generation axial flow pump.

The aim of this research is to design a third-generation axial flow pump using only one
bearingless motor unit for the rotation as well the levitation of the impeller. The
computational fluid dynamics (CFD) analysis is performed in order to optimize the design
of the impeller and overall pump system. An enclosed impeller based rotor system is
proposed based on the optimization in which rotor axial length is much smaller as compared
to the diameter of the rotor. Therefore, only one bearingless motor system is required for the
complete operation of the pump.

Generally, eddy current sensors are used for measuring the rotor radial position in the
bearingless brushless DC motors and bearingless permanent magnet synchronous motor
systems and Hall Effect sensors are used for measuring the rotor angular position. The eddy
current sensor’s application in the proposed optimized design of the third-generation blood
pump is not possible due to the much smaller diameter of the pump. Therefore, a sensor
system must be developed in order to measure the radial position of the rotor in the proposed
design.

In this research, a novel design for the rotor assembly of the proposed blood pump is
proposed in which the rotor radial position is measured with the linear Hall Effect sensors in

addition to the rotor angular position. The working principle of the sensor assembly is
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explained in detail and the rotor control system is explained based on the Hall Effect radial
position sensors.

Magnetic circuit method is generally employed for the design of the magnetic bearings
and calculating the different parameters of the bearings, such as stiffness, damping, forces,
currents etc. But in this method, the effects of eddy currents, fringing flux, leakage flux and
hysteresis effect is ignored. Therefore, due to lot of assumptions and simplifications, the
magnetic circuit method does not give an accurate distribution of the magnetic flux densities
in the air gaps and on the rotor and stator surfaces. The equivalent damping and stiffness of
the magnetic bearings have low precision if obtained through the magnetic circuit method.

The control of the magnetic bearing system is a critical problem in the presence of the
disturbances, unmodeled dynamics and nonlinearities. The classical control techniques such
as PID control cannot give robustness against theses disturbances. Therefore, a magnetic
bearing prototype system is first designed and manufactured and an advanced adaptive
sliding mode controller is designed for the magnetic bearing prototype system and
experimentally applied to the prototype system. The radial direction stability is obtained
through passive magnetic bearings, while in the axial direction, the prototype system is
balanced with active magnetic bearings using electromagnets. The designed controller is
applied to the novel design of the bearingless motor in which the radial direction
displacement of the rotor is measured with Hall Effect sensors. There are two permanent
magnet rings in the rotor assembly, one ring is used for measuring the rotor radial direction
and one ring is used for generating the torque of the bearingless motor and the radial
suspension forces for the motor system. Therefore, strong magnetic coupling exists in the
rotor system and accurate radial position is required for the advanced controller
implementation. Therefore, the radial position of the rotor is first adaptively estimated and

then a sliding mode controller is designed for the bearingless motor system. The results show
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better position tracking of the bearingless motor as compared to the classical control
techniques.

Finite element method is a field method which is more accurate as compared to the
magnetic circuit method. The models obtained through the finite element method are more
identical to the physical systems. In this research, finite element method based analysis of
the magnetic bearing prototype system is performed. Based on finite element analysis, the
forces, stiffness, damping, currents, magnetic flux densities and flux linkages of the magnetic
bearing prototype system are obtained which are compared to the experimental data. Based
on the finite element analysis, the controller is designed for the magnetic bearing prototype
system.

Finite element analysis of the novel design of bearingless motor for the miniature axial
flow blood pump is also performed. The passive and active stiffness, damping, magnetic flux
distribution, forces and currents are obtained through the finite element analysis and
compared with the experimental data. The results obtained through finite element analysis

show a good agreement with the experimental data.
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Chapter 2
LITERATURE REVIEW

2.1 Overview

In this thesis, a magnetic bearing prototype system is designed and an advanced adaptive
controller is designed for the active position control of the prototype system. A novel
bearingless motor based design of the axial flow impeller is proposed and manufactured. The
advance controller is applied to the bearingless motor system for the position control. Finite
element analysis of the overall magnetic bearing prototype system is performed and
experimentally verified. In this chapter, the detailed literature review about magnetic
bearings, control of magnetic bearings, bearingless motors and their control, and application

of magnetic bearings and bearingless motors in the rotary blood pumps is provided.

2.2 Magnetic Bearings

The basic principle of magnetic bearings is to provide contact free operation of the rotor
system. Figure 2.1 shows the basic principle of the single axis magnetic bearing system. The
rotor position is measured with the gap sensor and then the controller generates the command
signal to the power amplifier circuit. The Power amplifier then drives the electromagnet
which keeps the rotor stable at the equilibrium position.

A real rotor needs more than one magnets for its suspension and motor unit for its
rotation. Figure 2.2 shows the classical demonstration model of a magnetic bearing prototype
system [10]. The rotor length is 0.8 m and have 12 kg of weight. A CCD-array is used to
measure the rotor displacement, which is fed to the microcontroller, where digital command
signals are generated for the electromagnets. The rotor airgap of this demonstration setup is

10 mm.
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Figure 2.1: Active electromagnetic suspension principle [2]
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Figure 2.2: Zurich Exhibition Phenomena (1984), A magnetically suspended rotor with

the magnetic bearings on the left and right, motor in the middle of the setup [10]
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In 1842, Earnshaw presented that it is not possible to levitate the rotor stably in all 5
degrees of freedom with only permanent magnets and gravitational force [11]. In 1939,
Braunbek gave further insights in to the physics of the magnetic bearings, when there was
already a great interest was developing in the applications of the magnetic bearings [12]. The
Levitron, which is a gyro top, shows that under certain conditions, a body can spin freely in
a permanent magnet array. The gyroscopic effect present in the Levitron prevents it from
flipping. [ 13, 14] gave the theoretical derivations for this phenomenon. [15, 16] gave further
detailed explanations in terms of the dynamics of the classical rotor. The optimization of the
magnetic field and the magnetic flux distribution is calculated in [17]. Diamagnetic fields
can be used to stably suspend the rotor in a magnetic field. Diamagnetic materials respond
with mild repulsion to the magnetic fields. Diamagnetic materials flout the Earnshaw’s
theorem because of having negative susceptibility [18]. Therefore, by using the materials
feeble diamagnetism, the stable suspension of the magnet can be achieved.

For a hovering suspension, Kemper applied for the patent in 1937 as new way of
transportation [19]. He performed an experiment, in which a load consisting of 210 kg was
transported on airgap of 15 mm [20]. The pole face area of the electromagnet was 30 by 15
cm having magnetic flux density of 0.25 T and power consumption of 250 W. The capacitive
or inductive sensors and valve amplifiers were used for the control of the prototype setup.
For the vehicles based on the magnetic levitation, this prototype setup was a predecessor.
The MAGLEV, which is a vehicle based on the magnetic levitation, works on the suspension

forces produced by the magnets installed in the iron track as shown in Figure 2.3 [2].
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Electromagnets
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Figure 2.3: Schematic diagram of the MAGLEYV vehicle [2]

The control diagram of the MAGLEV is shown in Figure 2.4 [21]. Separated control is
implemented for each electromagnet. The electromagnet voltage is the control input. The
current for each electromagnet, the acceleration for each magnet and the airgap are measured
in order to generate the control signal.

[22] used magnetic bearings control signals in order to derive the angular rate of a
magnetically levitated rate gyro. [23] worked on the satellites attitude control based on the
magnetically levitated moment wheel.

In the past decades, the use of magnetic bearing technology in the rotors used for technical
purposes has been greatly developed. The basic reason for this the availability of the power

electronics and the advancements in the signal processing techniques. Also, the theoretical
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developments in the modeling of the rotor dynamics has been played a good role in the
magnetic bearings applications. By 1975, the theoretical and experimental investigations of
the self-excited vibration’s active damping control for the centrifuges were carried out [24].
Magnetic bearings were introduced to the industrial applications by [25]. A website of the
University of Vienna consists of the industrial and research activities related to the active
magnetic bearings [26].

Control Input

Magnet Voltage

U Measurable Quantides

External Forces, Track Disturbances,
Sidewind, ete. Curves, Grades,

Irregulariges

Figure 2.4: Controller structure for MAGLEV single magnetic wheel [21]

Figure 2.5 shows the different types of magnetic bearings based on the magnetic
hovering and magnetic forces in addition to the active magnetic bearings based on the

electromagnets [27].
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Figure 2.5: Classification of magnetic bearings [27]. A means active magnetic bearings

and P means Passive magnetic bearings.

2.3 Control of Active Magnetic Bearings

The control of active magnetic bearings is a critical problem as the active magnetic

bearing system is an unstable system in open loop. Therefore, based on the position feedback

from the rotor, the electromagnets currents should be regulated accordingly using active

control. The controllers design for the active magnetic bearings control started in the 1940’s

with their inception. The decentralized PID controller design was the main control technique

for the active position control of more than 90 percent active magnetic bearings setups until

last ten years. In the decentralized control, the active magnetic bearing system is being

decoupled into loops of single-input and single-output (SISO) systems. As an example, a two

degrees of freedom active magnetic bearing system can be decoupled into two SISO system
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loops and each loop current is obtained by the rotor displacement within the corresponding
axis only. However, using PID controllers for the active control of the magnetic bearings
suffer from the problem that velocity signal of the rotor is required for feedback which is not
possible in small magnetic bearings prototypes. Also, PID controllers require the linearized
model of the magnetic bearings and the gains of the PID controller are fixed. The PID
controller is not robust against the parameter variations of the system, non-linearities and
unmodeled dynamics of the system.

A variation of the classical PID controller is proposed by [28] in the form cased PI/PD
controller for the position control of the active magnetic bearing system. The PI/PD
controller has the advantages of simple realization, higher closed loop stiffness and damping
and transparent design as compared to the classical PID controller.

The optimal H,, controller design for the control of active magnetic bearings started soon
after the H, controller theory in 1981 by George Zames [29, 30]. A most important
parameter for the magnetic bearings design is the stiffness of the bearing system. The
stiffness of the magnetic bearing should not become less than a certain threshold value after
the application of the loads or unknown disturbances for a specified range of frequencies.
The new theory to the H,, optimal controller design was done by Herzog and Bleuler [30] in
order to determine the effectiveness of the controller in the presence of worst case
interferences in the specified range of frequencies. The optimal H,, controller was designed
and experimentally tested for the position control of the active magnetic bearings system
prototype by [31] in the presence of external disturbances.

Vischer introduced the concept of self-sensing active magnetic bearing systems in 1988
[32]. Later Vischer and Bleuler did research on estimating the rotor position from the currents
flowing through the coils of the electromagnets in the magnetic bearing system [33-35]. The
main advantage of this method is the reduced cost, lesser complexity of the hardware and

improved reliability. But the self-sensing technique for the active magnetic bearings is very
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difficult in practice and therefore as of 2005 there were no applications present in the industry
based on the concept of self-sensing [35].

Kucera in 1997 stated after analyzing the effects of the variations in parameters of the
controllers on the self-sensing active magnetic bearing system sensitivity that stability of the
rotor in the entire airgap can be obtained at the cost of the robustness of the system [36]. Noh
and Maslen in the same year 1997 developed a technique for measuring the airgap length
using the current ripples present in the windings of the electromagnets. This ripple can be
demodulated in order to get the airgap length information and also rejecting the effect of the
control voltage at the same time [37]. Another technique was presented by Schammass in
2005 [35]. In this technique, the rotor position is extracted by the measure of the inductance
change of the coils of the actuator after the injection of a high frequency signal to the coils.
After the demodulation of the current waveform and by utilizing the current’s first harmonic
component, the position signal is extracted for the rotor system.

Gao [38] and Han [39] developed a new controller which is called Active Disturbance
Rejection Control (ADRC) and was simulated for the position control of self-sensing active
magnetic bearing system by Su-Alexander in 2006 [40]. The controller proved to be very
robust against the disturbance rejection and plant parameter variations. This controller is
easier in tuning as compared to the classical PID controller because of having only two
parameters to be tuned.

Smith and Thibeault in 2002 stated that the self-sensing control of the active magnetic
bearings systems is impractical because the closed loop has a limited robustness [41]. This
idea of [41] was later rejected by Maslen et al. [42] in 2003, in which they showed that a
significant robustness of the self-sensing active magnetic bearing system can be achieved by
the modeling the magnetic bearing system as linear periodic system in contrast to the linear

time-invariant system which was modeled by Smith et al. in 2002. This idea of linear periodic
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system was further analyzed more precisely in order to achieve a good robustness of the
system by [43].

Extended Kalman filter was used for estimating the state vector of the active magnetic
bearings system axis by [44-46]. A linear quadratic Gaussian controller was proposed for the
control of the active magnetic bearings system by [47]. Feedback linearization technique was
used by [48] in order to design an extended state observer.

However, all of these control techniques discussed above required an accurate
mathematical model for the position control of the active magnetic bearings system which is
very difficult to obtain in the presence of the parameter variations, load disturbances and
nonlinearities.

Sliding mode control is a nonlinear control technique, in which multiple controller
structures are utilized in order to make sure that the trajectories of the system will always
move towards the switching condition. The uncertainties, the parameter variations, and the
external disturbances does not affect the sliding mode controller performance make it a good
robust controller [49-52]. The uncertainties present in the system dynamics can be
approximated by the adaptive control techniques. [53] proposed an adaptive sliding mode
controller for the dynamic systems using radial basis functions (RBF). [54] proposed a
double loop recurrent neural network based sliding mode controller. [55] developed an
adaptive sliding mode controller using the fuzzy neural network combined structure in order
to eliminate the chattering present in the sliding mode controller without losing the precision
and robustness of the system. Time delay estimation was used by [56, 57] in order to design
the adaptive sliding mode controller for the robot manipulators. [58, 59] designed a robust
sliding mode controller for the position control of the active magnetic bearing system with
flexible rotor system. A robust and nonsingular terminal sliding mode controller was
proposed for the position control of the active magnetic bearing system by [60]. [61]

proposed a sliding mode controller for the active magnetic bearing system control based on
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the observer design. [61] proposed an adaptive sliding mode controller for the position
control of the active magnetic bearing system based on the neural network.

However, in the literature, the adaptive controller design for the magnetic bearing
system with unknown system dynamics as well as the with the unknown system input
function is not present. In this thesis, an adaptive sliding mode controller is designed for the
magnetic bearing prototype system based on the RBF network system. The stability of the
controller is done by using the Lyapunov stability criterion. The system dynamics and the
input function of the system are estimated by using adaptive RBF network and then a robust
sliding mode controller is designed for the active position control of the active magnetic
bearing system. An experimental prototype setup is built for the active magnetic bearing
system and the designed adaptive controller is tested and verified experimentally in the
presence of the external disturbances, unmodeled dynamics and the parameter variations.
The performance of the designed adaptive sliding mode controller is compared with the
classical PID controller for the position tracking of active magnetic bearing prototype setup.
The adaptive controller shows good robustness and disturbance rejection abilities as

compared to the PID controller.

2.4 Bearingless Motors

The first bearingless motors were the induction motors. [62] proposed the axial
bearingless motor firstly. It consisted of an bearingless induction motor with axial gap. [63]
presented the first radial bearingless motor. Unbalanced line currents were used for
controlling the radial position using an induction machine. Current regulators with very
accurate high power were required for this bearingless motor and also there were difficulties
in controlling the position of the rotor when it was located in the center of the stator. [64]
provided more details on this bearingless induction motor.

The next step of the bearingless motors were the bearingless synchronous reluctance

motors as stated in [65, 66]. These bearingless synchronous reluctance motors consisted of
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four pole standard machines with additionally having two pole windings. The motoring
torque was provided by the conventional three phase stator winding and four pole motor
system. The currents in the suspension windings of these motors are synchronous with the
mechanical speed of the motor in order to generate the forces in the x and y direction.
Constant forces are generated in the x and y direction by the use of this modulation
technique. The magnitude of the x and y direction forces depend upon the x and y direction
coil currents as well as upon the d-axis current.

As a next step, the technique of the bearingless synchronous reluctance motors was
applied to the bearingless induction motors [67]. [67] presented a standard induction motor
with four poles and additionally two pole windings with two phases were wound on the stator
in order to provide the suspension force action for levitating the rotor. The motor speed was
synchronous with the x and y direction currents in the windings in order for the suspension
force flux to be aligned with the flux of the rotor.

[68, 69] proposed the bearingless permanent magnet motors. [69] presented a
bearingless motor based on the principle of the Lorentz forces and consisted of additional
windings for the levitation wound on the stator. The Lorentz forces are produced when
current passes through the magnetic field and therefore, the stator in this motor does not have
any teeth. Because the stator consisting of teeth does not produce higher values of Lorentz
forces. The reason for this is that all the magnetic flux density is confined on the teeth of the
stator rather than in the slots of the stator. [68] developed a bearingless permanent magnet
motor similar to the principles presented in the bearingless synchronous reluctance motors
and bearingless induction motors. Two poles and two phase windings were used for
generating the bearing action and a four pole rotor was used.

The last main type of bearingless motors were the bearingless switched reluctance
motors. [70] levitated the first switched reluctance motors by using individual stator coils.

The windings which are connected in series in the general switched reluctance motors were
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not applied in these bearingless switched reluctance motors. A net force was generated by
using this technique using a differential flux on various sides of rotor. After that, the
bearingless switched reluctance motors were designed by using the standard winding
techniques of the switched reluctance motors. Additional windings were installed on the
stator for controlling the radial direction suspension force. This configuration had the
advantage of having zero back EMF at all speeds in the control windings. This design of the
bearingless switched reluctance motors were studied by [71-73].

The bearingless permanent magnet motors are studied in greater detail in the
literature. The design described in [68] was explored in much detail in the [74] and [75].
These articles focused on the effect of varying the magnet thickness on the radial force of the
bearingless motor. [76] worked on the research of the demagnetization of the thin permanent
magnets in these motors. Lorentz type bearingless permanent magnet motors are not studied
in detail until now. The main reason is that there is not any trade off present between the
radial suspension force and the motoring torque as presented in [77, 78]. [79, 80] researched
on the different configurations of the torque and the radial force mechanisms for the
bearingless permanent magnet motors. [81] and [82] developed a control technique which
was applicable to both the bearingless induction motors and bearingless permanent magnet
motors. [83-85] researched on the performance and control of the inset type permanent
magnet motors. [86] worked on the internal permanent magnet type motors and stated that
the such motors have radial force much closer to the induction motors which have the radial
force higher than any other type of the machine. Surface mounted bearingless permanent
magnet motors provide greater torque while the internal permanent magnet bearingless
motors provide higher values of radial suspension forces. [87, 88] proposed a design
consisted of a hybrid typed rotor having the properties of both the interior motors and surface
mounted motors. [89] presented a toothless bearingless permanent magnet motor, not using

the Lorentz forces. This motor had the advantage of generating lesser torque ripples but due
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to absence of teeth, it generated smaller values of the suspension forces. [90] proposed an
axial gap bearingless permanent magnet motor having higher value of power density as
compared to the radial type. [91] presented a novel exterior topology of the rotor for the
bearingless brushless synchronous motors. The proposed motor has a power rating of 200
W. This motor has the applications in the low-shear and high-purity fields. [92] presented a
control method for bearingless brushless DC motors based on the mathematical model of the
radial suspension force.

[93] proposed a nonlinear feedback controller structure for the bearingless brushless
DC motors. The tilting and the axial direction stabilization in this motor is achieved using
the passive reluctance forces present between the permanent magnets of the rotor and the
stator iron. [94] proposed a control topology for the bearingless permanent magnet
synchronous motors based on the mathematical model derived by the inductance matrix
technique. [95] proposed a new design of the permanent magnet flux-switching bearingless
motor having the properties of good decoupling between the force and torque and also good
controllability of the radial suspension forces. The teeth configuration of the stator for the
permanent magnet synchronous motor are studied in detail in [96]. [97-99] proposed a novel
control topology for the time-divided suspension force and torque control of the bearingless
permanent magnet motor. The surge voltages are suppressed in the switching devices in the
proposed design.

[100] proposed a new winding arrangement in order to increase the radial suspension
forces in the bearingless brushless DC motors. [101] compared the performance of the two
phase, three phase and four phase bearingless slice motors based on the electronic power,
cost and power losses. [91, 102-106] researched on the performance of the high speed
bearingless drives and bearingless torque drives.

However, in the literature, all bearingless permanent magnet motors use eddy current

sensors for the detection of the radial airgap of the rotor. In this thesis, a novel design of the
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bearingless permanent magnet motor is presented in which the radial position of the rotor is
measured using linear Hall Effect sensors. A novel mechanical design of the motor is
proposed and the finite element analysis of the proposed design is performed. The motor
stiffness, damping, radial forces, axial forces, electrical currents and torque of the motor are
evaluated at different operating conditions. The experimental prototype setup is manufacture
and the performance of the proposed bearingless permanent magnet motor is experimentally

verified with novel radial position sensing.

2.5 Third-Generation Rotary Blood Pumps

The flow rate requirement for the adult pumps is 5 I/min and pressure of 100 mmHg,
while for the pediatric pump, 0.9-2.0 I/min and pressure of 65-75 mmHg. The second-
generation rotary blood pumps suffer from the problem of the red blood cell damage due to
the friction present between the rotor and the mechanical bearings and also blood clotting.
Third-generation blood pumps use magnetic bearings instead of mechanical bearings.
Therefore, the red blood cells are not damaged because there is no friction present in the
magnetic bearings. There is also less heat generation in third-generation blood pumps and
also the blood clotting is minimized. Much research is being done on the third-generation
blood pumps regarding their mechanical structure and control.

[9] developed a hybrid magnetic bearing setup for the axial flow blood pump.
Permanent magnets are used in this design for generating the biased flux. Hall Effect sensors
are used measuring the rotor radial direction displacement. Axial direction stability of the
rotor is obtained using permanent magnets passively. A brushless permanent magnet DC
motor is installed in the middle of the pump in order to drive the rotor at the operating speed.
The finite element analysis of this axial flow pump is provided in the [107] in detail. [108]
provide the blood test results of this axial flow blood pump.

[109] developed a centrifugal blood pump comprising of magnetic bearings. A

bearingless motor concept is used in this design. The developed pump consists of a thin rotor
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having a semi open and type-6 vane impeller. The rotor outer surface consists of four pole
permanents installed on the circumference of the rotor. Because of having the thin rotor
structure, the tilt and the axial direction stability of the rotor are obtained passively. The
radial airgap was 1 mm. The maximum flow rate, head and rotational speed were 11 L/min,
270 mm Hg and 2800 rpm respectively. [110] developed a brushless DC motor which is
magnetically levitated for the left ventricular device. The designed motor has twelve stator
poles and a permanent magnet on the rotor consisting of eight poles. [111] developed a
magnetic bearing system for the third-generation blood pump based on the parameters of
hemodynamic stability, mechanical stability, efficiency, occupying volume, and stiffness of
the rotor system. The designed pump has one degree of freedom active control in the axial
direction while in the radial direction the rotor is stabilized passively using permanent
magnets. Eddy current gap sensor having outer diameter of 2.38 mm are used for measuring
the rotor radial direction displacement. The rotational speed is 5000 rpm. The outer diameter
is 22 mm and the length is 97 mm.

[112] provided a review of different third-generation blood pumps with magnetic
bearings. The article has provided details about the third-generation blood pumps having (1)
motor system externally driven (i1) motor systems with direct drive technique and (ii1) the
bearingless motor system configuration. [113] provided the details on the design and the
performance analysis of the hybrid magnetic bearings in a centrifugal rotary blood pump.
[114] proposed a design for the miniature third-generation axial flow blood pump utilizing
the passive magnetic bearings. [115] developed an axial magnetic bearing system for the
BiVACOR rotary BiVAD and total artificial heart. [116] proposed a design of the
magnetically levitated centrifugal blood pump having an axially suspended motor system.
[117] presented a novel design of the levitated blood pump having hybrid magnetic bearings.
[118] proposed a new design of the compact centrifugal rotary blood pump having a rotor

that was magnetically levitated. [119] developed a compact design of the centrifugal rotary
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blood pump using a magnetically levitated rotor. The designed blood pump had a low
hemolysis value and high efficiency.

However, these third-generation blood pumps have axial length which resembles a
column, which require at least two bearingless motors in the radial direction. In this thesis, a
novel design of an enclosed impeller system is proposed, which has an optimized shorter
axial length. Therefore, only one bearingless motor is needed for driving the rotor. A four-
pole permanent magnet is installed on the rotor in order to provide the motoring torque and
also the radial suspension forces. Another permanent magnet is installed on the rotor as well
in order to measure the radial displacement of the rotor. In the axial and the tilt direction the
rotor is passively stabilized using the reluctance forces between the permanent magnet of the
rotor and the stator iron. Two separate coils are wound on each stator leg. One winding is
used for generating the torque for the motor and one winding is used for generating the radial
levitating forces. The decoupling between the two windings is obtained and the rotor is

stabilized in all six degrees of freedom with the proposed bearingless motor.
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Chapter 3
DESIGN OF HYBRID MAGNETIC BEARING PROTOTYPE

3.1 Introduction

In this chapter, a hybrid magnetic bearing prototype system is designed and analyzed.
The hybrid magnetic bearing system consists of permanent magnets and electromagnets. The
radial stability is achieved using the passive magnets and axial stability is achieved by using
the electromagnets. The electromagnets are actively controlled using the currents of windings
in order to keep the rotor at the equilibrium position. A brushless DC motor is designed for

the hybrid magnetic bearing system to rotate the shaft around its axial axis.

3.2 Design

The three-dimensional (3D) model of the hybrid magnetic bearing prototype system is
shown in Figure 3.1.

PMB

BLDC Motor

AMB Assembly

Position Sensor

Figure 3.1: 3D model of the hybrid magnetic bearing prototype system
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The prototype system consists of two electromagnets for controlling the axial
displacement of the rotor. The shaft consists of two permanent magnet rings. Two permanent
magnet rings are attached with the stator. These permanent magnet rings are used as the
passive magnetic bearings for the prototype system. The permanent magnets rings of the
shaft and the permanent magnet rings of the stator are axially magnetized and they are placed
in such a way that they are in a configuration of repelling passive magnetic bearings. The
two corresponding ring magnets on the rotor and the stator repel each other when they are
placed as shown in Figure 3.1. Therefore, a strong axial force acts on the rotor when the rotor
permanent magnet and the stator permanent magnet centers are not aligned. A brushless DC
motor is placed in the middle of the bearing system. This brushless DC motor works on the
principle of the single-phase DC motor. The schematic diagram of the hybrid magnetic

bearing prototype system along with the dimensions of different parts is shown in Figure 3.2.
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Figure 3.2: Schematic diagram of the hybrid magnetic bearing prototype system

showing dimensions of different parts of the prototype

An axial position sensor measures the position of the shaft and sends the corresponding
voltage signal based on the sensitivity of the sensor to the microprocessor. The control
algorithm is then applied based on the position of the shaft and corresponding currents are
applied to the two electromagnets in order to stabilize the shaft at the equilibrium position.

The neodymium iron boron (NdFeB) N48 grade permanent magnets are used for the passive
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magnetic bearing permanent magnet rings. These magnets have higher values of the

magnetic flux densities as compared to other permanent magnets e.g. ferrite magnets.

3.3 Parametric Analysis of the Design Variables

The design of the hybrid magnetic bearing prototype system is optimized using finite
element analysis. The overall prototype of the magnetic bearings is simulated for the
stiffness, magnetic forces, damping, electrical currents, number of turns, diameters of the
permanent magnets rings other design parameters. Based on this analysis, optimized values
of the mechanical design and electrical parameters are selected for the hybrid magnetic
prototype system are selected. The detailed analysis of the passive magnetic bearings and

active magnetic bearings is provided as following.

3.3.1 Passive Magnetic Bearings

The schematic diagram of the passive magnetic bearing used in the prototype system is

shown as below in Figure 3.3.

Stator Magnet

Shaft Magnet

Figure 3.3: Cross section of the hybrid magnetic bearings

The inner diameter of the ring magnet superimposed on the rotor is represented by d;.

The outer diameter of the ring magnet superimposed on the stator is represented by d,,. The
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thickness of the outer ring magnet is represented by ¢, and the thickness of the inner ring
magnet is represented by t;. The axial length of the inner ring magnet is represented by the
h; and the axial length of the outer ring magnet is represented by h,. The passive magnetic
bearing magnetic circuit is analyzed using the finite element method. The complete mesh of
radial passive magnetic bearing is shown in Figure 2. The mesh is consisted of 2266843
domain elements, 1844 edge elements and 54056 boundary elements. The complete mesh of

the passive magnetic bearing system is shown in Figure 3.4.

Mesh Element Size (m)
x107

Figure 3.4: Mesh of the passive magnetic bearing system

The magnetic flux density plot of the passive magnetic bearing is shown in Figure 3.5.
The maximum magnetic flux density distribution is at the edges of the permanent magnets
ranging up to 800 mT. The corresponding contour plot of the passive magnetic bearing

system is as shown in Figure 3.6.
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Figure 3.5: Magnetic flux density plot of the passive magnetic bearing
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Figure 3.6: The contour plot of the magnetic flux density for the passive magnetic

bearing
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The radial stiffness of the passive permanent magnetic bearing changes with the
thickness and axial length of the ring permanent magnets installed on the shaft and the stator.
The axial length of the stator permanent magnet h, and the axial length of the rotor ring
permanent magnet are varied from 5 mm to 20 mm in order to see the effect of these axial
lengths on the stiffness of the overall permanent magnetic bearing. Figure 3.7 shows the
results of varying the length of the axial lengths with respect to the radial stiffness of the

passive permanent magnetic bearing.
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Figure 3.7: The variation of the stiffness of the passive permanent magnetic bearing
with the axial lengths of the ring magnets installed on the rotor and the stator. The

thicknesses of the two magnets are kept constant.

The thicknesses of the two ring permanent magnets are kept constant in this analysis. The
thickness of the ring magnet installed on the rotor is kept fixed with t; = 7.5 mm and ¢, =
10 mm. The outer diameter of the stator ring permanent magnet is 50 mm and the inner

diameter of the rotor ring magnet is 5 mm.
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A parametric sweep is given to the thickness of the rotor ring magnet and the stator ring
magnet and the corresponding effect upon the stiffness of the passive permanent magnetic
bearings is calculated. The axial lengths of the ring magnets are kept constant. Figure 3.8

shows the corresponding results.
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Figure 3.8: The variation of the stiffness of the passive permanent magnetic bearing

with respect to the thicknesses of the ring permanent magnets. The axial lengths of the

permanent magnets are kept constant.

The axial lengths of the ring permanent magnets are kept as constant. The axial length of
the rotor ring permanent magnet, as well as the axial length of the stator ring permanent
magnet is kept as 15 mm. The outer dimeter of the stator magnet is again 50 mm and the
inner diameter of the rotor ring permanent magnet is 5 mm. Figure 3.9 shows the overall
magnetic flux density norm across the passive permanent magnetic bearings. At the surface

of the permanent magnets, the magnetic flux density norm is 515 mT.
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Magnetic Flux Density (T)
1.4

Figure 3.9: The overall magnetic flux distribution across the permanent magnets used in

the passive permanent magnetic bearing system

Based on the optimization performed, the parameters are selected as t; = 7.5 mm , h; =
15mm, t, = 10 mm h, = 15 mm. The stiffness of each of the passive permanent magnetic
bearing is 8.09 N/mm in the radial direction. The overall radial stiffness of the combined two
passive magnetic bearings is 16.18 N/mm. The passive permanent magnet bearings exert a
force in the axial direction on the rotor. This force acts as a disturbance force and the
electromagnets should control this axial disturbance force by adjusting the currents in the
electromagnets in order to stabilize the rotor at the equilibrium position. This force increases
as the stiffness of the passive magnetic bearing increases. A parametric sweep is given to the
rotor in the axial direction and the force on the rotor due to the two passive permanent magnet
bearings is calculated. Figure 3.10 shows the axial force exerted on the rotor with respect to
the axial displacement of the rotor. At a distance of 0.8 mm from the equilibrium position,
the force exerted on the rotor is 16.26 N. This is the maximum force which the axial direction
electromagnets should overcome in order to displace the rotor back to the equilibrium

position.
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A parametric sweep is given to the rotor permanent ring magnet from -4 mm to +4 mm
and the force on the rotor is calculated in the radial direction on different radial locations.
Figure 3.11 shows the rotor magnet and the stator magnet location when the rotor is displaced
to the +4 mm distance in the positive direction and Figure 3.12 shows the forces on the rotor
in the radial direction at different rotor positions in the radial direction form +4 mm to -4

mm.
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Figure 3.10: Axial force exerted on the rotor with respect to the axial displacement of

the rotor due to the passive magnetic bearings
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Figure 3.11: Force experienced by the rotor at a distance of 4 mm in the x direction
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Figure 3.12: The force exerted on the rotor in the radial direction with respect to the

radial displacement of the rotor

The force on the rotor at different locations in the radial direction is as shown in Figure
3.12. At a distance of 4 mm in the x direction, the force magnitude on the shaft is -32.36 N
in the x direction. The radial stiffness of the PMB is calculated from the results presented in
Figure 3.8. The radial stiffness of the PMB comes out to be 8.09 N/mm. The combined
stiffness of the two passive permanent magnetic bearings come out to b 16.18 N/mm in the

radial direction.

3.3.2 Active Magnetic Bearings

There is always a disturbance force which acts on the rotor in the axial direction. In order
to overcome this axial force, and bring back the rotor to the center equilibrium position, the
axial electromagnets should be actuated in such a way that the rotor always remains at the
equilibrium position. The currents are injected in the coils of the electromagnets in a

controlled way in order to control the rotor axial position.
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Figure 3.13: Complete mesh of the electromagnet for finite element analysis

There is a position sensor, which measures the axial position of the rotor, and then based
the rotor axial position, a control signal is generated by the microprocessor to the power
amplifier. The power amplifier drives the two electromagnets accordingly in order to
stabilize the rotor. The electromagnet is analyzed using finite element analysis. Figure 3.13
the finite element mesh of the electromagnet. The complete mesh is consisted of 2108 edge
elements and 7987026 domain elements.

Figure 3.14 shows the plot of number of turns and current vs the force generated by the
electromagnet. Based on the required maximum axial force of 16.26 N, the number of turns
are selected as 1600 and the corresponding current is 2 A with an air gap of 0.8 mm.

Figure 3.15 shows the magnetic flux density plot of the electromagnet with the
corresponding current and number of turns. The magnetic flux density at the pole surface is
489 mT while at the rotor surface it is 481 mT. Therefore, the leakage flux is negligible in
the airgap and almost all the flux is confined inside the airgap between the rotor surface and

the electromagnet pole surface.
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Figure 3.14: The force of the electromagnet vs the number of turns and the current
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Figure 3.15: The magnetic flux density plot of the electromagnet with number of turns

1600, current of 2 A and airgap of 0.8 mm
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3.4 Summary

In this chapter, the design optimization of the hybrid magnetic bearing prototype system
is performed. Finite element analysis of the passive permanent magnetic bearing and active
magnetic bearing is done. The forces, stiffness, magnetic flux densities, number of turns and
current of the electromagnets are optimized according to the design requirements. The
overall flow diagram of the design optimization process of the hybrid magnetic bearing
prototype system and its control is as shown in Figure 3.16.
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of ring magnets & adaptive RBF based
» Outer diameter SMC" controller
of ring magnets design for AMB

» Axial thickness
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» Axial disturbance |
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» No.of turns validation of HMB
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» Magnetic flux J'
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» Axial actuating overall HMB system
force under various
control conditions

Figure 3.16: Flow diagram of the hybrid magnetic bearing system design, optimization

and control
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Chapter 4
CONTROL OF HYBRID MAGNETIC BEARING PROTOTYPE

4.1 Introduction

The radial direction of the rotor is stabilized passively using the permanent magnets. In
the axial direction, the rotor is stabilized actively by injecting the control currents into the
windings of the electromagnets. A position sensor measures the axial position of the rotor
and then fed back it to the controller. The controller generates a control signal to the power
amplifier, which controls the currents in the windings of the two electromagnets. In this
chapter, the analytical modeling of the active magnetic bearing is provided. Based on the
developed analytical model, an adaptive sliding mode controller is designed for the active

magnetic bearing system.

4.2 Analytical Modeling of Active Magnetic Bearing

Two identical I-core electromagnets are used for controlling the axial direction. Figure

4.1 shows the I-core electromagnet with a part of the rotor end.

Return Path of Flux
Core

]

\ Rotor |

I l(l‘ﬂmflmlfmm{f I
T

Figure 4.1: The I-core electromagnet with the part of rotor and flux path
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As the airgap is small, therefore the leakage flux and fringing flux is neglected. The

electrical equivalent circuit of the Figure 4.1 is shown in Figure 4.2.

2R.Reti;uf‘n_Path li)]
v R ] R
1 Ni Rotor
i Reore EF‘A."J:Ga;p
1
i
1
1

Electromagnet

Figure 4.2: The electrical equivalent circuit of the I-core electromagnet, airgap and the

rotor part

The electromagnet is driven by a power supply of voltage v with current i. The electrical

loop equation of the system given in Fig. 4.2 can be written as below;
dL

=7+ — 4.1
v Tl+dt 4.1)

where £ = N¢. The magnetic loop equation of the system can be written as:

Ni = (cl)leakage + du)R
where ¢ is the total magnetic flux, ¢reakqge 18 the leakage flux, ¢y, is the magnetizing flux,

R is the total magnetic reluctance, N is the no. of turns and i is the current in electromagnet.

Cl) _ Ni
leakage mleakage
by = =
M Ry

where R, is the sum of all reluctances in the closed magnetic circuit and is given as follows:
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SRM = SRCore + SRAir_Gap + 9:{Rotor + mReturn_Path

Deﬁning SRC = Rprotor + 9{Core + mReturn_Path = Constant

Therefore,

, NZi N2{
L=(Ly+ Lleakage)l = (SR_ +

M 9{leakage

where Ly, is the magnetizing inductance and Ljeqxqge 1S the leakage inductance.
. zZ
By putting SRAir_Gap = E ,» We get;

N2 HoAgN?
L = V4 =
M
ERC-I-
koAg

- UoAgRc+z

where Ay is the cross section area of air gap and z is the air gap width. The leakage
inductance is assumed to be constant and negligible.

When z becomes z(t), then Ly, = Ly (z) and Equation (4.1) can be written as;

dLy(z2)dz di

v=ri+i It dr + (LM(Z))E 4.2)
_ BoAgN? kK

LM(Z)_,uOAgERC+Z_oc+Z_Z forz>0 (4.3)

where k = pyA;N? and <= pyA,R
Therefore, the electromagnetic force exerted on the shaft one side by the I-core electromagnet

is given as follows:

c N _l.odly@ i
En(i,2) =" === —-K= (4.4)
AgN? . . . .
where K= 22297 and the negative sign shows that the electromagnetic force is always

exerted in the direction in which it will reduce the overall magnetic reluctance.
For the prototype of the magnetic bearing system shown in Figure 4.3, the equation of

motion can be written as shown in Equation 4.4.
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Figure 4.3: The active magnetic bearing prototype with the two I-core electromagnets

mZ=Fa—Fb+fd

mz = —K (;—)2 +K (;—’;)2 + £, (4.6)
or
mz = —K (z:‘iz)2 K (z +z) +fa *.7)

where i, is the current in the electromagnet a, i;, is the current in the electromagnet b, z, is
the distance of the rotor from each of the electromagnets when the rotor is stabilized at the
equilibrium position, m is the mass of the shaft, z is the displacement covered by the shaft
and f,is the external force acting on the shaft as a disturbance. The two I-core electromagnets
which are shown in Figure 4.3 are working in a differential driving mode, in which the
current in one electromagnet will increase and the current in the second electromagnet will
decrease accordingly based upon the displacement z of the rotor. The biased current iy;, is

the fixed current going to each of the electromagnets and the controlling current i, is added
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and subtracted to the bias current accordingly in the two electromagnets. Equation (4.7) can

be written as follows.

- (2 - (22

Zo—2 Zo+z

Equation (4.8) shows that the active magnetic bearing prototype has a strong nonlinear
relation between the currents and the displacements and it is a nonlinear and a nonaffine
system. By choosing the variables as below:

7z, =z, 2z, = z and u, = i,, the equation (4.8) can be written as follows:

Zl = Zz
{Zé = f2(z1,uc) + @q (4.9)
cC = Zl
K ((ibiastiz\% _ (ibias—iz)> fa
where f; = — 2 ((— = (—W ) ) and gg =

For the system shown in Equation (4.9), a time varying system which is affine and nonlinear
can be obtained using the expansion given by Taylor series. The linearization is performed

around a linearization point y; and is given as follows:

Zl = Zz
Z = f(z1, ) + 92 (z1, m)Duc + fa(t) (4.10)
Cc = Zl
where Au, = u, — y;, 9,2z, ;) = %Z’M) and f;(t) is the disturbances and the
Uc=H1

unmodeled dynamics and with f;(t) < F,.

A nonlinear affine system can be obtained from Equation (4.10) as follows:

Z1 = 7y
Zy = fu(z1, 1) + gz(z0, p)uc + f4(t) (4.11)
Cc = Zl

2K (ibiasﬂtl ibias—#l)
m \(zo-2z1)?  (20+21)%/"

where f(z1, 1) = fz(z1, 1) — 9,(z, ) and g, (21, 1) = —
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4.3 Adaptive Sliding Mode Controller Design

Let the reference output of the active magnetic bearing be represented by z,. Then the
error between the actual output and the reference output is given as follows:
s=ve+eée (4.12)
where ¥ > 0. After the derivative of Equation (4.12), the following expression is obtained:
$ =Zr — fu — Galuc — fa() + ¢ (4.13)

The control law can be derived from Equation (4.13) as follows:

1. .
U, = g—Zl(zr + Yé — f, + {sgn(s)) (4.14)
The L = %SZ is selected as the Lyapunov function. Hence;

L=ss= sy = fu — fa(©) — guuc + V€)
=5(zy = fu — (= fa + Z + 9 + {sgn(s)) — fa(t) + V€)
=—s(fa(t)) — {ls|

where ( is a rate parameter with constant value and ¢ > 0. Therefore, if we choose { > F,,

then we obtain ss < 0.
In this thesis, Radial Basis Function (RBF) based adaptive approximation of the functions
fz1 and g,; is performed. The radial basis function can be written as follows:

IIZt-lel)2

¢ = e‘(rz—b,- (4.15)

where ¢ is the output of the radial basis function, z, is the input vector to the RBF network,

. el .. . .
and z; is chosen as z; = [é], j is the hidden layer nodes of network, The two functions can

be approximated as follows:
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fu = PTff(Z) + 6
gzt = QTEg(Z) + (5g
where P and Q are the weights of the ideal RBF network, & = [E j]T represents the output of

the Gaussian function, the approximation errors are represented by the & and §, and also

8y < 6ng and & < 6y and f;; and g, are the RBF network ideal outputs.

Therefore,
fzz(Z) = ﬁTff(Z)
gzl(z) = QT{Q(Z)

Equation (4.14) can be written as follows:

U = 2= (2 +9¢ = fu + {sgn(s)) (4.16)
From Equation (4.13) we can write that:

$ = Zr = fu = fa(®) = Gatc + (Ga — gu)uc + Vé

. g . 1/ .oz A .
=Zy — le - fd(t) - gzlg_(zr +Je — le + ZSgTL(S)) + (gzl - gzl)uc + 196)

zl

=(fa = f2) = fa(®) + (G — G)uc — {sgn(s)

=far = fa(t) + Gutic — {sgn(s)

=PTp(2) = & — fa(t) + (Q"§4(2) — 5)u, — {sgn(s)
where le = le —fua= iijf(Z) - 5f

Ju =Gu — Gu = ang (z) — 8y
P=P—-PandQ=0Q-Q

The Lyapunov function is selected as follows:
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_ 12,115, 1 aTH
L—Zs +2K1P P+2szQ (4.17)
After taking the derivative of Equation (4.17), we get:

L= ss+—PBTB +— Q'
=SS P KZQQ

=s(P"E(2) ~ & — fa(©) + (Q"¢,(2) — 8y )uc — {sgn(s)) + ~P'P + —Q'Q
=s(—84u. — 87 — f2(t) — {sgn(s)) + PT (sff(z) + K%T’) + QT (sfg (2)u, + K%Q)
Therefore, the adaptive laws are designed as follows:

P= —kK15§(2)

6 = —kp5¢4(2)u, (4.18)
Therefore,

L =s(=84u. — & — f1(t) — {sgn(s))

=5(=8quc — & — fa(t)) = ¢lsl

Hence, if we choose:

n= max{(SguC + 8¢+ fa (t)}, then we get the expression L < 0 and it completes the proof

of the stability. The complete block diagram of the control structure is shown in Figure 4.4.
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Figure 4.4: Overall control block diagram
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4.4 Simulation Results

By utilizing the proposed adaptive sliding mode controller, a simulation is run using the
same design parameters, as those of the physical prototype system. The mass of the shaft is
0.132 kg. The force constant of the electromagnet K is 3.6x 107°. The bias current ij;,; is
2 A. The radial basis function has two inputs, five hidden layers and one output. The value

for the parameter ¢; is selected as 0.25 and for b; is 6. The initializing value for the parameter

of weight is 0.1.

The Equation (4.14) is used for designing the control law and the Equation (4.18) is used
for designing the adaptive law for the prototype system position control. The parameter 9 is
selected as 20 and the parameter { is selected as 10. The parameter k; is 10 and the parameter
K, is 1. These are the optimal values for the two parameters because the output response
tends to oscillate beyond these values.

Figure 4.5 shows the output displacement of the rotor in response to the step command
of 0.8 mm which is the axial airgap between the rotor and the surface of the electromagnet.
The control current in each of the electromagnet is shown in the Figure 4.6. A sinusoidal
disturbance of 0.1 sin(t) is included to the system dynamics in order to model the unmodeled
dynamics. This disturbance if not controlled properly, will result in an acceleration of 0.75

m/s? in the output response of the bearing.
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Figure 4.5: The active magnetic bearing position reference following a step of 0.8 mm
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Figure 4.6: The corresponding control current in each of the electromagnet
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The corresponding plots for the functions f,; and g,; are shown in Figure 4.7 and

Figure 4.8 respectively.
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The corresponding phase plane trajectories for the error and the change in error are shown
in Figure 4.9 and Figure 4.10. The Figure 4.9 shows the phase place trajectories with
0.1sin(20mt) included as the sinusoidal interference and Figure 4.10 shows the phase plane

trajectory wit 1sin(207t) added as the unmodeled dynamics.
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Figure 4.9: Phase plane trajectory with 0.1sin(20xt) as the added interference
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Figure 4.10: Phase plane trajectory with 1sin(20xt) as the added interference
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For seeing the anti-interference property of the proposed controller, a constant
interference force of 5.18 N is included in the system at time 2 sec. The resulting position

and current of the active magnetic bearing system are shown in Figure 4.11 and Figure 4.12

respectively.
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Figure 4.11: The output response of the controller with the 5.18 N step disturbing force
applied at 2 secs
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Figure 4.12: The control current after the 5.18 N step disturbing force applied at 2 secs
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The corresponding plots for the estimates of the functions f,; and g,; are shown in Figure

4.13 and Figure 4.14 respectively after the application of disturbance at 2 secs.
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For seeing the robustness of the proposed controller, the mass of the shaft is varied
between the double and half of the original value and the corresponding response is shown
in Figure 4.15.

A disturbance of 10 Hz is also included to the system and the resulting response is shown

in Figure 4.16. The system gives good robustness against the variation of the parameters as

shown in these two Figures.
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Figure 4.15: The response of the system with mass halved and doubled

For the comparison of the proposed adaptive controller response to the classical control,
the proposed controller performance is compared to a well-tuned PID controller. The value

of Ky 1s 13.73, Kiis 127.45 and Kq is 7.25. The corresponding comparison is shown in Figure
4.17 and Figure 4.18.
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Figure 4.16: The response of the system with the 10 Hz sinusoidal interference included
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Figure 4.17: The comparison of the proposed adaptive controller and PID controller for

step disturbance rejection
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Figure 4.18: The comparison of the proposed adaptive controller and PID controller

with sinusoidal interference added

4.5 Summary

In this chapter, an adaptive sliding mode controller is designed for the position tracking of
the active magnetic bearing system. The analytical modeling of the system is done and then
based on the analytical equations, an adaptive sliding mode controller is designed using the
radial basis function. The simulations are done for the designed controller and the
performance of the controller is evaluated under different conditions. The performance of
the controller is compared with PID controller and the proposed controller shows good
robustness against the variations in the parameters of the system and better disturbance

rejection property as compared to the PID controller.
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Chapter 5
EXPERIMENTAL SETUP AND RESULTS OF HYBRID MAGNETIC
BEARING PROTOTYPE

5.1 Introduction

In this chapter, the experimental setup for the designed hybrid magnetic bearing
prototype system is provided. The setup is manufactured based on the optimization
performed in chapter 3. The magnetic flux, forces and stiffness and damping are
experimentally verified. The proposed controller is implemented for the position control of
the bearing system. The rotor is rotated at the operating speed and different performance

evaluations are carried out at various operating conditions.

5.2 Experimental Setup

The experimental prototype setup for the hybrid magnetic bearing is as shown in Figure

5.1. The shaft is made up of AISI-1010 low Carbon steel.

PMB
FH55 Gaussmeter

BLDC Motor
Rotor Part
or

Ksition Sens
. ;

AMB

NI DAQ System

Figure 5.1: Experimental prototype setup for the designed hybrid magnetic bearing
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The setup contains two passive permanent magnetic bearings in the radial direction and
one active axial direction bearing utilizing two electromagnets. The position of the shaft in
the axial direction is measured with an optical sensor. The axial position sensor is QRD1114.
It has internal bandwidth of 35 kHz, sensitivity of 1.4 V/mm in the operating range and
having a rise time of 10 micro seconds. There is also a filter installed in the sensor in order
to block the ambient light effect falling on the surface of the sensor. The noise of the sensor
has 0.015 mV standard deviation for the 0 mm to 1 mm range of operation. The shaft mass
is 0.131 kg.

The inner diameter of the permanent magnets installed on the rotor is 5 mm, the axial
thickness of 15 mm and an outer diameter of 20 mm. The permanent magnets installed on
the stator have an inner diameter as 30 mm, axial thickness of 15 mm and an outer diameter
of 50 mm. For rotating the shaft around its axis, a two-pole single phase brushless DC
(BLDC) motor is designed for the shaft. The shaft contains a section for the BLDC motor
containing permanent magnets. FH55 Gaussmeter is used in order to measure the magnetic
flux densities of the permanent magnets and the electromagnets at different values of the
currents. In order to measure the axial disturbance force generated because of the radial
permanent magnet rings, a Kistler table type dynamometer is used as shown in Fig. 5.2.

The stiffness and the damping of the permanent magnetic bearing is found
experimentally using the impact hammer test as shown in Figure 5.3. The number of turns of
each electromagnet are kept 1600 with copper wire of 19 gauge and the value of the bias
current is 2 A. The low carbon steel ISI-1010 is selected for the manufacturing of the

electromagnets cores.
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Kistler Table Type Dynamometer
with Microgauge

Figure 5.2: A Kistler table type dynamometer for measuring the axial disturbance force
exerted on the shaft due to the passive magnetic bearings

Keyence Laser

Controller for pisplacement Sensor
Laser Sensor

Kistler Impact
Hammer

Figure 5.3: Experimental setup for measuring the radial stiffness and damping of the
hybrid magnetic bearing
5.3 Experimental Results

The axial disturbance force acting on the shaft in the axial direction is measured using

the Kistler table type dynamometer. Figure 5.4 shows the results of the experimental axial
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force acting on the shaft in the axial direction. The maximum force on the rotor is 15.97 N

when the rotor touches one side of the electromagnet.
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Figure 5.4: The axial force acting on the shaft as a result of the radial passive

permanent magnet bearing

Figure 5.5 shows the magnetic flux densities of the two electromagnets as measured with
the FH55 Gaussmeter. They have almost same magnetic flux density. The magnetic flux
density at the surface of the electromagnets is 486 mT. Using the Kistler dynamometer, the
current stiffness and position stiffness of the two electromagnets are experimentally found.
The position stiffness is 19.1 N.mm and the current stiffness value is -21.6 N.A as shown in
Figure 5.6 and Figure 5.7. The axial stiffness of the active magnetic bearing is found to be
9.9 x 10* N/mm and the axial damping is 215.05 N.s/m. The radial stiffness is 16.43 N/mm
and radial damping ratio is 5.1 % as shown in Table 5.1 using the impact hammer test of

Figure 5.3.
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Figure 5.5: Measured magnetic flux densities of the two manufactured electromagnets

50

40

30

20

10

Force exerted on the rotor (N)

using the FH55 Gaussmeter

— FEM Data
== = Experimental Data

Fm(ibrxﬂ)

Figure 5.6: The current stiffness of the manufactured electromagnets

N isssssssmsmmsm

1 1.5 25
Current (A)



Design and Implementation of Magnetic Bearings in Rotary Blood Pump 88

Table 5.1: The results obtained from the modal analysis

Natural Mass
. Modal
Frequency Damplng ' [kg]
Ratio [%] Stiffness [N/m]
[Hz]
59.3 5.1 16430 0.132

The frequency response function (FRF) of the radial direction modal analysis for the

passive magnetic bearing is shown in Figure 5.7 and Figure 5.8.
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Figure 5.7: The real part of the FRF
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Figure 5.8: The imaginary part of the FRF

The corresponding magnitude and the phase of the passive magnetic bearing radial FRF

is as shown in Figure 5.9 and Figure 5.10 respectively.
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Figure 5.9: The magnitude of the FRF
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Figure 5.10: The phase of the FRF

The proposed controller is experimentally implemented using the National Instruments
(NI) PCIe-6351 data acquisition system with the Simulink xPC Target. For acquiring the
data, NI USB-6259 card having analog input of 16 bits is used.

The sampling frequency of 10 kHz is used. In order to drive the electromagnets, a power
amplifier circuit is designed. The frequency of the PWM signals is 20 kHz. The bias current
used is 2 A.

The experimental result of initial startup of the bearing and the corresponding currents in
the two electromagnets are shown in Figure 5.11 and Figure 5.12 respectively. The functions

f1 and g,; are measured experimentally and the resulting plots are shown in Figure 5.13 and

Figure 5.14 respectively.
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Figure 5.11: The initial startup response of the controller for the active magnetic

bearing
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Figure 5.12: The currents in the two electromagnets
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Figure 5.13: Measured f, function
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Figure 5.14: Measured g, function

A step disturbing interference of 5.18 N is added to the system at time 2 secs. The
resulting output displacement of the shaft and the corresponding currents in the two I-core

electromagnets are as shown in Figure 5.15 and Figure 5.16 respectively.
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Figure 5.15: Output displacement of the shaft as a result of applying a disturbance of
5.18 N at time 2 secs
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Figure 5.16: The corresponding currents in the two electromagnets after application of

the disturbance force at time 2 secs

The shaft is rotated with the speed of 1890 rpm (31.5 Hz) using the single phase brushless
DC motor designed for the hybrid magnetic bearing. There are two critical frequencies of the
rotor, 47.5 Hz and 51 Hz which are much larger than the operating speed of 1890 rpm (31.5

Hz). The Keyence laser sensor is used for the experimental measurement of the shaft
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oscillations while rotating. Figure 5.17 shows the radial oscillations and Figure 5.18 shows

the axial oscillations of the shaft while rotating at 1890 rpm.
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Figure 5.17: Radial oscillations of the shaft while rotating at 1890 rpm
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Figure 5.18: Axial oscillations of the shaft while rotating at 1890 rpm

The average peak oscillations in the radial direction are 0.45 mm and in the axial direction
0.19 mm. The magnitude frequency spectrum of the radial and axial oscillations are shown

in Figure 5.19 and Figure 5.20 respectively.
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Figure 5.20: Magnitude spectrum of axial oscillations while the shaft rotates at 1890
rpm
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5.4 Summary

In this chapter, the experimental setup of the designed hybrid magnetic bearing prototype
is provided. The magnetic forces, damping, stiffness, and magnetic flux densities of the
experimental prototype are experimentally measured and compared with the simulated
results. The comparison of the experimental and simulated results showed good agreement.
The designed adaptive controller is implemented on the experimental prototype and the
performance of the controller is obtained at different conditions. The shaft is rotated at the
desired speed and the oscillations of the shaft are measured. The designed controller showed
good robustness against the external acting disturbances and a good set speed for the axial

position control of the hybrid magnetic bearing prototype setup.
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Chapter 6
DESIGN OF THE NOVEL BEARINGLESS MOTOR FOR MINIATURE AXIAL
FLOW BLOOD PUMP

6.1 Introduction

In this chapter, a novel design of the bearingless motor is presented for the miniature
axial flow blood pump. The radial position of the rotor is measured with the help of linear
Hall Effect sensors. The angular position of the rotor is measured with digital Hall Effect
Sensors.

The optimization of the impeller for the blood pump is done based on the computational
fluid dynamics. Based on the optimization, an enclosed impeller design is selected and the
length of the impeller is shortened as compared to the conventional axial flow pumps rotors.
Because of the shorter rotor length, only one bearingless motor is needed for the operation
of the pump.

In conventional bearingless motors, eddy current sensors are used for measuring the
radial position of the rotor. Due the miniaturized size of the pump, eddy current sensors
cannot be used in this configuration. Therefore, a sensor assembly based on the linear Hall
Effect sensors is proposed in order to measure the rotor radial position. The finite element
analysis of the overall magnetic circuit is performed and then experimentally verified in order
to get the stiffness, magnetic forces, currents, number of turns and magnetic flux densities
on the rotor, in the airgap and on the stator surface. The radial position measurement
assembly is verified experimentally. Experimental setup is manufactured in order to verify
the design process and the performance of the proposed controller is obtained using different

testing conditions.
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6.2 Mechanical Design

The proposed rotor design for the novel bearingless motor is shown in Figure 6.1. The
rotor has a permanent magnet m,, installed on the back side in order to measure the rotor
radial position. Another permanent magnet M, is installed on the rotor for producing the

radial suspension forces and torque.

South

Permanent magnet

Rotor back iron ; =
for radial position (m,)

Impeller
Spacer

Permanent magnet
for bearing force
and torque (My)

Figure 6.1: Mechanical design of the proposed rotor for the novel bearingless motor

Additionally, the rotor consists of the back iron, an impeller and a spacing which is placed
between the two permanent magnet so that to minimize the cross talk between the two
permanent magnets. Neodymium Iron Boron (NdFeB) based N48 grade permanent magnets
in arc shape are utilized in the rotor of the novel bearingless motor. The rotor schematic
diagram is provided in Figure 6.2 and Table 6.1 provides the different dimensions of the
various parts of the rotor. The number of permanent magnets installed for producing the
torque and bearing forces is four and they are magnetized diametrically. The permanent
magnet used for measuring the radial position is magnetized radially. Four linear Hall Effect
sensors are mounted on the stator assembly in order to measure the rotor radial position. Two
Hall Effect sensors are mounted on the stator assembly for measuring the angular position of

the rotor.
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Section AA

Figure 6.2: The schematic view of the proposed novel design of the rotor

Four blades of the impeller are designed in a symmetrical manner so that the blade
configuration does not affect the motor operation in the radial direction and in the axial
direction by producing the thrust forces and lift forces as disturbance forces. Because of the
symmetrical blade structure, the overall rotor is affected equally by the flow of the fluid
through the pump blades and hence no lift is produced. Figure 6.3 shows the schematic view

of the impeller, diffuser and the inducer for the proposed design of the axial flow bearingless
pump.

Table 6.1: The parametric values of the different sections of the pump

Parameter Value
Impeller blades axial length, 1, 12.5 mm
Impeller blades thickness, t,, 15.5 mm
The torque and bearing forces permanent magnet axial 7 mm
thickness, [y
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The bearing and torque permanent magnet thickness, ty 3 mm
The length of the radial position permanent magnet in the 2.5 mm
axial direction, [,,

The bearing forces and torque permanent magnet 2.5 mm
thickness, t,,

Spacer length, [ 3 mm
Rotor outer radius 14 mm
Stator outer radius 35 mm

\

\._
Inducer

x Dif fuser

Impeller

Figure 6.3: Diffuser, inducer and impeller of the proposed pump

There are two windings wound on each of the stator leg. One winding set is used for the

generation of torque for the motor and another winding set is used for the generation of

bearing forces in the radial direction for the levitating rotor. Figure 6.4 shows the rotor and

stator assembly and Figure 6.5 shows the overall pump assembly for the proposed axial

pump.
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Figure 6.4: Rotor and stator assembly

Angular Displacement
Sensor

Radial Position
Sensor

Figure 6.5: Overall assembly of the pump

6.3 Generation of Radial Suspension Forces and Motoring Torque

Passive reluctance forces are utilized in the axial direction in order to stabilize the rotor
in the tilt direction and in the axial direction. Figure 6.6 shows the passive reluctance forces

exerted on the shaft in order to stabilize it in the tilt and in the axial direction.
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Figure 6.6: (a) Axial direction stabilization using the reluctance forces (b) Tilt direction

stabilization using the reluctance forces

There are two different windings wound on the stator legs. One winding is used for the
generation of levitating forces for the rotor and another winding is used for the generation of
the motoring torque. One set of winding ad, bb c¢, and dd is used by the motor in order to
generate the motoring torque. Another set of winding AA, BB CC, and DD is utilized by the
bearingless motor in order to generate the radial suspension forces. These two sets of
windings are switched in alternate manner for the proper operation of the bearingless motor
in one electrical rotation of the rotor. For generating the bearing forces, two pole winding is
used. For the generation of the motoring torque, a four pole winding is used. The principle
of the generating the torque is showed in Figure 6.7. The angular position of the rotor is
measured using the two digital Hall Effect sensors H,; and H,. The coils bb and dd are used
for generating the motoring torque when the rotor is in a position as shown in Figure 6.7.

The windings AA and CC are utilized for the generation of the radial bearing forces.
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Suspension
Winding

Figure 6.7: Generation of the motoring torque with b and d coils

Winding Winding
a

Figure 6.8: Generation of motoring torque with a and ¢ coils

When the rotor is in a position as shown in Figure 6.8, then the windings ad and c¢ are

used for the generation of the motoring torque and the windings BB and DD are utilized for
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the generation of the radial bearing forces. For the generation of the bearing forces in the x

direction, the application of current is made in the coils CC as shown in Figure 6.9 and for

generating in the y direction, the application of current is made in the coils AA as shown in

Suspension Torque
Winding Winding

A

Figure 6.10.
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Figure 6.9: Application of current in the winding C for the x direction force generation

Windin Winding

Figure 6.10: Application of current in the winding A for the y direction force generation
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For the purpose of generating the radial bearing forces in the x and y direction, when the
coils BB and DD are used, the current is excited through both the windings. Figure 6.11
shows the direction of current when the radial bearing force is generated in the x direction

and the coil windings BB and DD are used.

Suspension Torque
Winding Winding

Fy
< ¥
Fp

X

Figure 6.11: Direction of current in windings BB and DD for generating the radial force

in the x direction

Based upon the values obtained from the digital Hall Effect sensors, the windings
between the motoring torque ad, bb, cé¢, and dd and the radial bearing force AA, BB CC,
and DD is chosen as shown in the Table 6.2. The digital Hall Effect sensors utilized here
give a logic 1 when the north pole of the magnet comes closer to the sensor and a logic 0

when the south pole of the magnet comes closer to the sensor surface.
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Table 6.2: The selection between the radial suspension windings and motoring torque

windings
. Suspension Torque
Rotor Position o oo
Windings Windings
H,=0,and H, =0 BB and DD ad and c¢
H,=0,andH, =1 AA and CC bb and dd
Hy=1andH, =0 AA and CC bb and dd
Hi=1andH, =1 BB and DD aa and c¢

6.4 Analytical Modeling

6.4.1 Dynamic Model of the Rotor

The various forces acting on the rotor are shown in the Figure 6.12. The rotor is placed
vertically for the analysis. The two coordinates systems are also shown in Figure 6.12. The
stator iron exerts the reluctance forces on the rotor which are represented by the forces F,,,,

Eny, and E,, in the diagram and the electromagnetic forces are represented by F,y, F,,, and

eys
F,, in the diagram. The center of the reluctance forces is c¢,; while ¢, represents the rotor
mass center. There is a distance of [, between the two centers ¢y, and ¢, as shown in Figure
6.13. The dynamic equation of the rotor along the x-axis is given as follows:

mx + dx + cx + Fpy = F,

L6, + Izwméy +d6, = Fgz + mgl,

where the mass moment of inertia is denoted by I, and I, about the axis 6, and 6,. w,, is the

angular velocity of the rotor system about z-axis. The damping coefficient is given by d and

the coefficient of stiffness is given by c. The effect of the lift due to the blades of the rotor is
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eliminated due to the symmetrical shape of the blades for the axial flow pump. Therefore,

the term F;4, z vanishes from the analysis.

Figure 6.12: The different forces acting on the levitating rotor and their coordinate

systems

Figure 6.13: The 2-dimensional view of the rotor forces schematic

Similarly, the dynamics about the y-axis are provided as follows:
my+dy+cy+ Fpy =F,,

L0, — Lwn6, + db, = Fg,z
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where the mass moment of inertia is denoted by /,, and I, about the axis 6,, and 6,. w,
is the angular velocity of the rotor system about z-axis. The damping coefficient is given by
d and the coefficient of stiffness is given by c. The effect of the lift due to the blades of the
rotor is eliminated due to the symmetrical shape of the blades for the axial flow pump.
Therefore, the term Fy4, z vanishes from the analysis.

The analysis of the dynamics around z-axis is given as below:
mZz+dz=F,,—F
where F; is the lift force acting on rotor due to the fluid flowing through the blades of the
impeller. The force F,,, is used to keep the rotor in stabilized form in the axial direction and

is the reluctance force between the stator iron and it should be greater than the lift force F;.

6.4.2 Mathematical Model of the Radial Bearing Force

The current is passed in a direction as shown in Figure 6.14 through the windings of the
bearingless motor in order to produce a bearing force in the positive x-axis direction. There
are two type of forces acting on the rotor of the proposed motor. One force is the Maxwell
component dF, also known as the radial component of the force. Another component is the
tangential component of the force dF;. The current passing through the bearing force

windings control the radial component force and is given as follows:

2
(Bom(8) + AByyqg(6)) 7l
2119

where the airgap magnetic flux density due to the currents in the bearing windings is

dE. = deo

given by AB,,q,(6) and the magnetic flux density in the airgap present due to the rotor
permanent magnets is given by By, (8), 6 is representing the mechanical angle of the rotor,

r is the inner radius of the stator and L,,, represents the axial thickness of the rotor.
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Figure 6.14: The direction of current in the suspension windings in order to produce the

bearing force in the positive x direction

The tangential component of the force dF; is given as follows:

dF; = iyag. (Bym(0).dlyag4)

where the winding current is given by iyq4, Bpm (6) represents the magnetic flux density
in the airgap present due to the rotor permanent magnets and the term dl,, 4,4 represents the
magnetic field region’s winding length part. The net torque is generated for the rotor in the
counterclockwise or clockwise direction with the proper currents in the windings producing
proper tangential force components.

The pull on the rotor in the positive x direction, when the rotor is displaced along the
positive x direction is given as follows:

241 2t B2
me (xg + tm)3Ho ¥

where the permanent magnet thickness is given as t,,, the airgap between the stator and the
rotor is denoted by x4, the equivalent current of the permanent magnet is represented by Iy,

the remanent magnetic flux density is denoted by B,., the rotor pole face area is given by A
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and the relative permeability of vacuum is given by p,. The total x axis magnetic pull is

given as follows:

2A14t% B2
T = #(ZCOSZ‘lSO + Dx
(xg + ty) Uo
4AI% 3 B?
mx

B (xg + tm)3 o g
This is the amount of total force which is exerted on the rotor by the stator legs B, C and D.
The electromagnetic force which acts on the rotor due to the windings currents in the leg C
is given as follows:
- Ao (ic + IWM)2 N2

T 2(xg + ty)?

The force acting on the rotor due to the leg C is given as follows:

R A
. Aug (—lc + WM) N?
ec 2(xg + ty)?

The net electromagnetic force which acts on the rotor is given as follows:

Foo— 2l ionA
ex ct (xg + tM)Z

The overall bearing force in the radial direction is calculated as below:

E = FEpx + Fox =

4AI4t3 BE . (21Mu0NA)
(xg+tM)3ﬂ0 a (xg+tM)2

The force along the y direction is calculated as follows:

_ _ 4AIYtH BE . [ 2IpuonA
B, =Fyy + By = ——5—yti.

g+tm)3uo Yg+tm)?

6.5 Finite Element Analysis of the Bearingless Motor System

The finite element analysis of the overall bearingless motor is performed. The magnetic

flux densities of the stator, rotor and airgap are calculated. The sensor assembly is verified
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for measuring the radial displacement of the motor. The computational fluid dynamics of the
pump system is performed in order to see the pressure and flow rate of the pump system. For
minimizing the interference between the two permanent magnets, a spacer is put between

them. The four Hall effect sensors are shown in Figure 6.15.

Radial Position
Sensing Magent

Hall X
Effect Sensor

Figure 6.15: The hall effect sensor assembly for measuring the radial position of the

rotor

The magnetic flux distribution across the surface of the rotor is shown in Figure 6.16.

Magnetic Flux
Radial Position Density (T)

Sensing Magent

3.0
2.5
2.0
1.5

1.0
0.5

Bearing Force and Torque
Generation Magent

Figure 6.16: Norm of the magnetic flux density across the rotor surface
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The spacer length is varied from 1 mm to 4 mm and a 3 mm spacer length is found to be
optimal in order to reduce the cross talk as well not offering too much to the axial length of
the rotor. There is a minimum cross talk between the two permanent magnets as shown in
Figure 6.16. The magnetic flux density of the two opposite Hall sensors denoted by H,, and
H,,;, is shown in Figure 6.17 when the rotor magnet is moved from 0 mm to 0.75 mm in the
radial x direction. As shown in the Figure 6.17, there is a linear relationship between the
distance of the rotor and the magnetic flux density as seen by the Hall sensors. Therefore,
based on the Figure 6.17, the radial displacement covered by the rotor can be calculated as

follows;

1
X = (_Bbe + BHxa)'E

y = (—BHyb + BHya) %

where h represents the slope of the radial direction displacement covered by the rotor.

Hence, this sensor assembly can measure the rotor radial displacement with a good
accuracy, given that the radial permanent magnet is precisely manufactured having uniform
magnetic flux density distribution.

The rotor is displaced in the radial direction from the center position to one end of the
stator, where it touches the stator surface and the reluctance force is measure using the finite
element method. Figure 6.18 shows the force vs the radial displacement of the rotor. The
maximum force of 21.5 N is exerted on the rotor when it touches the stator surface along the
x direction. Hence, this is the overall maximum amount of force which the stator bearing

windings have to exert in order to bring back the rotor to the center equilibrium position.
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Figure 6.17: The radial displacement of the rotor vs the magnetic flux density
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Figure 6.18: Reluctance force on the rotor vs the radial displacement
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Similarly, Figure 6.19, shows the force on rotor when it is displaced in the axial direction

and the axial stiffhess is calculated to be 5.1 N/mm.
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Rotor axial displacement in z direction (mm)
Figure 6.19: Reluctance force on rotor vs the axial displacement of rotor in z direction

The norm of magnetic flux density across the rotor and the stator surface is shown in Fig.
6.20.

Magnetic Flux
Density (T)

Figure 6.20: Norm of magnetic flux density across the surface of the rotor and the stator
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The variation of the radial direction bearing force with respect to the radial bearing forces
is as shown in Figure 6.21. The variation of the motoring torque with respect to the current
in the motoring torque windings is shown in Figure 6.22. For seeing the decoupling
characteristics of the two sets of windings, the radial bearing force variation is calculated
with respect to the current variation in the motoring torque windings and the variation of the
motoring torque with respect to the current change in the radial bearing force windings.
Figure 6.23 and Figure 6.24 shows the corresponding plots for the two cases. It is obvious
from these two figures that a good decoupling exists between the radial bearing force

windings and the motoring torque windings and they minimally affect each other operation.
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Figure 6.21: Radial bearing force on the rotor vs the current in the bearing windings
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Figure 6.22: Motoring torque of the rotor vs current in the torque windings
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Figure 6.23: Variation of motoring torque with respect to the current change in the

radial bearing force windings
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Figure 6.24: Variation of the radial bearing force with respect to the current change in

the motoring torque windings

The computational fluid dynamic analysis of the rotor is performed using finite element
method. The rotor is rotated at 10000 rpm and the pressure, flow rate and shear stresses are
calculated on the rotor. Figure 6.25 shows the velocity streamline of the pump and Figure

6.26 shows the pressure distribution across the rotor various parts while rotating at 10000

rpm.
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Figure 6.25: Velocity profile of the pump at 10000 rpm
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Figure 6.26: Pressure distribution across the rotor, inducer and diffuser parts

The uplift force maximum value comes to be 2.72 N, which the fluid exerts on the rotor
while rotating. This force is less than the axial stiffness of the rotor which 5.1 N/mm. At a
speed of 10000 rpm, the flow rate of 5 L/min and a 112 mm Hg pressure is obtained. Hence

a minimum of 0.55 mm clearance is at least needed between the impeller and inducer. Figure
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6.27 shows the velocity vectors and Figure 6.28 shows the shear stresses on various parts of

the pump while rotating at 10000 rpm.
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Figure 6.27: The corresponding velocity vectors of rotor while rotating at 10000 rpm
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Figure 6.28: Shear stress profile of the rotor with the corresponding operating speed
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6.6 Experimental Setup and Results

For verifying the design process of the novel bearingless motor, a prototype setup is
manufactured. The prototype consists of a rotor with 4 poles and stator with 8 poles. The

experimental prototype setup is shown in Figure 6.29 and Figure 6.30 shows the rotor system.

Figure 6.29: The experimental setup of the novel bearingless motor system

Jacket for radial
position sensing magnet

Impeller

Figure 6.30: The different views of the designed rotor system
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Two digital Hall effect sensors are utilized for measuring the angular position of the rotor.
Four linear Hall effect sensors are utilized in order to measure the radial displacement made
by the rotor while levitating. A 15.5 mm diameter impeller is used. The outer radius of the
rotor is 14 mm and the outer radius of the stator part is 35 mm. The thickness of the permanent
magnet used for the bearing forces and the motoring torque is 3 mm. The thickness of the
radially magnetized magnet for sensing the radial distance is 2.5 mm. The airgap along the
radial direction between the rotor and the stator assembly is 0.75 mm. N48 grade permanent
magnets coated with Zinc are utilized for the rotor. The rotor is 12.5 mm long in the axial
direction. The copper wire of 18 gauge is utilized for the windings of the stator. The number
of coil windings for the radial bearing force is 80 and for the motoring torque is 40. Linear
Hall sensors A1324 are used for the prototype setup with sensitivity of 5 mV/Gauss and
having a 17 kHz of bandwidth. Figure 6.31 shows the experimental results of magnetic flux

with respect to the rotor displacement along radial direction.
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Figure 6.31: The experimental result of Hall effect output magnetic flux vs the rotor

displacement in the radial direction
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The different forces acting on the rotor and the stiffness are measured using the Kistler
dynamometer as shown in Figure 6.32.

Power Supply N1 DAQ System
Motor system

mounted on
Kistler Dynamometer

Charge Amplifier for
Dynamometer

Figure 6.32: Experimental setup used for the measurement of the radial forces, axial

forces and stiffness of the rotor system

Figure 6.33 shows the experimental and simulated force on the rotor in the x direction

and y direction when the current is passed through the coils CC only.
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Figure 6.33: The forces exerted on the rotor in the x direction and y direction with only

the CC coil excited
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Figure 6.34 shows the forces on the rotor in the radial direction when the bearing winding

AA is excited.
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Figure 6.34: The forces exerted on the rotor in the x direction and y direction with only

the AA coil winding is excited

The reluctance forces on the rotor are measured experimentally and compared with the
simulated results. Figure 6.35 shows the reluctance force on the rotor when it is displaced

along the x direction.
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Figure 6.35: The passive force which acts on the rotor when it is displaced from 0 mm

to 0.75 mm in the radial x direction
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Figure 6.36 shows the passive reluctance force on the rotor when it is displaced along the

axial z direction. The experimental axial passive stiffness is measured as 4.93 N/mm.
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Figure 6.36: The passive force which acts on the rotor when it is displaced from -2 mm

to 2 mm in the axial z direction

The rotor is rotated at 9800 rpm. A power amplifier is designed for driving the rotor using
20 kHz PWM voltage. Figure 6.37 shows the radial direction vibrations of the rotor when

only the radial bearing force windings are excited.
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Figure 6.37: Displacement of rotor in radial direction when only the radial bearing

force windings are excited
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Figure 6.38 shows the oscillations of the rotor when both the motoring torque windings

and the radial bearing force windings are excited with a speed of 9800 rpm.
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Figure 6.38: Displacement of rotor in radial direction when both the motoring torque

windings and the radial bearing force windings are excited

6.7 Summary

In this chapter, a novel design for the bearingless motor is proposed for the miniature
axial flow blood pump. The axial length of the rotor is optimized with the analysis performed
by the finite element method. Four linear Hall sensors are utilized for the measurement of
the rotor displacement in the radial direction. Two Hall sensors are utilized for the
measurement of the angular displacement of the rotor. The finite element analysis of the
overall bearingless motor is done and the forces, magnetic fluxes, stiffness and the currents
are calculated for the various operating conditions. An experimental setup is manufactured
and the sensor assembly is implemented in order to measure the radial position of the rotor.
The forces, stiffness and magnetic fluxes are experimentally obtained and compared with the
simulations. Experimental results show that the proposed sensor assembly measures the

radial displacement of the novel bearingless motor with good accuracy.
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Chapter 7
CONTROL OF THE NOVEL BEARINGLESS MOTOR

7.1 Introduction

In this chapter, the sliding mode controller is designed for the novel design of the
bearingless motor for the miniature sized axial flow blood pump. The sliding mode controller
is designed based on the adaptive approximation of the system dynamics function and the
system input function in the presence of external interferences, noise and unmodeled
dynamics. There are two different permanent magnet rings used in the proposed novel design
of the bearingless motor. One magnetic ring is used for the generation of the radial bearing
forces and another magnetic ring is used for the measurement of the radial position of the
rotor. There is strong nonlinearity and magnetic flux coupling present between the two
permanent rings and therefore might affect the position measurement of the rotor using the
Hall effect sensors. Hence, for a proper control of the axial flow pump, accurate measurement
of the rotor radial displacement is very necessary. For addressing this problem, an adaptive
observer is first designed in order to approximate the radial position of the rotor in the
presence of noise, unmodeled dynamics and external interferences. Then based on the
adaptive observer, an adaptive sliding mode controller is designed for the position control of
the novel bearingless motor. The analytical modeling of the rotor is done based on the method
of Maxwell stress tensor and the effect of the eccentricity of the rotor is also taken in to
account while deriving the analytical model of the proposed bearingless motor. In the
proposed control method, no exact knowledge of the unmodeled dynamics, disturbances and
the nonlinearities is necessary. For verifying the effectiveness of the proposed adaptive
sliding mode controller, the designed controller is applied to the test prototype setup of the
bearingless motor. Results show good tracking of the commanded position signal of the rotor

in the presence of external interference signals and noise.
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7.2 Schematic Diagram of the Proposed Bearingless Motor

The schematic diagram showing the rotor and the stator assembly of the proposed
bearingless motor is shown in Figure 7.1 and the overall pump assembly is shown in Figure

7.2.

Permanent Magnet for
Torque and
Bearing Forces

Permanent Magnet for
Sensing the Rotor
Radial Position

Figure 7.1: The assembly of the proposed rotor and stator

Angular Displacement Radial Position
Sensor Sensor

Figure 7.2: The assembly of the overall bearingless pump system
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There are two sets of coil windings wound on each of the stator leg. The stator consists
of 6 poles and the rotor consists of 4 poles. Four linear Hall effect sensors are used for the
measurement of the radial position of the rotor. Two digital Hall effect sensors are utilized
for the measurement of the angular displacement of the rotor. The motoring torque windings
and the radial bearing force windings are wound in three phase sequence. The bearing
winding is two pole and the motoring torque winding is four pole. The rotor length is
optimized in the axial direction and hence only bearingless motor is needed for the proper
operation of the motor. The rotor is stabilized passively along the tilt direction and along the
axial direction utilizing the passive reluctance force which are present between the permanent
magnets of the rotor and the iron part of the stator. The stator windings configuration is
shown in Figure 7.3. There are three phase windings denoted by s,,, s, and s,, which are used
for generating the radial bearing forces. Another set of three phase windings denoted by
d,,d, and d,, are wound additionally on the stator connected in three phase sequence in

order to generate the motoring torque.

Figure 7.3: The windings arrangement for the motoring torque and the radial bearing

forces generation
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Figure 7.4 shows the equivalent two phase model for the proposed bearingless motor
system. The two pole connected windings Ng, and Ng, are connected in order to generate
the radial bearing forces. The four pole connected windings Nz, and Nr4 are wound for the
generation of the motoring torque for the bearingless motor. A four pole magnetic flux
denoted by ¢, is generated by the four permanent magnets placed in the rotor for the
generation of the radial bearing force and the motoring torque. The magnetic flux which is
generated by the radial bearing force windings superimposes the magnetic flux generated by
the rotor permanent magnets and as a result a net radial force is generated in the respective
a and f directions. For example, in Figure 7.4, the net bearing force is generated in the

negative a direction.

Rotor Back >

lrd Urg
Iron i 4~ pole
; Urq winding
& \\T
\ \ Stator
Air ‘..1_‘~¢/_Air
Gap 3 Y No Gap 1

Figure 7.4: The two phase equivalent model of the proposed three phase bearingless

motor system
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7.3 Analytical Modeling of the Proposed Bearingless Motor

The Maxwell stress force exists in a magnetic circuit across the different materials on
their boundary surfaces which have different relative permeabilities. For example, the
Maxwell force exists across the stator surface, rotor surface and the airgap. There are two
components of this Maxwell force. One component is called the tangential component and
another one is called the normal component of the Maxwell force. These components are

calculated as given below:

b an(grrt) . bn(errt) bnor(er:t) . b an(erzt)

dF,,, = & #)0( Jaa, = (¢ 315 an8r0)) (11,d6),) (7.1b)
brzlor(er,t) brzlor(er,t)

dF,,, = (—ZMO )dAr - (—ZMO ).(rmlader) (7.1b)

where 6, is the mechanical angle of the rotor, d4, is representing the unit area, 7y, is
representing the outer radius of the rotor, dF;,, is denoting the tangential component of the
Maxwell force and the normal component of the Maxwell force is represented by dF,,,. The
term by, is denoting the airgap magnetic flux density’s tangential component generated due
to radial bearing force windings and the motoring torque windings. The term b, is denoting
the airgap magnetic flux density’s normal component generated due to radial bearing force
windings and the motoring torque windings. The tangential component of the magnetic flux
density can be obtained as follows:
btan(0r,t) = =Biancos(wt — Pro6r — &1,)
where By,, is denoting the amplitude of the magnetic flux density’s tangential component,
Pr, is denoting the torque windings pole pairs, w is the angular velocity and ¢, is the airgap
mmf’s phase angle which is generated by the pole pairs Py, when time t is equal to zero.
From Equation (7.1), the overall magnetic bearing force in the radial @ and f directions

can be written as below:
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dFsq(6;) [(bnor(er t)) (finla cos(6,))

N (bnor(ert))(bmnwrt))) (rmla Sm(gr))]dg (7.2a)

(
dFsp(6,) [(b"‘”(er t)) (Tnlq sin(6,))
(

n (bnor(ert)) (bmnwr t))) (Fmla Cos(gr))]dgr (7.2b)

where 1, and [, values are constant. When there is no deviation of the rotor from the
equilibrium position, then this magnetic flux density remains constant. Whenever, there is a
rotor eccentricity, then the magnetic flux density value is changed based upon the

displacement of the rotor. The eccentricity of the rotor system can be shown in Figure 7.5.
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Figure 7.5: The eccentricity of the rotor for the proposed bearingless motor

The eccentricity of the rotor can be found as below:

gae

gTOtOT -
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where &0 18 denoting the eccentricity of rotor and g,, is the airgap when the rotor is at

equilibrium position. The eccentricity distance of the rotor can be obtained as below:

Yae (Bece) = Jae — Bsin(Becc) — (a c0s(Becc) (7.3)
and the angle of eccentricity 6,.. is given as below:
Ooce = tan_lg

The permeance per unit area for the airgap is found as below:

A(Becc) = (9:2)9 = gﬂ_(zfe (a c0S(Oecc) + B sin(Becc) + Jae) (7.4)

where A(6,..) is denoting the airgap permeance. When the higher order terms are neglected,
then the airgap’s mmf fundamental component can be calculated as follows:

fro(0r,t) = Frocos(wt — Probr — &15) (7.5a)
fs(6,,t) = Fscos(wt — PsB, — &) (7.5b)
where f7,(0,,t) is denoting the airgap mmf which is produced due to the motoring torque
windings and the rotor permanent magnets and has an amplitude of Fr,. The f5(6,,t) is
denoting the airgap mmf which is produced due to the radial bearing force windings and the
rotor permanent magnets and has an amplitude of Fs. Therefore, the overall distribution of
the magnetic flux density in the airgap at all the angles can be calculated as given below:
bro(0r, 1) = (fro(6y,1)). (A(Bece))

bs (O, £) = (fs (B 1)- (ABecc)

where the normal component of the airgap magnetic flux density is given as below:
bnor(6r,t) = bs(6y,t) + bro (6, t)

The amplitude of the corresponding magnetic flux densities in the airgap can be calculated

as below:

Bro = Fro— P T
To

Gae  YJae
to _to (Is 3)
gae gae

Ho _&(ITONTO 3)

BS=FS PS .T[
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Here, the magnetic flux amplitude which is produced due to the motoring torque windings
and the rotor permanent magnets is denoted by B, and the magnetic flux amplitude which
is obtained because of the radial bearing force windings is denoted by Bs. N, is representing
the number of turns of the motoring torque windings while Ns is denoting the number of
turns for the radial bearing force windings. I, is the current through the motoring torque
windings while the current in the radial bearing force windings is Is. Hence, in order to obtain
the total amount of radial force in the a and £ directions, the integral of Equation (2) is
computer from 0 to 2 and the higher order terms are neglected. The radial bearing forces

are given as follows:

_ latmm _ B-,2~oa la"mT BeanB
Fsq ~ % BsBry cos(§ro — §5) + 2| 4 Wi 2anl (7.63)

laTmT™ Btan@

29gelo

|BsBro sin(ér, — &) + 2222 + B (7.6b)
2Uo SPTo To S Jae To .

The torque windings airgap magnetic flux linkage can be written as follows:
21 lg Ny By
Yro = Nro@ro = %
To

Also, we know that;
Yo = Lrolro
where Ly, is denoting the mutual inductance of the motoring torque windings. Therefore, the

Equation (7.6) can be rewritten as follows:

Fsq = caFoa + c1lsihro 05(§ro — &s) + 310 (7.7a)
Fsp = Y708 + c1lsihro sin(§ro — &) + c3roa (7.7b)
where ¢, = ZmlatoNToNs . _ 9TmbolaNfo 4 37mlaNTBtan

! 4mlrogde 2 81l 03¢ 2 4TtLTo92

The second component in Equation (7.7) is generated due to the current in the radial bearing

force windings. It can be easily converted into the d-q reference frame as follows:

c1lsPro €0s(€re — &s) = ¢1(Yroglsq + Yroalsa)
c1lsro sin(€ro — &5) = c1(—Yroalsq + Yroqlsa)
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where Y14 and PYroq are the flux linkage components of the motoring torque windings in
the d-q frame of reference. When the vector control is used for the bearingless motor, then it
is known that; Y7, = 0 and Y7,q = Yr,. Therefore,

c1lsro c0s(§ro — $s) = c1¥broalsa

C1lsro sin(€ro — &5) = —C1¥roalsq

Therefore, Equation (7.7) can be rewritten as follows:

Fsq = CPF0@ + c1iroalsa + c3Prof (7.8a)
Fsp = 23,8 — c1¥roalsq + c3roa (7.8b)
Therefore, the equation of motion can be written as follows:

ma = fo + Fsq = faa (7.9a)
mf = fp + Fsg — fpa (7.9b)

where f, = ciF,a and fz = Y7, B. Equation (7.9) can be written as follows:

1 1 1

d = =cofoa +—Fsq ——foq

I R (7.10)
V=Pt + - Fsg — - fya

By choosing the state variables as: @y = a, a, = & and u = Fg,, the a —direction equation

can be rewritten as follows:

dl == 0(2
a; = fp(ay) + gplauc + fy (7.11)
7 = 0(1

The analysis along the f-direction is the same as the x-direction. The term f is representing

the unmodeled system dynamics and disturbances and u, = Fg, fp () = %czw%oa.

7.4 Design of Adaptive Sliding Mode Controller

In this chapter, a sliding mode controller is designed for the position control of the novel
bearingless motor. First an adaptive observer is designed, based on which a sliding mode

controller is designed as a second step.
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7.4.1 Adaptive Observer Design

The Equation (7.11) can be written as follows:

(i = Aac+ B, () + gy (@i + () 12
z=Ca
where A = [8 (1)], b= [2], C = [(1)], a= [2], fp (@) and g, (a) are nonlinear unknow

functions, and d is denoting the disturbance included in the system with d < D,y 4.
The observer based on the radial basis function for the Equation (7.12) can be written as
follows:
{éz =A@ + b[f, (@) + gy@u, — (D] + L(c — C"@)
2=C"a

where the gain vector is given as L = [l; [,]7. The output state value from the observer is

(7.13)

given as @. f, (@) is the observed system dynamics function and §, (@) is the observed
system input function. r(t) is representing the robustness term in Equation (7.13). The radial
basis function output can be written as follows:

_(II«n—q-ll)z
vi=e \ (7.14)

where c is denoting the center point of the Gaussian function for the network j. Therefore,
fo(a) = MTvs(a) + pf

gr(a) = N"vy(a) + py

where the input vector to the radial basis function (RBF) network is given as «, and the ideal
weights of the RBF are given as M and N. Also, M < Mp,q, and N < N4y, the pf and pg
are denoting the approximation errors of the RBF network with pr < p4x and pg < prax-
Therefore, the two functions can be estimated using the RBF network as follows:

fb (@) = MTVf(a)

gp(@) = N'vy(@)
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where f), and §, are denoting the estimates of the original functions. The approximation

errors can be calculated as below:

fola, @) = fy(a) — f(@) = M™v;(a) — M™0¢(a) + py (7.15)
Gp(@, @) = gy(@) — gy (@=N"v, (@) — NT9,(@) + p, (7.16)
The approximation errors in the weights are given as below:

M=M-M

N=N-N

The error in output of neuron is given as follows:
Ve(a,a) =ve(a) — V(@)
Vy(a, @) =vy(a) —Vy(a)
Adding and subtracting the term M"v (@) from Equation (7.15) we get:
fola,@) = M™0 (@) + w1 (t) + pf
where wy (t) is given by MT ¥ (a, @) with wy(t) < &; and also & > 0.
Also, from Equation (7.16) we obtain the following:
gp(a, @) = N"v (@) + wy(t) + py
where w, (t) is given by NTf/g (a, @) with w,(t) < &, and also &, > 0.
There is an upper bound on the control input i.e. |u.| < u,, . and hence, the observer and
its stability proof can be derived as given in [120] and is provided as below:
a =A@+ b[M™;(@) + N9, (@)u, — 1 — 13
+L(z - C"a) (7.17)
2=C"a

Also, the equation of the estimation error for the state is given as follows:
@ =(A-LCTa+b[M™y:(@) + 1, + wy(t)

+pHNTV (@) + wy(Due + pg + 15+ d)
z=C"a (7.18a)
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where
= —Rléand Ty = —RZ% (7.18b)
where the robust terms are given by r; and r, given that Ry = Jy&; and R, = Iy&uc, .-
The term 9, is given as Uy = e [G1(s)], Where the value 9,4, is representing the
maximum singular value of the transfer function G~1(s). The transfer function G~1(s) is
proper and having all stable poles. And this transfer function is chosen in such a way that the
combined transfer function T'(s)G (s) should be strictly proper. The transfer function T (s) is
given as follows:
T(s) =CT(sI— (A—LC")) b (7.19)
Therefore,
Z=G(S) M (@) + (N, (@) + wy () + pg)uc + prtwy (£) + 11 + 15 + d] (7.20)
Stability Analysis:
Equation (7.20) can be rewritten as follows:
Z=GT(S)[M™V@) + NV (@ u, + wo(Due + pyue +wy (t) +

7+ +d+ 6+ 6,] (7.21)
where f/f(&) = T"l(s)f/f (@) and in the same manner all the terms with overbar represents
that the terms have been filtered through the transfer function G ~1(s). Also,
5:(t) = G71(s) [IVITf/f(&)] — MTT~(s) [17f(&)]
5,(t) = G71(s) [IVTf/g(&)] — NTT~1(s) [flg(&)]uc
and [|8;(DIl < | M| ., 162(O)l < ¢, ||N]| , with ¢;, ¢, > 0.
Here the term ||I||% is denoting the frobenius norm for a matrix I. Equation (7.21) can be
written as follows:
X = AnX + byn(M™V (@) + NV (@)u + W, (Du + pyu,

Wy (t) + 7 + 7 +d + 61+ 6)

Z=Ch¥
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where (ApeR™",b,eR™ and , C,eR™) is denoting a minimal state representation of
T(s)G(s) = Cpy” (I — App) " by
Therefore, the adaptive is designed as following:
P= V(@7 a,V,|2|P (7.22)
O = Vz?’g(a)zuc - anzIZI@
where a;,a, >0,V; =V, >0and V, =V, >0
The Lyapunov function is chosen as follows:
1 - - 1 =~ —1 75 1 - —1%
V=_x3"Sq+otr(MVy 7' M) + - tr(N"V,'N)
where the term S = ST > 0.
As the transfer function T'(s)G(s) is strictly proper, therefore there exists R= RT > 0 such
that:
An"R+ RA,, = —H ,Rb,, = C,,, with H = HT > 0.
The time derivative of (23) is given as follows:
i 1 _ -
V=- 3 FTHE + 2(M™¢ (@) + NTv (@) u, + w,o(t)u,
+pgutwi(t) + 7 + 7 +d+ 6 +8,) + tr(MTV M) + tr (NTV,7IN)  (7.24)

Therefore, by evaluating Equation (7.24) along trajectories (7.18) and (7.22) yields:
. 1 - o _ _ _
V < = Amin (H) NZNPH 21 (W2 (Ouc + W, () + d

+c1|| M|, + c2||[N|| ) + ay V4| Fler [MT (M — M)

+a,V,|Z|tr[NT(N — N)]
where A,,;, (H) is denoting the smallest eigenvalue of the matrix H.
AS —~Amin(H) 171> < —Amin(H)12|* and

~ ~ ~ ~ 112
tr[MT(M — M)] < Monax|| M|, — || ]

2

tr[NT(N = N)| < Nonao ||, = [N
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Therefore:

. 1 ~
V< |Z~|[§/1mm(H)|Z~I - ﬁM(Dmax + Pmax + pmaxucmax) - Vl(alllpllF

=PIl ~ vzl — [1@ll) (7.25)

C C:
where y; = a;Vy, v, = a,V, , ay = My, + y—land @y = Nppax + y—z
1 2

Therefore, in order to get V as a negative value, the following condition must be satisfied:

2
|Z~| = max {419M(Dmax+Pmax+ yiaf 4 49M PmaxUcmayt Vzaz}
Amin (H) Aomin (H)
(7.26)
or

N | =

3], = S + (PCostnes 5

Y1
(7.27)
1
W], > Lay + (2eenestionas , <): 729

Hence, by using the Lyapunov standard theorem, Equation (7.25) -(7.28) show that ||IVI | P
||7]| and ||ITI || P are uniformly ultimately bounded.

The system of Equation (7.18a) can be rewritten as follows:
@ = (A—LCMa + bii, (7.29)

Then the solution of Equation (7.29) can be written as follows:
t
a(t) =a(0)o(t0) + f @(t, A)bii. (1)dA
0

where 0(t,0) = efot(A—LCT)dt ’
o(t, 1) = ef;(A—LCT)dt—f(f(A—LcT)da and
e =M™ (@) + (N4 (@) + wo(0) + pg)uc + py

twi () +r+r+d
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Therefore;
e fOt(A—LCT)dt— fo’l(A—LcT)dA = (=2 g(A-LCT)
— e—LCT(t—/l) eAt=2)
= kge~ka(t=2)
where k; = LCT and k, = eA®~Y_ Therefore, the expression @(t,A1) is bounded by

koe ™= with positive values of constants k, and k.

7.4.2 Design of Sliding Mode Controller

Let the desired output radial displacement of the shaft is given by a, and the actual
displacement is given by a. Therefore, the error can be written as follows:
e=a;—a,
By using the values from observer, we have:
e= a;—a,
6= @, —a, = G,—a,
The sliding function is designed as follows:
s(t) = ge(t) + e(t) (7.30)
where ¢ > 0.

The Lyapunov function is selected as below:

v, =552 (7.31)
Therefore,
$(t) = (&, — &) +¢(@, — d,) (7.32)

By using the designed observer of Equation (7.17) we have,

C’f:1 =li(a; — @) + @,

@ = fp(@) + Gy @uc + L(ay — @) —7(t) (7.33)
Therefore, by inserting the values from Equation (7.33) in to Equation (7.32) we get,
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$(6) = (@) + Gm(@u, + L(a — @) —7(t) — dr
+¢((h(ay — @) + @z) — ar)
Therefore, for ensuring V, = ss < 0, the sliding mode controller input is designed as

follows:
B 1
gy (@)

Uc [=¢(@, + li(ay — @) — %) = fy(@) — (1)

+%, — L (a; — @) —nsgns(s)]
where 7 is a constant and n > 0.

The overall block diagram of the controller is shown in Figure 7.6.

V4 Adaptive

~ |- | RBF Network VLR
xl XZ
Observer ‘—‘
finO|Gm(X)
' X
Xy ) | Bearingless
— | SMC Action TR Motor

Figure 7.6: The block diagram of the proposed controller for the bearingless motor

7.5 Simulation Results

In order to see the effectiveness of the proposed controller, a simulation is executed using
the design parameters which are similar to the experimental prototype setup. The rotor mass
is 0.024 kg. The input vector is [@; @&,]7 to the RBF network for a radial direction and

[B, f,]" for the B radial direction. The parameters of the RBF are selected as b; = 6 for

j=12,.7and¢;j;= z[-3 -2 —1 0 1 2 3].Other values are selected as V; =

ul |
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diag[700], L = [300600]",R = 0.6, a; = a, = 0.003, V, = diag[0.5], a(0)=
[-0.750]7, B(0) =[00]7, @(0)=[0.1 0]",n=0.1, B(0) =[0.10]", ¢ =15. The

transfer function T(s) given in Equation (7.19) is calculated as:

1
(s2+3005+600)

T(s) = (7.35)

For the transfer function T (s) to become a strictly proper, the three conditions given as below
must be fulfilled:

1. For a value of s which is real, T (s) should be real.

2. There should be no pole of T'(s) lying in the right half plane.

3. For areal w value, T(s) should also be positive, i.e. Re[T(jw)] = 0.

Hence, from Equation (7.35), using a real s, T(s) is real. Also, T'(s) has poles as —2.01 and
—297.99 which lie in the left half plane. The transfer function real part is Re[T(jw)] =

—(-600+w?)
((w2-600)2+90000w?2)

, which can have negative values for real values of the angular frequency

w, therefore the transfer function T'(s) is not strictly proper. Hence, from Equation (7.18b),
G~1(s) is selected as é in order to make G(s)T(s) a strictly proper transfer function.

Therefore,

s+2
(s2+300s5+600)

Y(s) =T(s)G(s) =
The terms v r(@) and 1219 (@) in Equation (22) are computed as follows:

S (@) = 9@ and (@) = -9 (&

ve(@) = - Ve(@) and vy(@) = - v, (@)

Figure 7.7 shows the two state variables and their estimates with the proposed controller

along the a radial direction.
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Figure 7.7: The states a4 and a, and their estimated values utilizing the proposed

controller
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Figure 7.8: Output displacement of the rotor in the a and f directions as a result of

perturbation in the parameter ¢,
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In order to see the robustness of the proposed controller, the parameters of the system
model are varied and the resulting output response of the bearingless motor is obtained. The
parameter ¢; is changed by 10% when the time is equal to 0.5 seconds. The output
displacement of the rotor in the radial direction is shown in Figure 7.8.

The mass of the rotor is changed from nominal value to half and double and the resulting

output displacement of the rotor in the a direction is shown in Figure 7.9.

0.5 | I ‘

---------- m= half of nominal value
— m= nominal value

,g ----- m= double of nominal value

E o

b

c

[7)

S

()

o

)

o -0.5

2

(]

0 0.2 04 0.6 0.8 1
Time (s)
Figure 7.9: Response when the mass of the rotor is varied between half and double of

the nominal value

In the similar fashion, the other parameters such as c,, c3, and L, were varied and the output
remained bounded for the variation of the parameters showing good robustness. A sinusoidal
disturbance is included to the system with 10 Hz frequency and the output responses is shown
in Figure 7.10. Also, a Gaussian noise with SNR of 10 is included to the system and output
is shown in Figure 7.11.
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Figure 7.10: Output of the rotor in the a direction with a 10 Hz sinusoidal disturbance

added to the system
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Figure 7.11: Output of the rotor in the a direction with Gaussian noise included

The phase plane trajectories of the error and the change in error are shown in Figure in

7.12 and Figure 7.13.
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Figure 7.12: Phase plane trajectory of the rotor with the sinusoidal disturbance included

in the system
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Figure 7.13: Phase plane trajectory of the rotor with the Gaussian random noise

included in the system

The performance of the designed controller is compared with a PID controller. The

parameter values for the PID controller are K,= 13, K; = 27 and Kz = 0.75. In order to
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compare the disturbance rejection capability of the designed controller with the PID
controller, a constant disturbance force of 3.6 N is included to the system at time t= 0.7
seconds.

As aresult, the corresponding outputs of the designed controller in the a and £ directions
are shown in Figure 7.14 while the response with the PID is shown in Figure 7.15. The
designed controller’s response contains an overshoot of 0.039 mm in the a direction and
overshoot of -0.014 mm in the f direction with a settling time equal to 0.073 seconds.

The PID controller response contains an overshoot of 0.057 mm in the a direction and

overshoot of -0.031 mm in the f direction with a settling time equal to 0.143 seconds.
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Figure 7.14: Output displacements of the rotor with the designed controller along a and
B directions as result of constant disturbance of 3.6 N applied at 0.7 s
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Figure 7.15: Output displacements of the rotor with the PID controller along o and 3

directions as result of constant disturbance of 3.6 N applied at 0.7 s

The desired position of the a direction is changed to 0.1 mm from 0 mm at the time step
of 1 seconds and the output of the two control schemes is simulated. With the designed
adaptive controller, there is no overshoot in the a direction. While with the PID controller,
there 1s an overshoot of 0.131 mm in the a direction.

The settling time for the designed adaptive controller is 0.049 s while for the PID
controller the settling time is 0.171 s. Along the B direction, there is no variation in the
position using the designed adaptive controller while with the PID controller there is an
overshoot of -0.034 mm along the B direction.

Therefore, the designed adaptive controller is much better than the PID controller. Figure
7.16 is showing the output response with the designed adaptive controller and Figure 7.17 is

showing the output response with the PID controller.



Design and Implementation of Magnetic Bearings in Rotary Blood Pump 149

0.2

— «a direction displacement

0 0.5 1 1.5 2

— B direction displacement

-0.2

Displacement (mm) Displacement (mm)

0 0.5 1 1.5 2
Time (s)

Figure 7.16: Output response with proposed adaptive controller
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Figure 7.17: Output response with the PID controller
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7.6 Experimental Results

For verifying the design process an experimental setup was manufactured as shown in
Figure 7.18/

Jacket for radial
position sensing magnet

Impeller

(b)

Figure 7.18: (a) Experimental prototype setup (b) Various views of the manufactured

rotor system

The rotor is consisted of back iron, impeller, one permanent magnet ring for the
generation of the bearing forces and another permanent ring for sensing the radial position
of the rotor. There are six stator poles and four rotor poles. The radial bearing force winding
is connected in two pole configuration while the motoring torque winding is connected in the
four pole configuration. The N48 grade NdFeB permanent magnets have been used in the
rotor part. The rotor is axially 12.5 mm long. The outer diameter of the stator part is 70 mm
while the outer diameter of the rotor part is 28 mm. Figure 7.19 shows the overall block

diagram of the radial direction position and motoring torque control scheme.
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Figure 7.19: The complete block diagram for the motoring torque and radial position

control of the proposed bearingless motor

The radial airgap is 0.75 mm. Three Hall effect sensors Allegro A1324 are utilized for
measuring the angular displacement of the rotor. Four Allegro Hall effect sensors A3124 are
used for measuring the radial position of the rotor system. The passive stiffness of the rotor
in the axial direction is calculated as 5.1 N/mm. A maximum of 21.5 N force is needed in the
initial startup of the motor to move the rotor to the center position when it touches one side
of the stator. The number of windings for the radial bearing force windings and for the
motoring torque windings is 60. Low carbon steel AISI-1010 is utilized in order to
manufacture the back iron for the rotor and the stator part. A 200 MHz TMSF28377S digital
signal processor is utilized for implanting the designed controller. For measuring the current
of the radial bearing windings and the motoring torque windings, current sensors A758 are
used. A power module FSBB30CH60C is used for driving the motoring torque windings and
one FSBB30CH60C power module is used for driving the radial bearing force windings. The
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power modules are driven with a PWM voltage having frequency of 20 kHz. Figure 7.20
shows the initial startup response of the rotor from rest. A current of 3.7 A is needed to move

the rotor to the center from the rest position.
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Figure 7.20: The radial position response at the initial startup of the motor

The rotor is rotated at 9800 rpm as required by the application of the axial flow blood
pump. Figure 7.21 shows the oscillations of the rotor in the radial direction when only the
radial bearing force windings are excited with average peak to peak oscillations of 0.009
mm. Figure 7.22 shows the oscillations of the rotor system in the radial direction when both
the radial bearing force windings and the motoring torque windings are excited at an

operating speed of 9800 rpm with average peak to peak oscillations of 0.023 mm.
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Figure 7.21: Radial oscillations of the rotor with only radial bearing force windings
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Figure 7.22: Radial oscillations of the rotor with both the radial bearing force windings

and the motoring torque windings excited
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The response of the proposed controller is compared with the PID controller. The
reference position of the a direction is suddenly varied to 0.1 mm from 0 mm. The rotor in
case of the designed controller goes to the new reference position 0.053 seconds as compared
to the 0.163 seconds for the PID controller. There is no overshoot in case of the response
with the designed adaptive controller while there is an overshoot of 0.156 mm in case of
response with the PID controller. Also, the average oscillations in case of the proposed
controller is 0.023 mm while the PID controller response has oscillations of 0.041 mm.
Figure 7.23 shows the output displacements in the radial direction with the designed adaptive

controller while Figure 7.24 shows the results with the PID controller.
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Figure 7.23: Output radial displacements along the o and 3 directions with the proposed

adaptive controller
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Figure 7.24: Output radial displacements along the o and  directions with the PID

controller

A step disturbance force having magnitude of 3.6 N is applied at the time step of 0.7
second. The corresponding responses with the proposed adaptive controller and the PID
controller are shown in Figure 7.25 and Figure 7.26 respectively. There is an overshoot of
0.043 mm in the o direction and -0.014 mm in the § direction and having a 0.083 second
settling time. With the PID controller, the a direction overshoot is 0.067 mm and the B
direction overshoot is -0.041 mm having a settling time of 0.159 seconds. The average
oscillations with the adaptive controller are 0.009 mm while the average oscillations with the

PID controller are 0.021 mm.



Design and Implementation of Magnetic Bearings in Rotary Blood Pump 156

E

é 0.2 I I

'E — a direction displacement

[

E o0

[

o

s

02

(a] 0 0.2 0.4 0.6 0.8 1
€

é 0.2 | I

b= — B direction displacement

[}

E o0 ~——

[}

o

0

0.2

(a] 0 0.2 0.4 0.6 0.8 1

Time (s)

Figure 7.25: a and B directions output responses with the designed SMC controller
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Figure 7.26: a and P directions output responses with the PID controller
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7.7 Summary

In this chapter, a sliding mode controller is designed based on the adaptive approximation
of the system input function and the system dynamics. The linear Hall effect sensors are used
for measuring the rotor radial direction displacement. Digital Hall effect sensors are used for
the measurement of the angular displacement of the rotor. Two separate permanent magnet
rings have been installed in the rotor. One permanent magnet ring is used to produce the
radial bearing forces and the motoring torque. Another permanent magnet ring which is
radially magnetized is installed in the rotor to measure the rotor radial direction displacement.
There is strong nonlinearity and magnetic coupling present between the two permanent
magnet rings. Therefore, for the accurate measurement of the radial position in the presence
of disturbances, a radial position observer is first designed based on the RBF network. An
adaptive sliding mode controller is then designed based on this observer. The designed
controller is simulated and the tested on the experimental setup. The designed controller
performance is compared with the PID controller. The comparison results show better
position tracking and external interference rejection for the designed sliding mode controller

as compared to the PID controller.
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Chapter 8
CONCLUSION

Magnetic bearings are applied in high speed motors, molecular pumps, moment wheels,
ventricular assist devices and flywheel energy storage systems. They have the main
advantages of lower friction, less power consumption and lower heat generation. Magnetic
bearings have two types, active magnetic bearings and passive magnetic bearings. The
combination of these two types is called hybrid magnetic bearings.

For the design of hybrid magnetic bearings, generally the magnetic circuit method is used.
However, in this method the leakage flux, eddy currents and nonlinearities are ignored.
Therefore, in this research the finite element method (FEM) was applied for designing the
hybrid magnetic bearing prototype system. The geometric parameters of the hybrid magnetic
bearing prototype were optimized using the FEM analysis. The stiffness, magnetic flux,
currents, number of turns, and forces in the axial and radial direction were computed using
the FEA analysis. A brushless DC motor was designed for the prototype setup for rotating
the shaft around the axial axis. Based on the optimized parameters, the prototype setup was
manufactured. The magnetic properties, stiffness and damping of the designed prototype
setup were experimentally verified.

The control of the magnetic bearings in the presence of uncertainties in the system
dynamics, external interferences and noise is critical problem. Active magnetic bearing
system is unstable in the open loop. The classical control techniques do not provide robust
performance against these disturbances and parameter variations. Therefore, for the active
control of the hybrid magnetic prototype, an adaptive sliding mode controller was designed.
The prototype was stabilized passively in the radial direction while in the axial direction, it
was stabilized using the adaptive controller. The controller performance was simulated for

different test conditions and also was compared with the PID controller. The controller was
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then applied to the experimental setup and the performance of the designed controller was
then verified experimentally.

The second-generation blood pumps suffer from the problem of blood clotting and
hemolysis. For this purpose, third-generation blood pumps with magnetic bearings are used
instead of the mechanical bearings. The third-generation axial flow blood pumps require at
least two magnetic bearings units in addition to drive unit for the proper operation because
of their longer dimensions in the axial direction. In this research, optimized design of the
axial flow pump was used based on the optimization performed using the computational fluid
dynamics analysis. An enclosed impeller based rotor was used whose axial length was only
12.5 mm. Only one bearingless motor was needed therefore due to the reduced axial length
of the rotor. Generally, Hall Effect sensors are utilized for the measurement of the angular
position of the rotor while Eddy current sensors are utilized for the measurement of the radial
position of the rotor in the bearingless motors. Due to the miniaturized structure of the
proposed bearingless motor, eddy current sensors were not possible to be used. Therefore, a
novel design of the rotor for the pump was proposed, in which there were two permanent
magnet rings used. One ring was used for the generation of the radial bearing forces and
another ring was used for the radial direction position measurement of the rotor. A sensor
assembly based upon the linear Hall effect sensors was proposed for measuring the rotor
radial position. The FEM analysis of the overall novel design of the pump was performed
and the magnetic properties, stiffness and forces were computed.

An experimental prototype of the proposed novel design bearingless motor was
manufactured and the functionality of the novel sensor assembly was experimentally tested
and verified. The different properties of the motor system as experimentally tested and
compared with the simulation results. The experimental results had a good agreement with
the simulation results. As there are two permanent magnet rings installed in the rotor with a

close proximity, there exists a magnetic coupling and interference to the sensor assembly.
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Therefore, for the accurate radial position in the presence of the interferences and noise, the
designed adaptive sliding mode controller was applied to the position control of the
bearingless motor. The system dynamics and the input function were first estimated using
the adaptive observer and based on the observer, a sliding mode controller was designed for
the position control of the system. The performance of the designed controller was also
compared with the PID controller. The designed adaptive controller showed better position
tracking, less oscillations and better disturbance rejection ability as compared to the PID
controller. The designed controller was applied to the experimental prototype setup of the
bearingless motor and the performance of the motor system was assessed under various test

conditions.
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