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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Abstract

The active magnetic bearing (AMB) system has been widely employed in
industrial applications, among which one of the most important applications is the
magnetically levitated rotary blood pumps. It is because AMB can replace
traditional ball bearings and realize the non-contact support of rotating
impellers/rotors of the pumps. Current state-of-the art ventricular assist devices
(VADs) are magnetically suspended rotary pumps, and it is due to the advantages
of the magnetic bearings: no mechanical contact between the bearing and rotor, no
lubrication needed, less heat generation and lower hemolytic risk.

In this research, a completely magnetically levitated axial flow blood pump
incorporating a hybrid magnetic bearings (HMBs) system has been designed and
developed. The impeller is enclosed in the rotor, which is controlled in five
degrees-of-freedom (DOF), among which four radial directions are actively
controlled and one axial direction is passively controlled. The HMBs system is
composed of two hybrid magnetic bearings for suspending the rotor of the pump
with PID controllers, and one brushless and sensorless three-phase permanent
magnet (PM) motor for driving the rotor. The design target of the axial flow blood
pump is to realize 100 mmHg differential pressure and 5 L/min flow rate. The
HMBs system of the axial flow blood pump has been tested to be able to achieve
good system performance in air: the pump rotor can rotate in stable suspension at
speeds of up to 14,000 rpm.

The method of parameter estimation has been proposed to extract the stiffness
and damping properties of the HMBs system employed by the axial flow blood
pump. A special test rig has been designed such that the rotor of the pump can be
perturbed in suspension both in the radial and axial directions, whether it is
stationary or rotating. Schroeder Phased Harmonics Sequence (SPHS) is used as
the multi-frequency test input signal of the parameter estimation. The dynamic
model of the HMBs is validated by the high goodness of fit using statistical
analysis. The actuator gain of the HMBs is determined to be linear within 20% of
the static eccentricity ratio.

Self-sensing parameter estimator for AMB system has been developed and
tested. The switching frequency component of the coil current contains the air gap
length between the stator and the suspended target. Current demodulation
technique is used to extract the air gap length from the coil current with
demodulation filters, and the result is the function of the air gap length and the
duty cycle of the PWM amplifiers. Self-sensing parameter estimation is composed
of two identical demodulation filters, one coil inductance simulator and one PI
convergence controller. The output of one demodulation filter is compared with the
output of the other demodulation filter, which extracts the simulated coil currents
with the input of actual switching voltages and the estimated air gap length. The
error between the two demodulation filters is processed by the PI convergence
controller to correct the estimated air gap. Benefiting from the close loop
characteristics of the self-sensing parameter estimation, not only is the influence of
the duty cycle removed, but the dynamic response of the self-sensing system is
also greatly increased.
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Chapter 1 Introduction

1.1 AMB system

Over the past few decades, great developments have been made in the field of

improved bearings capable of supporting new high-speed flexible rotors to keep up

with the significant improvements in rotating machinery, among which magnetic

bearings are the most promising.

Magnetic bearings support and control rotors or other loads through contact-free

electromagnetic forces. Magnetic bearings are unstable when operated in the open

loop configuration, and therefore it requires control feedback to achieve system

stability and required performance. A typical active magnetic bearing (AMB)

system usually consists of an actuator, a position sensor, a controller and an

amplifier, and its block diagram is shown in Figure 1.1.

Magnetic Bearing

p.,~----.------ ""
Reference Signa!

+
Controller

Power
Amplifier ....-. Electromagnets

Current F~dback I
~-------

Position
Sensor

Rotor

Figure 1.1: Control diagram of active magnetic bearings

The position sensor monitors the rotor position and delivers the position

information into a comparator that compares the position signal with the reference

1
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signal, and then sends the error between the two into the controller. Based on the

defined control algorithm, the controller processes the input signal and then

produces the resulting control output signal. Because the output signal of the

controller is of low power and the magnetic actuator input (current) is of high

power, a power amplifier is needed to convert the low power controller output to

the high power actuator input (current). The magnetic bearing converts the current

input into electromagnetic forces onto the rotor to adjust the rotor position, and

therefore the AMB system is kept stable.

1.1.1 Benefits and limitations of magnetic bearings

Magnetic bearings have the following benefits over traditional bearings:

1. The air gap between the magnetic bearing and rotor prevents metal-to­

metal contact, thus eliminating the problem of mechanical wear and

ensuring silent operation.

2. Lubrication is not required, which is very desirable in a vacuum or non­

contaminating environment.

3. Less frictional losses are created compared to regular bearings, and the

maintenance costs can also be reduced.

4. Active control of bearing's dynamic characteristics can be achieved.

5. Very accurate positioning of the rotor can be ensured.

6. High-speed applications are possible. The fact that a rotor spins in a

magnetic field without contact with the stator means that the drag on the

rotor is minimal, which opens up new possibilities for extreme high-speed

applications such as machine tool spindles and turbo compressors, where

the only limitation becomes the yield strength of the rotor material.
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However, the size of magnetic bearings is usually larger than other similarly

specified bearings due to the fact that magnetic bearings have lower specific load

capacity (maximum load per unit area of application) than most other bearing

systems. Furthermore, magnetic bearings require power to drive the

electromagnets, position sensors and control systems.

1.1.2 Attractive features of magnetic bearings

Benefiting from the above-mentioned unique advantages which usually outweigh

their disadvantages, magnetic bearings have been widely applied in the rotating

industry for the following purposes:

1. Non-contact support of rotating rotors. Non-contact support leads to little

friction and absence of lubrication, which is the key reason for the

application of magnetic bearings in artificial rotary blood pumps

[1][19][20].

2. Better vibration control of rotors. Magnetic bearings require feedback and

controller to maintain the stability of the system. Some control algorithms

have been developed to better control the magnetic bearing-rotor system,

such as LQG/LTR [2], Hoo [3], sliding mode [4], adaptive control [5],

adaptive feed-forward [6], and PID [7], etc., among which PID control is

the most popular one because of its simplicity and good performance. With

the aid of these advanced controls of the AMB system, less vibration of the

rotating rotor can be realized and therefore, the controlled rotor is able to

rotate at higher speeds and operate through several critical speeds, which

have been reported by the following: Sahinkaya et al. [8], Fujiwara et al.

[9], Burrows et al. [10][11], Takami et al. [12], Shida et al. [13], Okada et

al. [14], and Kasarda et al. [15], to highlight but a few.
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3. System identification as an exciter [16][17]. The excitation force can be

generated from the magnetic bearings and by means of the control

algorithm of an AMB system, the amplitude and frequency of the

excitation signals can be easily generated for system parameter

identification purposes during operating conditions.

4. Force measurement device [17][18]. Due to the relationship between the

magnetic force and the coil current, the generated force from the magnetic

bearings can be estimated by measuring the corresponding coil currents or

flux density. Otherwise, the magnetic force applied on the rotor will have

to be measured by additional force transducers, which will raise the cost of

the whole system and require additional space and parts for installation.

5. System fault diagnosis device [17]. The magnetic bearings are able to

excite the rotating rotor without contact and at the same time to measure

the force accurately. Hence, the system transfer function can be obtained on

line with the measurement of displacements by position sensors, from

which the physical or modal parameters can be identified. Those physical
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control and derivative control. But with only a PD controller, the air gap length

between the suspended object and the electromagnetic actuator is increased when

external static force is applied due to steady-state error. So in practice, an integral

controller is often employed in addition to a PD controller and PID controller is

actually used to stabilize the system and eliminate the offset error [23], where the

derivative controller is often used to provide desirable system damping. However,

there is a disadvantage of PID controller for the AMB system, and that is it lacks

systematic design tools and requires extensive manual tuning to achieve the
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speeds. Therefore, in order to better understand the magnetic bearing system,

stiffness and damping are two important dynamic characteristics of magnetic

bearings to be investigated [73][80][81].

Traditional method of obtaining the dynamic behavior of AMB system is to

sequentially model its components: eddy current probes, controller, amplifier,

actuator, and rotor plant to construct the composite system, which may

successfully capture the system essential behavior. In this dissertation, the method

of parameter estimation is proposed to investigate the dynamic characteristics of

AMB system, where the AMB system is treated as a black box and the stiffness

and damping coefficients are two parameters of the system to be estimated.

1.3 Self-sensing AMB

In some cases, there is a need to eliminate the application of the position sensor in

the AMB system because the number of wires across the actuator needs to be

minimized. The artificial heart pump is a typical example where elimination of

position sensors is very desirable, because it can reduce the number of wires across

the chest to the minimum [19]. Also the self-sensing AMB will ease the work of

coils layout and the system design (no need of fixation of the probes), especially

when the axial position sensors are needed in the VAD [55][58]. The elimination

of position sensors can also improve system reliability because previously, if one

position sensor failed, the entire bearings system would fail as well, resulting in

catastrophic consequences, while the chance of electronics system failing is much

smaller than that of mechanical system failing. Furthermore, a rotor-bearing

system can be designed to be shorter and stiffer without a discrete position sensor.
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Lastly, if the method of self-sensing parameter estimation is used, the need for

noise filtering circuits is eliminated because the Pulse Width Modulation (PWM)

switching signal is used as position information rather than as noise.

Self-sensing magnetic bearings extract rotor position information from the

electromagnetic signals of its coils. This is because the coil current signal contains

the coil inductance information at the switching frequency, and the coil inductance

is inversely proportional to the air gap distance. Consequently, the high-frequency

component of the coil current signal contains the rotor position information.

Demodulation filters are used to extract the position information from the coil

currents, and this method can be called current demodulation. This direct current

demodulation is open loop, and its output is a function of both air gap length and

the duty cycle of PWM switching amplifier. The parameter estimation method

[21] [22] is a close loop current demodulation with a PI controller to remove the

duty cycle information from the output of demodulation filters.

1.4 Maglev ventricular assist devices (VADs)

Studies have shown that failure of the cardiovascular system is one of the most

common health disorders causing premature death in our society. Heart

transplantation is the last option for those patients who suffer from heart diseases.

Artificial heart pumps are good candidates for implantable ventricular assist

devices (VADs) that can solve the problem of deficiency in the number of

available organ donors. Nowadays, third-generation blood pumps, magnetically

levitated artificial heart pumps, have been widely applied in rotary blood pumps

[1][19][20], because of the advantages of magnetic bearings as mentioned above:
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there is no mechanical contact that may otherwise result from ball or pivot

bearings, and this non-mechanical contact eliminates the problem of material wear,

red blood cell damage, heat generation, platelet aggregation, thrombus growth and

even pump failure.

1.5 Hybrid magnetic bearings (HMBs)

Hybrid magnetic bearings are the magnetic bearings where permanent magnet

rings are added to deliver the bias magnetic flux for the electromagnets. Due to the

composition of the electromagnets and permanent magnets (PMs), this kind of

magnetic bearings is known as hybrid magnetic bearings (HMBs).

HMBs depend on permanent magnets to provide the bias flux and several

electromagnetic coils to supply the control flux, so the volume of its power

amplifier is much smaller than active magnetic bearing, and this kind of bearings

has a compact structure and lower power consumption, meanwhile, larger air gap

can be realized due to the permanent magnet biased, and these advantages are

especially very desirable to the VADs [20].

1.6 Research objectives &summary

The aim of this research is to develop a magnetically levitated axial flow blood

pump with possible self-sensing capability and to perform parameter estimation on

the HMBs system of the blood pump to investigate its dynamic properties.

A hybrid magnetic bearings (HMBs) system has been designed and developed

for the maglev axial flow blood pump which has been designed with the feature of

enclosed-impeller and target pump pressure of 100 mmHg and flow rate of 5
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L/min. Hybrid magnetic bearings are used to suspend the rotor/impeller, and the 3­

phase brushless and sensorless PM motor is used to drive the rotor. Experimental

results have shown that the developed HMBs system of the axial flow blood pump

can achieve good system performance: it can rotate with the speeds of up to 14,000

rpm in suspension with high stability both in radial and axial directions.

The stiffness and damping coefficients of one-DOF magnetically levitated

system with a digital PID controller are estimated using the method of parameter

estimation with statistical analysis. The influences of the PID controller's variables

on system's dynamic properties are also investigated. Later, the method of

parameter estimation is extended to the HMBs system of the axial flow blood

pump. A special test rig has been designed, which makes it possible to apply the

method of parameter estimation in frequency domain to investigate the stiffness

and damping properties of the HMBs system in both the radial and axial axes in air,

with a stationary or rotating rotor. The estimation results have been validated by

statistics. The actuator gain and maximum linear operating range of the HMBs

system have also been obtained experimentally.

Self-sensing parameter estimation for magnetic bearings has been digitally

simulated. The self-sensing parameter estimator has also been experimentally

tested: the static test has proven its good linearity, and the dynamic test has shown

its good frequency response.
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1.7 Dissertation outline

In Chapter 1, the background, previous and relevant work of the research are

introduced, along with the research summary, the outline and the original

contribution of this dissertation.

Chapter 2 reviews comprehensive literature on the contents of this research.

Firstly, the literature of the design of AMB systems and motors is reviewed. Then

different types of VADs are introduced, including some typical maglev VADs.

After that, it discusses the different methods of parameter estimation of the rotor­

bearing system, and it also reviews the literature on the investigation of the

stiffness and damping properties of magnetic bearings, following which the

investigation on the dynamic characteristics of VADs is introduced. Lastly, the

self-sensing techniques used for AMB system are discussed.

Chapter 3 provides a description of the design, development of a HMBs system

for the axial flow blood pump. The design of the axial flow blood pump with

enclosed-impeller is introduced firstly. The design, fabrication and control of the

HMBs and the 3-phase brushless and sensorless PM motor are described secondly.

Lastly, the pump system performance in air is presented.

In Chapter 4, the effective and actual stiffness and damping properties of the

AMB system are first introduced. The parameter estimation algorithm on a one­

DOF AMB system is then presented. After the comparison of effective and actual

stiffness and damping coefficients, the effects of PID controller parameters on the

dynamic properties of one-DOF AMB system are illustrated with the

experimentally obtained actual stiffness and damping coefficients.

In Chapter 5, parameter estimation algorithms on one-DOF and two-DOF rotor­

bearing system model in frequency domain are first introduced, followed by the
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description of the specially designed test rig for parameter estimation. Secondly,

the experimentally obtained actuator gain and the maximum linear operating range

of the HMBs system are presented. Lastly, the experimental results of parameter

estimation of the dynamic characteristics of the HMBs system of the axial flow

blood pump in both the radial and axial axes in air are reported and discussed.

In Chapter 6, current demodulation methods for self-sensing AMB system are

first explained. Digital simulation of the current demodulation for the self-sensing

AMB is then presented, after which the method of parameter estimation for self­

sensing AMB system is described. The two digital simulation results of the current

simulation and self-sensing parameter estimator are compared and the comparison

results show the superiority of the self-sensing parameter estimator. Lastly, the

design of a printed circuit board (PCB) implementing the self-sensing parameter

estimator is introduced, and the results of the static and dynamic calibration of the

PCB are reported.

In Chapter 7, conclusions of this dissertation are presented and some specific

future work is outlined.

1.8 Original Contributions

In this dissertation, the author introduces the idea that the method of the parameter

estimation with statistical analysis can be applied to HMBs of the axial flow blood

pump to investigate its dynamic characteristics and demonstrates that this idea is

valid by successfully and experimentally obtaining the stiffness and damping

coefficients of HMBs of the axial flow blood pump both in radial and axial

directions with statistics using the method of parameter estimation. Besides that,
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some other original contributions have been achieved in the development of the

magnetic levitated axial flow blood pump with possible self-sensing capabilities as

shown below:

1. The design of the axial flow blood pump is innovative, compared with two

current most typical maglev axial flow blood pumps, Berlin Heart

INCOR® and Streamliner [55][58][59], in view of the impeller of the

designed pump which is enclosed in the rotor that is driven by the motor

and supported by two HMBs: this kind of enclosed impeller can lead to the

benefits of better motor efficiency, larger pumping volume, higher

structural strength of the blades and ease of manufacturing [26][56][57].

2. The axial flow blood pump with HMBs system is actively levitated in the

radial directions, and passively levitated in the axial direction. This design

is thus different from the Berlin Heart INCOR® and Streamliner which

have active control in the axial direction and passive control in the radial

directions. Although passively controlled in the axial direction, this new

design has validated the high stability in that direction in the experiment in

air. Also in this design, no position probes or controlling coils in the axial

direction are required, and therefore no coils will have to be guided out

from the impeller or rotor, which may lead to easier coils layout.

3. The stiffness and damping coefficients of HMBs have been obtained

experimentally with the method of parameter estimation, which have been

proved to be frequency dependent and different from the magnostatic

analytical results.

4. In the parameter estimation of the HMBs of the axial flow blood pump, it is

also proved experimentally that parameter estimation on the HMBs system
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with non-rotating rotor can replace the estimation with rotating rotor, which

can greatly facilitate the estimation procedure.

5. Digital simulation of the self-sensing parameter estimator for AMB has

been done to establish the feasibility of digital implementation of the self­

sensing AMB. From the digital simulation results, it is shown that the

digital self-sensing parameter estimator for AMB can achieve even better

self-sensing system performance than the analog system does.
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Chapter 2 Literature review

In this chapter, the literature of the design of AMB system and motors is reviewed

firstly, followed by the introduction of different types of magnetically levitated

artificial heart pumps. Secondly, the parameter estimation of the rotor-bearing

system is reviewed and the investigation on dynamic characteristics of magnetic

bearings is also described. Thirdly, the efforts made to investigate the dynamic

characteristics of VADs are reviewed. Lastly, the techniques of position self­

sensing of magnetic bearings are introduced, among which the two most popular

approaches - current demodulation and parameter estimation - are discussed in

detail.

2.1 Design of AMB system and motors

2.1.1 Design of AMB system

Comprehensive descriptions of design of AMB system haven been given by

Schweitzer [23] and Maslen [97]. Generally, the design procedure of an AMB

system is composed of preliminary analysis, bearing actuator design, control

system design, performance simulation and analysis [27].

In the preliminary analysis, it should be ensured that the rigid and flexible modal

frequencies are assigned to lie outside the operating speed range or to be

sufficiently well damped so that resonance at these speeds does not occur.

The design of the bearing actuator reflects a complex process, where all possible

interdependencies of requirements and constrains should be considered. In the

bearing stator design, given the estimated requirements for the actuator such as the
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with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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load capacity, suitable configurations of the actuator such as pole number, homo­

polar or hetero-polar, are selected based on experience. With these parameters

known, the rest unknown parameters can be determined through a set of rules [28]

[32]. Also during the design process, in order to meet the load requirements and

ensure at the same time the actuator dynamic and thermal performance is adequate,

some parameters are needed to be determined, including the sizes of the yoke, the

return rings, the permanent magnets, as well as the pole dimensions and ampere

turns of the control coils. Furthermore, some special factors should be considered

sufficiently in the design process, as listed below:

1. Power efficiency. Reducing the power consumption will reduce not only the

operational costs, but also the acquisition cost. Reduction of power can not

only lead to smaller and therefore cheaper amplifiers and power supplies, but

also lessens winding cooling requirement. Parametric and systematic

approaches have been developed to optimize the power to weight ratio of

magnetic bearings [29] and to achieve minimum power [30]. Also there is a

direct minimum power optimization method which can optimize the

mathematic model of the electromagnetic actuator [31].

2. Load capacity. Because of the performance limitations of magnetic bearings,

magnetic bearing actuators are often designed with large load capacities and

slew rates, under the constraints of their geometrical sizes and available power

amplifiers.

3. Biasing ratio and peak ratio. Lager biasing ratios increase the linear force range

and slew rate of the bearing, but consume more power. The peak ratio is often

set to one in the design, but sometimes the bearing can be more compact with a

peak ratio less than one for the same load capacity.
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In the control system design, position transducers, controller and power

amplifiers should be selected or designed to meet the application requirement of

the AMB system.

The position transducers should meet fairly stringent requirements of: reliability,

high sensitivity, robustness and ease of application. Boehm et al. [33] compared

three types of sensors and concluded that eddy current probe is the best choice for

position sensing due to its wide bandwidth and smaller phase shift error.

Controller is the key point of the AMB system. Quite a few control schemes

have been investigated till now such as LQG/LTR [2], Hoo [3], sliding mode [4],

adaptive control [5], adaptive feed-forward [6], and PID [7], etc., among which

PID control is the most popular one because of its simplicity and good

performance. The implementation of controller can be divided into two types:

analog and digital controllers. Digital controllers are more widely adopted in AMB

systems [34] [35], because they have two distinct advantages over analog controller:

1). tuning AMB system can be facilitated without hardware modifications; 2).

realizing some control algorithms that are very difficult to be implemented in

analog components. The only disadvantage of digital controller is the realization of

fast sampling speed required by some high-speed rotating rotors. However, this

can be lately realized by the advent of high-speed microprocessors and data

acquisition system.

There are mainly two types of amplifiers used for AMB system: linear and

PWM amplifiers. Linear amplifiers are easy to implement, and for space

applications where small currents are required, linear amplifiers are preferred

because of their low noise performances [83]. But the efficiency of linear

amplifiers is much lower than that of PWM amplifiers due to the effect of i 2R
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losses. For this reason, PWM amplifiers are preferred for high dynamic loads.

However PWM amplifiers create more noise and large current ripple because of

their switching characteristics. There are mainly two types of PWM amplifiers: 2­

state and 3-state PWM amplifiers, which can also be called as half-bridge and full­

bridge according to their implementation [84]. Half-bridge is easy to implement,

but it has larger current ripple, while full-bridge has faster dynamics and smaller

current ripple.

Lastly, with the assistance of some professional software such as Matlab®,

Ansys®, or Maxwell®, and based on the modeling equations of the electromagnetic

circuits, the simulation and analysis of the designed AMB is carried out and its

results are compared with desired performance for the updated design values

[36][37].

2.1.2 Design of brushless PM DC motor

The literature about motor design for different applications is quite extensive and

because the brushless PM DC motor is most widely used in ventricular assist

devices [1][20][55][58], the design of the brushless PM dc is hereby mainly

introduced.

The brushless PM DC motor is essentially configured as a permanent magnet

rotating past a set of current-carrying conductors. A step-by-step design procedure

for a typical brushless PM DC motor as a rough guide can be generalized as

follows [38]:

1. Determination of application requirements. The general requirements may

include: peak power or torque requirement, maximum speed, supply

voltage, etc.
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2. Decide which kind of configuration: interior-rotor, exterior-rotor or axial

gap.

3. Select number ofpoles, number of stator slots and phases.

4. Perform rough sizing estimate.

5. Select air gap length and determine magnetic loading.

6. Design rotor and determine flux/pole.

7. Layout stator lamination dimensions

8. Solve for number of conductors and turns of coil

9. Calculate performance

10. Check temperature rise, current density, flux densities, demagnetization of

magnet.

11. Modify design and reiterate until 0 bjects are met.

The following literature deals with the design of the brushless PM DC motors,

their drive system, and their simulation and analysis.

[39] describes the design and analysis of a high-speed brushless PM DC motor

for turbo-compressor. The optimization design criteria of the high-speed motor

structure are described by 2-D analytical method with magnetic and mechanical

constraints, and their results are validated by finite element analysis (FEA).

In [40], a computer-aided design (CAD) procedure for a radial-flux surface

mounted permanent magnet brushless DC motor is presented, where the design

variables such air gap flux density, winding factor, magnet fraction, etc., are

assumed. The developed CAD program gives the design data and the calculated

performances of the motor. But no detailed application example is given to

validate the CAD program.

18

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



In [41] [42], a fully analytical procedure for the design of brushless PM DC

motor combined with a genetic algorithms procedure is proposed, in order to

optimize an objective function, such as the motor efficiency, the material costs, or

some other motor figures. The proposed optimization technique is based on the

completely analytical design procedure consisting of a system of non-linear

equations which imposes PM characteristics, motor performance, magnetic

stresses and thermal limits.

In [43], the performances ofa PM brushless DC motor are calculated and tested

using both the circuit method and finite element method provided by RMxprt and

Maxwell of Ansoft. The good agreement of simulation results both from the circuit

method and finite element method with the experimental results has indicated the

validation of the commercial software RMxprt and Maxwell as the useful and

convenient design and simulation tool for motor system.

In [44], the structure and design method of an electric drive system for

multiphase brushless PM DC motor is proposed. The brushless PM DC motor is

simulated by FEA, and the performance of power electronic converters is analyzed

and simulated with Matlab/Simulink. From their simulation results, it is shown that

the main circuit parameters have high influence on the motor system performance,

and therefore they should be optimized by simulation, even by experiments.

2.2 Ventricular assist devices

VADs fall into two main categories: pulsatile and non-pulsatile. Non-pulsatile

VADs are a new generation of pumps and mostly used nowadays because of their
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advantages: smaller size, le~s components required and less hemolysis. Non­

pulsatile VADs can also be further divided into two categories:

1) Centrifugal blood pumps

2) Axial flow blood pumps

The first pumps used in cardiopulmonary bypass are centrifugal blood pumps

where the centrifugal force is produced from the impeller rotation to drag the blood

from the inlet port on the top to the outlet on the bottom side. An electric motor is

used to rotate the impeller; there are two ways of coupling between the motor and

the impeller: the first is the magnetic coupling by means of permanent magnets

that are fixed under the impeller or the rotor, and the second is the mechanical

coupling by means of a shaft connecting the impeller and the motor. The

centrifugal blood pumps have one disadvantage: they are too bulky to be implanted

into human bodies and therefore cannot be used in the intra-ventricular

implantation. To solve this problem, the axial flow blood pumps were developed

accordingly.

In the axial flow blood pump, the impeller, blood inlet port and outlet port are

all on the axial axis. The rotation of the impeller produces the axial force to absorb

the blood in from the inlet port on one end of the pump and then pump it out from

the outlet port on the other end of the pump. The motor drives the impeller with

electromagnetic coupling by means of permanent magnets that are embedded on

the impeller.

The development process of artificial blood pumps has gone through three

generations: the first generation blood pumps belong to the type of pulsatile pumps

which was started in the 1970s and have following representation products:

CardioWest, Thoratec TCI HeartMate I VAD, the Novacor VAD, the HeartSaver
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and the Pierce Lion Heart, to highlight but a few [45][46]. The second-generation

blood pumps have the following typical products: the MicroMed DeBakey VAD

[47], the Jarvik 2000 FlowMaker [48], and the Nimbus-TCI HeartMate II VAD

[49], etc., whose development started in 1995 with the characteristics of blood

immersed bearings. The third generation blood pumps, described as rotary pumps

with non-contact bearings, include two types: the first one utilizing the magnetic

bearings such as Terumo DuraHeart [50], the Berlin Heart INCOR [51], the

Heartquest VAD [52]; and the HeartMate III [53], etc; the second one utilizing the

hydrodynamic bearing mechanism such as CorAide and VentrAssist VADs [54].

2.3 Some typical Maglev VADs

2.3.1 Berlin Heart INCOR®

h1flow Gu~de Va.ne

~.rlflow Catlnula

Glass.:totrM·etal Seal

Figure 2.1: Berlin Heart INCOR®
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The Berlin Heart INCOR® [55] is an axial flow blood pump whose impeller is

completely free of contact with other parts. The scheme of the Berlin Heart

INCOR® is shown above. The blood coming from the heart flows into the pump

through its Inflow Cannula, and is then guided by the Inflow Guide Vane onto the

impeller that has the actual pumping function when it rotates. After that, the

Outflow Guide Vane, with some additional pressure, aligns the rotating blood flow

which will then flow through the Outflow Cannula to the aorta.

The impeller of the Berlin Heart INCOR® is completely suspended by two

magnetic bearings at the two ends of the rotor in the axial direction. Its axial

movement is actively controlled with the help of an axial position sensor, and its

radial and titling movements are passively controlled. The motor stator drives the

impeller in which there is a permanent magnet embedded.

2.3.2 Streamliner axial flow blood pump

Figure 2.2: Streamliner axial flow blood pump

22

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent
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In the Streamliner axial flow blood pump [58][59], two permanent-magnet

bearings provide passive radial support for the impeller which is not only the

pumping component, but also serves as the permanent magnet rotor and contains

the outer races of the PM bearing, and an active feedback-controlled voice-coil

thrust bearings position the impeller in the axial direction.

The stator, the rotor and the pump housing of the Streamliner are all shaped to

create streamlined or relatively smooth flow paths for the blood and to prevent

relatively sharp surfaces or edges from contacting the blood, which is why it is

named "Streamliner".

2.3.3 TMDU/TIT disposable centrifugal blood pump

f\1otor
stator

Figure 2.3: TMDU/TIT disposable centrifugal blood pump
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The disposable magnetically l~vitated centrifugal blood pump is developed by the

Tokyo Medical and Dental University and the Tokyo Institute of Technology

[60][61]. The impeller of the pump is suspended by the radial magnetic bearings

with two displacement sensors. The radial motions of the impeller are actively

controlled and its axial and titling motions are passively controlled. The impeller is

directly driven by an internal brushless direct current motor. The photograph and

its explored view of the TMDU/TIT centrifugal blood pump are shown in Figure

2.3.

2.3.4 Thoratec HeartMate III

The Thoratec HeartMate III is a compact implantable centrifugal left ventricular

assist device (LVAD) [53]. The magnetically levitated impeller is realized by the

radial self-bearing motor that combines the function of magnetic bearings and

motor, which makes the pump more compact. The self-bearing motor actively

controls the radial axes of the impeller with displacement sensors, and the axial

axis is stabilized by the passive magnetic forces. The photograph of the

HeartMate® III is shown in Figure 2.4.
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estimates using this method, because the sensitivity of the experimental data with

respect to each parameter differs with the excitation frequency. An impact force

technique to the frequency response function has been proposed by Nordmann [65]

to improve the previous method. Although the impact method can bring better

results, it suffers from the problem of a rapidly decaying response in a well­

damped system and the difficulty of exactly reproducing the same input

disturbance in the following successive test.

Burrows et ale [66][67] developed a frequency-domain algorithm for estimating

oil-film coefficients by using pseudo random binary sequence (PRBS) multi­

frequency test signal and the least-square estimator, which could produce good

estimates from noisy data and also filter any unwanted harmonic components in

the system measurement. Later, the shaft flexibility was taken into account and a

full model was used, and good estimation results were produced, but at the cost of

a large measurement task.

Lim et al. [68] proposed a modified frequency-domain approach using

Schroeder Phased Harmonic Sequences (SPHS) test signal [69]. They reported

more accurate estimated bearings coefficients with less computation task by

measuring the relative displacement of the rotor and bearing pedestal. The

mathematical formulation of SPHS is attached in Appendix A. The advantages of

SPHS over other multi-frequency test signals i.e. step, impulse, white noise,

Pseudo Random Binary Sequence, etc, can be summarized as follows

[8][64][65][76]:

(a). It is a low peak-factor signal and persistently excites all of the system

modes without violating the linear operating conditions.

(b). It is periodic and signal averaging is possible to reduce the effect of noise.
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(c). It can be synthesized to give arbitrary defined spectrum, including flat

spectrum with sharp cut off.

(d). By setting the amplitude of any particular harmonic as zero, that

harmonic can be suppressed to prevent exciting certain modes in a given

structure.

2.5 Stiffness and damping properties of magnetic

bearings

The most important characteristics of a typical conventional bearing are its

stiffness and damping properties. Magnetic bearings are actually a special type of

bearing with electrical feedback control. To better understand and control magnetic

bearings, it is necessary for the stiffness and damping properties of magnetic

bearings to be investigated.

Williams et al. [73] and Humphris et al. [72] proposed the effective stiffness and

damping properties of the magnetic bearing system, which is based on the

theoretically derived frequency-dependent feedback controller transfer function.

The relationship between the stiffness and damping and the control parameters

were also presented. Matsumura et al. [70] and Aoyama et al. [71] also used this

theoretical frequency-dependent controller's transfer function to obtain the

stiffness and damping coefficients of magnetic bearings in simulation. However,

their method of estimating both the stiffness and damping coefficients of magnetic

bearings raised a fundamental question of possible time lags in the digital

processing, amplifiers, feedback sensors, cross coupling capability and
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electromagnet's eddy current .and hysteresis losses, etc. in the system [23], which

can actually greatly change the dynamic properties of magnetic bearings [77].

Xie et ale [74] reported experimental results on the influences of control

parameters on the stiffness and damping of magnetic bearings, but only rotor

displacements with different controller parameters at different rotating speeds were

reported. The actual stiffness and damping coefficients of magnetic bearings,

which were important to predict the response of the rotor-bearing system at the

design stage [68], were not obtained.

In order to solve the problems above, the method of frequency domain

parameter estimation on magnetic bearings with SPHS has been proposed by Lim

et al. [75][76], to obtain the actual stiffness and damping coefficients of magnetic

bearings. The whole AMB system is treated as a black box where all the system

elements such as eddy current and hysteresis losses are included, and on-line

parameter estimation on the system stiffness and damping coefficients can be

realized experimentally.

The rotor stability is the key issue to the performance of VADs, while the rotor

stability is relevant to its stiffness and damping: in [78] [79], it was found the

hemolysis or damage to red blood cells is related to both the clearance size and the

rotor stability. Hence, the margin of stability can be calculated by the known

stiffness and the damping coefficients of the support bearings. The HMBs system

of the axial flow blood pump can be modelled as a typical mass-spring-damper

system [81][82], the stiffness and damping ofHMBs are two important parameters

of the system transfer function and are critical to the rotor stability and therefore

their investigation is necessary. The proportional control of PID controller

provides the stiffness to the HMBs system, and its derivative control provides the
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damping to the system. Integral control is dominant at very low frequencies to

offset the system static error. Furthermore, the system stiffness and damping are

also affected by system lags due to digital signal processing, amplifiers, feedback

sensors, etc., and cross-coupling capabilities and actuator losses.

Baloh et al. [80] used the method of transfer function estimation based on modal

decomposition to identify the actuator stiffness and fluid damping of CFVAD3, a

centrifugal pump with its impeller entirely supported by magnetic bearings. Their

system modal decomposition was tested to be working, and therefore the system

with 5-DOF could be considered to be 5 separately parallel plants of identical

forms. By means of measuring transfer functions experimentally and then fitting

those data into the corresponding differential equations that describe the measured

system, the unknown parameters in the transfer function can be obtained. Their

method is dependent on the quality of system modal decomposition, and also on

the accuracy of the differential equations that describe the corresponding system.

The actuator gain's parameter in their plant model could not be determined

satisfactorily. Except for the initial estimates of the actuator stiffness and damping,

no further detailed experimental results were reported using this method, and there

were no statistics provided to validate the experimental results.

Asama et al. [81] used a sinusoidal excitation method to investigate system

dynamic characteristics in the axial and tilt direction of the Maglev centrifugal

blood pump. The system in the axial direction is modelled as a one-DOF spring­

mass-damper system. By measuring the frequency response to the excitation of the

pump housing and then comparing the measured results with numerically

simulated values, the dynamic characteristics of the Maglev impeller in the axial

and tilt directions were analysed both in air and in water. However, although the

29

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



system frequency responses. in the axial and tilt directions were reported, the

detailed values of the system stiffness and damping coefficients were not obtained,

and statistics were not provided to support their results. Furthermore, with their

methods the system dynamic characteristics in radial axes could not be estimated.

Chung et al. [82] used the logarithmic decrement method to determine the

dynamic characteristics of the VentrAssist implantable rotary blood pump, which

is a centrifugal VAD whose impeller is completely suspended purely by

hydrodynamic bearings. The pump was mounted on a suspension system with

some additional springs. By applying a vertical impulsive force to the pump via the

impact frame mounted on top of the pump, the corresponding axial displacement

was measured. From the measured input and output data, the logarithmic method

was utilized to obtain the system stiffness and damping coefficients. No statistics

were provided for the experimental results and the system stiffness and damping

coefficients in the radial directions could not be obtained with their method.

2.6 Approaches of self-sensing magnetic bearings

The efforts in investigating the self-sensing magnetic bearings can be divided into

two categories: the modulation type and the observer type. For the modulation type,

the coil current signal contains the air gap information, which modulates the

switching waveform created by the PWM amplifier, and therefore the modulation

type is also known as ·current demodulation. The air gap between the suspended

object and the stator can be estimated by processing the modulated coil current. In

the modulation type, the bearing air gap is treated as a time-varying parameter of

the combination of the magnetic bearing and amplifier that is isolated from the
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supported object. In the observer type, the magnetic bearing and the supported

object are treated as a whole where the state-space equations are used to describe

the system and the air gap is one of those states.

2.6.1 Current demodulation

Okada et al. [85] and Deno et al. [86] utilized a demodulation technique to extract

air gap information from the switching current waveform. Since the air gap length

modulates the amplitude of the current switching waveform driven by the PWM

amplifier, the switching frequency component of the current is the direct

information of air gap length. The bearing coils are driven by bi-state switching

voltages that are switched between +Vs and -Vs according to PWM signals. A

signal conditioning circuit, including a high pass filter, a rectifier, and a low pass

filter connected in this manner respectively, is used to obtain the amplitude of the

switching frequency component of the current signal. The output of the

demodulation filter is the function of the air gap length and the duty cycle of the

PWM amplifier. The method is also known as switching noise demodulation

because of the switching noise containing the position information.

Researchers [83][84][87][88][89] also successfully employed the current

demodulation method with the demodulation filter to obtain the air gap length

information. Particularly, [83][84][89] used the high frequency signal injection

method to create the high-frequency coil current. In [83], linear amplifiers are used

to drive the magnetic bearings, but the efficiency of linear amplifier can be very

low [97]. In [84][89], the PWM amplifiers are used, but the problem of force feed­

through still exists in their approaches.

Based on the current demodulation method described above, Maslen, Noh, and

Montie [21] [22] creatively proposed a parameter e'stimation technique for self­
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sensing AMB. On one hand, ~he demodulation filter is used to obtain the amplitude

of the switching component of the current signal; on the other hand, the magnetic

bearing inductance is simulated real time with the inputs of the actual amplifier

output voltage and the estimated air gap length. The amplitude of simulated current

is compared with that of the actual current and the error between the two is

processed by a PI convergence controller to update the estimated air gap. Using the

method of parameter estimation, the influence of the duty cycle of the PWM

amplifier on the self-sensing results can be greatly reduced. Their research

parameter estimation technique is implemented using analog circuits, and

experimental results show that self-sensing parameter estimator can achieve better

system performance and wider system bandwidth.

2.6.2 State-space observer

Other research works by [90]-[95] used linear state-space observers to estimate the

gap displacement. The magnetic bearings are treated as a two-port system with the

coil voltage of the magnetic bearings as system input and the coil current as system

output, and the linearised state-space equation describing the system is shown to be

observable and controllable in the sense of control theory, allowing a magnetic

bearing to be stabilized with a simple linear controller using current measurement

alone. However, like what Morse et al. [96] has pointed out, the linear observer

approach has the drawbacks of poor robustness and poor disturbance rejection.

Small parameter variations in the physical system may produce system instability.

If switching amplifiers are used in this system, high frequency switching noise will

deteriorate the estimator performance. Due to these drawbacks, approaches like

linear observer are useful only for designing simple and low-performance self­

sensing systems [21].
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Chapter 3 The development of hybrid magnetic

bearings system for axial flow blood pump

In this chapter, the design and development of hybrid magnetic bearings (HMBs)

system for axial flow blood pump are introduced. Firstly, the design of the axial

blood pump is introduced. Secondly, the design and development of the HMBs and

the Lorentz-typed three-phase brushless and sensorless PM motor are presented,

following which the control methods of the HMBs and the Lorentz-typed three­

phase PM motor are described. Lastly, the performance of the HMBs system is

presented, and the small displacements of the levitated rotor in the X-, y- and z­

directions both at stationary and at the maximum rotational speed of 14,000 rpm

prove the stability and reliability of the HMBs system of the axial flow blood

pump.

3.1 Design of axial flow blood pump

3.1.1 Overall design of axial flow blood pump

The cross sectional view of the axial flow blood pump is shown in Figure 3.1. The

key feature of the pump design is that the impeller is enclosed in the rotor which is

driven by the motor and supported by two HMBs without mechanical contact. This

kind of enclosed impeller can lead to the benefits of better motor efficiency, larger

pumping volume, higher structural strength of the blades and ease of

manufacturing. The blood flow is in the axial direction with respect to the inlet and

the outlet cannulae, that is, passing through the straightener that guides the blood
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flow, the impeller that pumps, the blood when it rotates and the diffuser that aligns

the rotating blood flow to the outlet.

~Iousing

Diffuser

Outlet.---

Left HMB

bllpeller
\

Straightener
/

Inlet

Figure 3.1: Cross section view of axial flow blood pump

To facilitate the understanding on the physical connection between the straightener,

impeller, diffuser, rotor and the pump casing assembly, the schematic view of the

parts is shown in Figure 3.2, from which it can be seen that the straightener and the

diffuser, which are fixed to the pump housing, protrude into the rotor without

physical contact with the rotor and the impeller, whilst the impeller is shrunk-fit

into the bore of the rotor at its middle position. Therefore the rotor is rotating with

the impeller as one entity, while the straightener and the diffuser are at static with

the pump casing assembly.
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gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.2: Schematic view of the straightener, impeller, diffuser and the rotor

The axial flow blood pump is compact and its main dimensions are shown in

Figure 3.3, from which it can be seen that the pump is intra-ventricular implantable.

The scheme of the HMBs system is also shown in Figure 3.3. The left and right

HMBs support the two ends of the rotor and the motor drives the rotor in the

middle. Figure 3.3 also shows the x, y, z directions with relations to the pump: z is

the axial direction; the direction of the fluid flow; x and y are the radial directions,

the directions that are perpendicular to the fluid flow direction.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.3: Scheme of the axial flow blood pump with main dimensions

Figure 3.4 below shows the photograph of the fabricated pump casing with nipples

for connections to both the inlet and outlet cannulae.

x

y

Figure 3.4: Photograph of the fabricated pump casing
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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3.1.2 Enclosed-impeller

Current axial flow blood pumps use permanent magnets inserted either in the

central hub or in the impeller blades. However both methods require compromised

considerations. Insertion of the permanent magnets (PMs) in the central hub

requires a larger hub to locate the permanent magnets close to the motor windings

for obvious electromagnetic coupling reasons; but a small hub is preferred as it can

increase the volume of pumped blood. Insertion of the permanent magnets in the

impeller blades also yields a compromise since the geometry of the blades must be

curved for pumping efficiency. As a consequence, some of the embedded magnets

move further away from the winding as the blade is curving.

In the proposed design, an enclosed-impeller is developed to eliminate the above

drawbacks. The impeller comprises a set of blades enclosed in a casing. Elongated

permanent magnets are inserted axially in the casing. Therefore, the blades of

impeller can be fully designed according to pump optimal requirement and the

permanent magnets are closer to the winding coils. Therefore, the blood pump can

provide both a better electromagnetic coupling between the winding and the

permanent magnets and larger pumping volume. The other advantage is that it is

easy to manufacture.

3.1.3 Design of pump impeller, straightener and diffuser

3.1.3.1 Straightener

37

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.5: Straightener

As shown in Figure 3.5, the straightener is used to straighten the blood flow before

it is pumped back into the aorta.

3.1.3.2 Impeller

u

u

u

Figure 3.6: Two-dimensional analysis of the impeller
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.7: Blade geometry of the impeller

The performance of the axial blood pump lies with the design of the impeller. The

simplest approach to the study of the axial flow pump is to assume that the flow

conditions prevailing at the mean radius fully represent the flow at all other radii.

Another assumption is that the fluid will flow along the blade. The two-dimension

analysis of the impeller is shown in Figure 3.6, and the blade geometry of the

impeller is shown in Figure 3.7. The assembled velocity diagram is shown in

Figure 3.8.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.8: Assembled velocity diagram of impeller

Performance Requirement

Pressure P = 100mmHg = l33.32Pa

Flow rate Q = 5L/min

Dimension Constraints

Outlet blade angle /32 = 0°

LengthLr = 6 mm

Radius of blade hubrh = 2.5mm

Radius of blade tip rt = 7.4mm

The flow rate Q is

Q = 5L/min

= 8.333 x 10-3 m3/ s

Therefore, the axial flow velocity Ca is
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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where, considering the thickness of the blades, a value factor of 1.2 has been taken

into account.
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Figure 3.9: Final assembled diagram of impeller

The final assembled diagram of impeller is shown in Figure 3.9, where we define

two dimensionless coefficients, the flow coefficient fjJ and the blade loading

coefficient If/

t/J= Ca

U
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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From the Figure 3.9, using simple trigonometry, we can obtain:

If/tanPl =-
fjJ

If the height of the blade h is measured from the hub to the tip of the blade, then

14.8 - 5
=---

2

=4.9mm

where Dt is the diameter of the blade tips circumference and dh is the hub diameter.

If the thickness of the blade t is assumed to be 0.5mm, then the number of blades

n r :

(h + t) nr =7rDt

7r(14.8)

- (4.9+0.5)

~ 9blades
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



3.1.3.3 Diffuser

In order to improve pumping efficiency, a diffuser is required to restore the flow at

outlet to the axial direction. The function of the diffuser is to convert the dynamic

pressure into static pressure.

u

Figure 3.10: Two-dimensional analysis of the diffuser
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.11: Blade geometry of the diffuser

Dimension Constraints

Outlet blade angle a 3 = 0°

LengthLs = 2I.5mm

Radius of blade hub rh = 2.5 mm

Radius of blade tip r( = 6.86 mm

Number of Blades

=9-1

=8

3.1.3.4 Optimization

Using the Excel's Solver, the optimum blades angles can be found.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Table 3.1 : Design optimization results of impeller, straightener and diffuser

CONSTANTS

DENSITY OF BLOOD p 1003.00 kg/m3

ROTOR RADIUS TIP r t 0.00740 m
7.40 mm

FLOW RATE Q 5.0 L/miD
0.0000833 m3/s

THICKNESS OF BLADE t 0.00050 m
0.50 mm

IMPELLER RADIUS HUB r h 0.00250 m
2.50 mm

PRIMARY VARIABLES

ROTOR INLET BLADE ANGLE ~l 77.0

STATOR INLET BLADE ANGLE a2 82.0

NUMBER OF IMPELLER BLADES Dr 9 blades

NUMBER OF STRAIGHTENER BLADES Ds 8 blades

NUMBER OF DIFFUSER BLADES Ds 8 blades

SECONDARY VARIABLES
STRAIGHTENER OUTLET BLADE
ANGLE al 70.24

AXIAL VELOCITY Ca 0.656 m/s

BLADE VELOCITY U 4.669 m/s

ROTATION m 943.22 rad/s

9007.05 RPM

COEFFICIENTS

FLOW COEFFICIENT rjJ 0.141

BLADE LOADING COEFFICIENT If/ 0.61

OBJECTIVE

OUTLET PRESSURE L\P 13309.8 Pa

99.82 mmHg
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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3.2 Fabrication of the straightener, impeller and

diffuser

The impeller, diffuser and straightener are made of stainless steel 316L, and

machined by EDM (electrical discharge machining) and 5-axis CNC machine.

Figure 3.12 shows the photograph of the fabricated impeller, diffuser and

straightener of the axial blood pump.

Figure 3.12: Photograph of the fabricated impeller, diffuser and straightener

To reduce possible fluid impulses acting on the impeller in the axial direction, the

straightener, impeller and diffuser are constructed with 8 blades, 9 blades, and 8

blades respectively. The ProlE drawings of the straightener, impeller and diffuser

are attached in the Appendix B.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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3.2.1 The straightener

For ease of machining, the two parts of the straightener are machined separately

before being assembled together with a counter bore screw at the hub. The coned

head is used to prevent a dramatic change flow speed in the blood pump. The

explored view of the straightener is shown below.

Figure 3.13: Exploded view of the straightener

3.2.2 The impeller

Figure 3.14: Assembly of the impeller
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this
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Because the blade angle of th~ impeller is too large to machine, the impeller is also

dissembled into three parts for machining, and the three parts are then assembled

together with a countersunk screw at the hub. Figure 3.14 shows the assembly

model of the impeller. The photograph of the fabricated three parts of the impeller

is shown in Figure 3.15.

Figure 3.15: Photograph of the dissembled impeller

The impeller is fabricated with a slightly bigger blade tip radius than designed. It

will be contracted later with the use of dry ice before being fit in the bore of the

rotor. Once expanded in·room temperature, it will be firmly stuck inside the rotor.

3.2.3 The diffuser

Similar to the straightener, the two parts of the diffuser are machined separately

before being assembled together with a counter bore screw at the hub. The

exploded view of the diffuser is shown in Figure 3.16.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.16: Exploded view of the diffuser

As screws are used to assemble the parts of the straightener, impeller and diffuser,

it is inevitable that there will be some small gaps between the assembled parts and

the screws. Araldite adhesive is used to fill in those gaps, which can also make the

assembly stronger.

3.2.4 5-axis machining and SolidCAM®

As shown in Figure 3.1 7, 5-axis machining means '3+2' machining, that is, using a

5-axis machining to orientate the component into a particular angle in order to

make the subsequent 3-axis machining operation more efficient. Simultaneous 5­

axis machining is different altogether and brings to the right application; a host of

benefits including reduced cycle times, better surface finish, lower consumable

cost, as well as facilitating the machining of jobs that is sometimes quite

impossible by other means.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.17: 5-axis precision machining

Figure 3.18: SolidCAM®

SolidCAM® is an efficient and profitable CNC-Programming inside

SolidWorks®. It provides seamless single-window integration and full associability

with the SolidWorks® design model. It utilizes all the advantages of simultaneous

5-axis machining and together with collision control and machine simulation,

provides a solid base for the 5-axis solution. Intelligent and powerful 5-axis

machining strategies, including swirling and trimming, enable the use of

SolidCAM® for the machining of complex geometry parts including the blades of a
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.19: Scheme of flux flow in HMB

3.3.1.1 Flux flow of the HMBs

FEA simulation of the designed HMBs using the software of Maxwell 2D has been

done to visualize and confirm the magnetic flux of the designed HMBs as drawin

in Figure 3.19.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle



Figure 3.20: 2D model of the axial flow blood pump in Maxwe1l2D

Figure 3.20 shows the 2D model of the axial flow blood pump with the HMBs in

Maxwell 2D, where all the components of the pump including: rotor, impeller,

diffuser, straightener, motor, HMBs, spacers and the pump housing, pump nipples,

etc., are all modelled with part materials labelled. Figure 3.21 shows the simulation

results of the magnetic flux around the components of the axial flow ,blood pump,

and the enlarged view of flux loop of the HMB is shown in Figure 3.22, where it

can be seen that the magnetic flux loop is exactly what we expects during the

design.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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1:)
R (radial)

Figure 3.21: Simulation result of magnetic flux of the HMB by Maxwell 2D

Figure 3.22: Enlarged part of flux loop ofHMB in Maxwe1l2D
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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3.3.1.2 Dimensions of the HMBs

All dimensions are in mm

"14.7

Figure 3.23: Configuration of the HMB

The configuration of the HMB is shown in Figure 3.23, where it can be seen that

the HMB is not a round one, but composed of four stacks of lamination stators in

four positions: up, down, left and right, in order to make room for the lamination

fixture where eddy current probes are fixed. Here we set the width of the

lamination stack as 14.7 mm, by which in ProlE modeling environment, we can

make sure that there is enough room for the eddy current probes to be fixed in the

lamination holder, whose model is shown in Figure 3.24.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Lamination Stacks

Lamination Holder
For P·osition Probes

Figure 3.24: HMB Stator with lamination holder for position probes

As shown in Figure 3.23, the middle lamination set L2 is at the center of the LI

or L3. There is a design compromise: the area of the L2 should be as large as

possible so that it has minimum magnetic reluctance, while at the same time there

should be enough room for the coils wound around the L2 to generate enough

electromagnetic forces. There are 02 mm holes on the outer circumferences and

the center of the laminations for tightening purpose. Based on the configuration

shown in Figure 3.23, where dl is the inner diameter of Ll and L3, d2 is its outer

diameter, d3 is the distance between the two undersides of the middle lamination

set L2, while the d4 is the outer diameter of L2; d5 is the distance between the

lowest points of the two opposite diameter 2mm holes on the outer circumference

56

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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of L1 and L3. We define the height of the vertically thickest part of L2 as

d4-d3 .
t/2 = , and then we can get the followIng constraints:

2

d5=d2-2

d5-d1
--->t/2 >2

2

d3 = d5 - d1 + d1- t
2 /2

d5-d1
d4 = +d1 +t/22

(3.1)

As it is shown in Figure 3.3, the outer diameter of the rotor is 20.3 mm. We design

the air gap length as 0.35mm, so the inner diameter of the HMBs stator should be

d1 = 20.3 + 0.35 x 2 = 21 mm. Based on other developed VADs introduced in

Chapter 2, we design the outer diameter d2 as 35.6 mID, and therefore with the

housing thickness of 2.2 mm, we have the outer diameter of our pump as 40 mm.

Based on equation (3.1), we set the thickness t12 as 3.5 mID, so we can get

d3=23.8mm

d4=30.8mm

The height for the winding coils wrapped around L2 IS only

d3-d1 = 23.8-21 =1.4 mm.
2 2

The diameter of the coils we used is 0.15mm, so we can have 1.4/0.15 = 9.33 ~ 9

turns of coils each layer, while we have 5/0.15 = 33.3 ~ 33 layers of coils,

therefore we can have 9 x 33 = 297 turns of coils in all in one stack of lamination

stator. If the PMs are not included in the magnetic bearings, for the control force f

generated by the coils alone in the vertical direction, we have
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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(3.2)

where Po is the permeability of free air, go is the nominal air gap, N is the number

of coils turns, Ag is the cross section area of the flux. For the HMBs developed, if

the control current I is 0.2 A, then the electromagnetic force f which is provided by

the coils of two HMBs alone in the vertical direction is 0.52 N, which is larger

than the weight of the developed rotor whose mass is about 52 mg ( the weight is

52 X 10-3 x 9.8 = 0.51 N ). Since the PMs in the HMBs can provide bias magnetic

flux, which will generate more electromagnetic force compared with normal

magnetic bearings under the same conditions, the designed HMBs should be able

to levitate the rotor with suitable control.

3.3.2 Fabrication of the HMBs

Figure 3.25: Photograph of the HMBs' stator
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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The photograph of the HMB stator is shown in Figure 3.25. The HMB stator is

composed of three parts: four sets of lamination stacks, the lamination fixture and

the coils.

The four sets of lamination stacks are made from 0.23 mm thick silicon steel

laminations that are placed in the orthogonal directions. 90 turns of double-layer

copper wires with a diameter of 0.15 mm are wound around the core of each set of

silicon steel lamination, and the generated flux loop circulates through the

corresponding two rings on the rotor, which are also made from silicon steel

laminations to reduce the eddy current and hysteresis losses. The inductance of one

quadrant of the coils in one HMB is 0.57 mH, and its resistance is 2 n. There is a

permanent magnet (PM) ring between the two rings on the rotor that is made of

Nd-Fe-B to produce the bias magnetic flux for the electromagnets.

On the lamination fixture, which is shown in Figure 3.26, there are threaded

holes for eddy current probes to be placed in the orthogonal directions on each side

to measure the radial positions of the rotor.

Figure 3.26: 3D model of the lamination fixture
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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In order to align the lamination stacks, 02 mm holes are made on the lamination

fixture and the lamination stacks where 02 mm iron pins are inserted. The whole

set of the HMB stator, with the coils and the alignment pins are all dipped in

xylene to make the assembly stronger and also to protect the coils.

3.3.3 The rotor
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Figure 3.27: Scheme of the rotor with part materials and dimensions

The rotor is composed of an inner sleeve, an outer sleeve, rings of silicon steel

laminations for HMBs, the HMBs' PMs, the motor's PM and the spacers. The

scheme of the rotor with the part materials and the dimensions is shown in Figure

3.27.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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In order to ease assembly and manufacture, the inner sleeve is composed of two

parts whose models are shown in Figure 3.28.

Figure 3.28: Explored view of inner sleeve of the rotor

To facilitate the fluid flow, the herringbone groves are machined on the outer

sleeve.

To help to assemble the rotor, a special fixture is designed and fabricated. The

assembly procedure is as follows:

Firstly, Part 1 of the inner sleeve is laid on the assembly fixture platform

through the fixture shaft, and then the epoxy is spread on the outer side surface of

Part 1. Secondly, the lamination rings, the HMBs' PMs, the motor's PM and the

spacers are pulled through the inner sleeve in order, and the epoxy is then applied

on their outer surfaces. Thirdly, the rotor outer sleeve is slipped on. Fourthly, Part

2 of the inner sleeve is inserted, and the fixture cap is put on Part 2. Lastly, a MI0

screw is screwed down to tighten the rotor assembly. After the epoxy dries, the

fixture can be taken out and the rotor assembly procedure is completed. The
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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photograph of the assembly fixture, the rotor, the outer sleeve with the herringbone

groves, and without herringbone groves is shown in Figure 3.29.

Figure 3.29: Photograph of the rotor, assembly fixture and the outer sleeve

3.3.4 The Lorentz-typed three-phase brushless and

sensorless PM motor

The scheme of the motor is shown in Figure 3.30. Also made from silicon steel

laminations, the motor stator has six teeth and each tooth is wound by 21 turns of

motoring coils with a diameter of 0.54 mm. In the middle of the rotor, there is an

8- pole permanent magnet (PM) secured on it. The stator of the motor with the

coils wound around has also been dipped in varnish, in order to protect these

electrical windings.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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The arrangement of the motor coils is Um, Wm, and Vm respectively.

Figure 3.30: Schematic of the motor wiring connections

The PM on the rotor is assumed to produce the following sinusoidal waveform of

flux density around the air gap for the motor stator [1]:

Bg = -Bsin(mt - 48)

The motoring coils are driven by the following three-phase current:

Iu = A cas(wt + lfJ )
m

2
I w = A cas(wt + -1l" + lfJ )

m 3

4
I v =A cas(wt + -1l" + lfJ )

m 3

(3.3)

(3.4)

Based on the equation (3.4), the current distribution in the circumferential direction

can be expressed by Dirac's delta function as:
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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1 1 7 9
i = I [t5(8 - (--1C)) - t5(8 --1C) + t5(8 --1C) - t5(8 --1C)]
m Um 8 8 8 8

5 11 29 35 (3.5)
+ IWm [t5(8 - 24 1C) - t5(8 - 24 1C) + t5(8 - 24 1C) - t5(8 - 24 1C)]

13 19 37 43
+Ivm [t5(8 - 24 1C) - t5(8 - 24 1C) + t5(8 - 24 1C) - t5(8 - 24 1C )]

According to the Lorentz force principle, the torque produced by the currents is:

7

T = 2NrlIil;BgimdB = 6NriABcosrp
8

(3.6)

Equation (3.6) shows that the torque can be controlled by the current magnitude A

and phase tp, and it is independent of rotor position and time. The corresponding

variables above are defined in Table 3.2.

Table 3.2: Definition of variables

A Magnitude of motoring current

B Magnitude of flux density

8 Mechanical angle

OJ Electric frequency

tp Phase of motoring current

Bg Flux density in the air gap

I Length of stator

r Radius of rotor

N Number of turns
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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To make a cylinder-shaped motor coil, a special coil fixture is designed and it is

composed of three parts: Part 1, Part 2 and Part 3, as shown in the Figure 3.31.

Figure 3.31: Three parts of the motor coil fixture

To ease machining, the left-side surface of Part 1 and the right-side surface of

Part 3 are changed to be flat. The photograph of the fabricated motor coil fixture is

shown in Figure 3.32.

Figure 3.32: Photograph of the fabricated motor coil fixture
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Part 2 is sandwiched between Part 1 and Part 3 and tightened by two M2 screws

and nuts. The coils are wrapped around the outer surface of the Part 2 and

meanwhile compressed by Part 1 and Part 2. A winding machine is used for coil

winding. The winding machine with the coil fixture is shown in Figure 3.33.

Figure 3.33: Photograph of the coil winding operation

A special self-bonding coil (NEMA, MW35-C, Bondable Magnet Wire) is used

for the motor. Acetone is sprayed around the coils before coil winding to soften the

bonding epoxy on the coils. After coil winding, the cylinder-shaped coils are put

into the oven for baking at the temperature of 1500 C for about 20 minutes. When

the motor coils are finished, they are inserted through the teeth of the motor stator.

Then, the motor stator with the coils is dipped in varnish so that the coils could
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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bond the stator teeth firmly. The photograph of the fabricated motor stator is

shown in Figure 3.34.

Figure 3.34: Photograph of the fabricated motor stator

3.4 Control of the HMBs system

3.4.1 Finite element calculation of the electromagnetic

forces

From the experience of TMDU/IIT disposable centrifugal blood pump [60] [61]

and Thoratec HeartMate III [53] where the rotor/impeller is actively controlled in

radial directions and it is passively controlled in axial direction, the passive axial

magnetic force is strong enough to keep the rotor stability in the axial direction. In

the HMBs system of the axial flow blood pump, the four radial directions are

actively controlled with the PID controllers. The axial movement of the rotor is

constrained by the radial electromagnetic forces, and therefore passively controlled

by the HMBs. As shown in Figure 3.35, the 3D model of the HMB is build in

Maxwell 3D to calculate the magnetic forces with the.method ofFEA.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Axial

x/Tangent

Figure 3.35: 3D model of the HMB in Maxwell 3D

By moving the rotor in the axial direction, we can obtain the corresponding

radial and axial forces from the Maxwell 3D FEA results, as listed in Table 3.3

below, where the dz is the displacement of the rotor in the axial direction.

Table 3.3: Electromagnetic forces on rotor with the axial movement of the rotor

dz (mm) F(x)_tangent (N) F(y)_radial (N) F(z)-axial (N)

0 6.10E-04 4.1207 -0.12949

0.0045 -0.00191 4.132 -0.14897

0.0135 -0.00347 4.1469 -0.16297

0.021 -0.05891 4.1523 -0.19112

0.027 -0.00272 4.1227 -0.2401
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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It can be seen from Ta'ble 3.3, that with the increase of the rotor axial

displacement, the axial force is increased and the radial force in y direction varies

little. The very small forces in the x direction are due to symmetry scheme of the

model in x direction which caused the cancellation of electromagnetic forces in x

direction. The force change trends in y and z directions are plotted in Figure 3.36

and Figure 3.37 respectively. The fore in y direction remains around 4.1 N as

shown in Figure 3.36, while the axial force is increasing with the increase of the

rotor axial displacement.

The obtained negative axial force indicates the axial force is trying to pull back

the moving rotor in the axial direction, which can prove that the axial load of the

HMBs can be carried by action of the actively controlled radial electromagnets

which will produce the passive control force in the axial direction.

3.4.2 Control of HMBs

y

Figure 3.38: Magnetic force in the vertical direction
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.39: Equivalent magnetic circuit ofHMB

The scheme of HMBs and its electromagnetic force on the rotor in the y direction

is shown in Figure 3.38, whose equivalent magnetic circuit is shown in Figure 3.39

where N is number of turns of the coils, I is the coil current, Rg is the air gap

reluctance, Rz is the reluctance of the lamination loop, Rm is the reluctance of the

permanent magnet, F r is the magnetomotive force of the permanent magnet. The

corresponding circuit equation can be written as:

(3.7)

where Bg is the magnetic flux density of the air gap, Ag is the cross section area of

the air gap; Also because of the following:

(3.8)
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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where Br is the residual flux density of the permanent magnet, 1m is the distance of

the permanent magnet from north pole to the south pole, flm is incremental

permeability of the permanent magnet; Ig is the air gap length in the flux loop, II is
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Pr Po

(3.9)

When there is a small disturbance of the rotor in the y direction, the

corresponding electromagnetic force can be expressed by equation (3.10)

(3.10)
(NI

2
+ B,lmi

flm 2)

where II is the coil current in the upper magnet, 12 is the coil current in the lower

magnet, go is the nominal air gap, and y is the displacement of the rotor in the

vertical direction.

The Taylor series expansion of equation (3.10) results in the system dynamic

force equation that can be expressed as follows:

(3.11)

where kyy is defined as the restoring mechanical stiffness (displacement stiffness)

coefficient of magnetic bearings, leyi is defined as the current stiffness coefficient.
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the HMBs will be actively controlled and the axial direction will be passively
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as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the
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approach to designing magnetic bearings is lower power consumption for the same
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When 10 - coil bias current is far larger than its static control current, we can obtain

the following:

(3.12)

(3.13)

As it can be seen from the equation (3.12), the displacement stiffness coefficient,

kyy, is negative, which means that if the system is to be kept stable, it is necessary

to adjust the controlling current iy •

For the HMBs developed, the values of relevant coefficients are listed below:

Table 3.4:Coefficients values of hybrid magnetic bearings

Br 0.7 T 4n 34.715 mm2

1m 5mm Ag
I 39.27mm2

Pm 1.05po 10 0.20 A

Po 4n X 10-7 T.m1A N 90

Based on the equations (3.12) and (3.13), and the values provided in Table 3.4, we

can obtain the theoretical mechanical stiffness and current stiffness:

kyy =-12.5 N /mm

kYi =1.28 N / A

(3.14)

The typical differential equation of mass-spring-darnping system is as follows:

(3.15)
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where k is the stiffness coefficient, and c is the damping coefficient, while the

differential equation for electromagnetic bearing & rotor system is:

(3.16)

Assuming the two systems have the same dynamic effect, we obtain:

and therefore

. (k-kyy)Y+cy .
I = =k y+kdy
y k ' P

yl

(3.17)

From equation (3.17) it can be seen that in order to adjust the controlling current iy ,

we need at least two control parameters:

1. Proportional control, and the proportional gain is:

k=(k-kyy )
P k

y
;

2. Differential control, and the differential gain is:

(3.18)

(3.19)C
kd =-

ky;

However, 'in practice, simply a PD controller (proportional and differential control)

is insufficient, due to the fact that static error is always inherent in the system.

Accordingly, integral control needs to be added and therefore, a PID controller is

actually used to stabilize the magnetic bearing system.

Figure 3.40 shows the block diagram of controlling the HMBs system in one

radial direction with PID controller.
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Figure 3.40: Block diagram of controlling the HMBs in one radial direction

where the transfer function of displacement sensor is:

Gs(s)=~
l+J:s

where As == 0.5.

The transfer function of the PID controller is as follows:

(3.20)

(3.21)

where, kp is the proportional coefficient, kd is the differential coefficient, k; is the

integration coefficient, and Td is time constant of differentiator. The transfer

function of the amplifier is:

U
G (s)== a

a 1+ sT
a

(3.22)

where, u a is the amplifier gain, and Ta is the decay time constant of the amplifier,

and we have u a ==1 and Ta ==1/10000. The close-loop transfer function of the whole

system as depicted in Figure 3.40 is:

(3.23)

The characteristic polynomial of the system is:
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of
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(3.24)

Each coefficient of the polynomial should be greater than 0 if the system is to be

stable, so we can obtain the following conditions:

m
TT <--

a d k
yy

Based on (3.25), we can obtain:

kd + kp *0.008 >3.13e-4

kp + k j *0.008 > 0.04 }

(3.25)

(3.26)

The gain of the eddy current probes is 8 V/mm, and the gain of the PWM

amplifiers is adjusted to be 1 AN. Based on (3.26) and through experiment, we

obtain the gains of PID control parameters of the HMBs, which are tabulated in

Table 3.5. Due to the almost infinite integral force when there is system static error,

we add in a time constant T; in the integrator to decrease the integral force at very

low frequency range when system starts up and the new PID control algorithm is

shown in equation (3.27).

kds k.
G (s)=k + +-'-

c p 1+ sT
d

J;s +1
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(3.27)
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Table 3.5: Control parameters of hybrid magnetic bearings

kp 8 Almm kj 2 AI(sec.mm)

kd 0.0052 A'sec/mm Td 0.1 ms

1; 31.8 ms /0 0.2 A

In Table 3.5, Kp.is the parameters of the PID controller with the unit of 8 Almm;

with the obtained actuator gain of 5.7 N/A on section 5.2.3.2 of the thesis, the

system Kp.should be 8x5.7=45.6N/mm, which is much larger than the absolute

value of the theoretical open loop negative stiffness of kyy = -12.5 N/mm.

The dSPACE dsll03 in conjunction with the MATLAB® 6.1 and'Simulink

software are used as the rapid prototyping tools for the development of the digital

PID controller of the HMBs. The model of the digital controller is designed and

simulated in Simulink. After building the Simulink model into the digital signal

processing (DSP) model of dSPACE dsll03, the control algorithms are

successfully implemented digitally in the DSP and the digital controller can

operate real-time via the dSPACE dsll03's hardware in the loop interface. The

voltage range of the interface for dSPACE ds1103 is set from -10V to +1OV,

sampling frequency of the controller is 20 kHz, 16-bit AID and 14-bit D/A

converters are chosen as the settings for this experiment. The rotor displacements

are measured by the Applied Electronics Corporation's eddy current probes (AEC­

5503A) which has a resolution of 0.5 ~m and gain of 8 V/mm. The coils of the

HMBs are driven by the Advanced Motion Controls (AMC) PWM (25A series)

servo amplifiers. The port connection scheme of AMC 3-state PWM amplifiers is

attached in Appendix E.
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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3.4.3 Control of the Lorentz-typed three phase PM motor

The STMicroelectronics' ST7FMC micro-controller is used to control the three­

phase PM brushless motor. The ST7FMC micro controller is an integrated system

designed to provide the users with a complete, ready-to-use motor application.

Sensorless Control Mode is chosen to drive the motor using a back electromotive

force zero-crossing detector as a part of the ST7 motor controller peripheral, and

therefore the requirement of a flux sensor in the HMBs system is eliminated,

which makes the overall system compact.

3.5 Performance of HMBs system

The mass of the rotor is 80.12 g. The nominal air gap of the rotor is 0.35 mm. The

radial (x- and y-) directions are actively controlled, and the axial (z-) direction is

passively controlled. The rotor can rotate in stable suspension at speeds of up to

14,000 rpm. Figure 3.41 and Figure 3.42 show the displacements of the rotor in the

x, y and z directions when the rotor is at stationary and at the rotational speed of

14,000 rpm.

78

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 3.41: Levitated rotor displacements in x, y, z directions at 0 rpm
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.
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view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts
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from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this
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Figure 3.42: Levitated rotor displacements in the x, y, z directions at 14,000 rpm

The displacement contents in the x, y and z directions are noisy due to the

switching noise and harmonics, and therefore, it is difficult to see the actual

displacements in the three directions directly from the time domain signals. The

FFT (Fast Fourier Transform) is utilized to transform the time domain signal into

frequency domain, and the FFT amplitude at the rotor rotation frequency is then

measured as the displacement of the rotor at the corresponding speed.

In order to obtain the frequency response of the HMBs system, the rotor

displacement is recorded in the x, y and z directions when the rotor rotation speed

is increased from 0 rpm to 14,000 rpm with an interval of 500 rpm. Using FFT,

their corresponding frequency responses can be obtained as shown in Figure 3.43,
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3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this
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from which it can be seen that the rotor rotation in suspension in air is very stable

and no collision with the stator and pump housing is observed. When it is not

rotating, the hovering displacement of the rotor is only about 1pm in the x, y and

z directions. The maximum rotor displacements occurred at 10,000 rpm in the

radial and axial directions are about 30 pm and 70 pm respectively. At the

maximum speed of 14,000 rpm, the displacements in the x, y and z directions are

about8 pm and35 pm respectively.
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Figure 3.43: Levitated response of the HMBs system of axial flow blood pump in x, y and z

directions ('displacement' shortened to 'dp' in graph)
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air
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The bearing coil versus the ro~or rotational speed is shown Figure 3.44.
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Figure 3.44: Bearing coil current vs. rotor rotational speed

The power consumption for the pump system under normal operation conditions

when the rotor is rotating at the speed of 10,000 rpm is as follows:

Voltage (V) Current (A) Power (W)

Motor 23.5 0.22 5.2

HMBs 23.5 1.17 27.3

Total Power(W): 32.5
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The total VAD power consumption under normal operation conditions is very

large, being about 32.5 W, which strengthens the necessity of using the low rate

power amplifiers in the near future for the axial flow blood pump with zero bias

current.

In order to test the temperature of the HMBs system when the pump is operating

in air, the rotor is kept to rotate at the speed of 14,000 in stable suspension for two

hours. It is found out that the temperature of the pump housing is increased from

22° C to 40° C during the two testing hours. The temperature of the pump system

is a little high, but will be lowered if the pump is tested in water or blood. Within

the system stability, the operation of zero bias current can be adopted and therefore

the temperature will also be decreased further.
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Chapter 4 Parameter estimation on one OOF

magnetically levitated system with a digital

PIO controllers

In this chapter, one DOF electromagnetic suspension system is realized with a

digital PID controller. Effective and actual stiffness, and damping coefficients of

the electromagnetic actuator are introduced and compared. The one DOF

parameter estimation algorithm and procedure are also described. A multi­

frequency SPHS test signal [69] is used to persistently excite the mode of the

suspended platform. The system excitation force/displacement transfer function is

then obtained experimentally. It is in this manner that the actual stiffness and

damping coefficients of the electromagnetic actuator are obtained. Statistical

information is also provided to validate the system model and verify the estimated

coefficients. Comprehensive relationships between digital PID controller gains

versus stiffness and damping coefficients and system responses are also studied.

4.1 Principles

4.1.1 Effective stiffness and damping coefficients of

electromagnetic suspension system

The actuation force for a single DOF active magnetic bearing system can be

expressed by its mechanical restoring stiffness (Kyy) and current related stiffness
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( K;y) respectively, as shown in Figure 4.1, which is the simplified block diagram

of the suspension system in the control loop for the uncoupled one DOF motion.

1

Figure 4.1: Block diagram of AMB in one axis

The transfer function of the close-loop system shown above can be expressed as:

yes) = 1

F(s) ms2 + K yy + K;yG(s)
(4.1)

The transfer function of equation (4.1) in the frequency domain can be expressed

as:

Y(jm) 1
=---------

F(jm) -mm2 +Kyy +KiyG(jm)
(4.2)

whereY(jro) is the Fourier transform of the displacementY(s), and F(jro) is the

Fourier transform of excitation force F(s) . With small rotor gap perturbation, the

magnetic bearing system can be modelled as a typical linear second order mass-

spring-damping system, that is the bearing dynamics could be modelled as

stiffness and damping, and the system equation of motion can be written as:

my+ky+cy = f
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(4.3)
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where m, k and c represent the rotor mass, stiffness and damping coefficients

respectively. Equation (4.3) can be written in the frequency domain as shown

below:

Y(jm) 1--- =-------
F(jm) -mm 2 + k + ejm (4.4)

Combining frequency domain equations (4.2) and (4.4), we can obtain the effective

stiffness and damping coefficients of the magnetically suspended system, i.e. by

separating the real and imaginary parts of equation (4.5):

k = Kyy + K;y Re(G(jm))

= K Im(G(jm))
c ;y

m

If the transfer function ofPID controller G(s) is expressed as follows:

K. Kds
G(s)=K +-'+-=--

PsI + 'tds

The effective stiffness and damping coefficient can be expressed by:

(4.5)

(4.6)

(4.7)

They are called "effective" or "equivalent" stiffness and damping coefficients

because they are not the actual coefficients associated with equation (4.3), and they

are obtained using the theoretical frequency dependent controller's transfer
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function, G(jm) . This G(jm) may exclude system lags due to digital signal

processing, amplifiers, feedback sensor, cross-coupling capability and actuator

losses, etc.

In order to obtain the actual stiffness and damping coefficients, the system will

be treated as a black box, and the stiffness and damping coefficients are the

unknown parameters of the box to be estimated. A multi-frequency Schroeder

Harmonic Sequences (SPHS) test signal will be used to persistently excite the

suspended object, and the system input (shaking force) and the system output

(corresponding suspended object displacements) will be measured online, from

which the actual stiffness and damping coefficients will be obtained

experimentally in the frequency domain with the method of parameter estimation,

which will be introduced next.

4.1.2 Actual stiffness and damping coefficients of

electromagnetic suspension system

In the frequency domain, equation (4.3) can be expressed as:

F(jm) == -mm2Y(jm) +kY(jm) + cjmY(jro) (4.8)

The real and imaginary parts of the Fast Fourier Transform of equation (4.8) are

expressed as:

Re(F(jro)) = -mro 2 + k
Y(jro)

1m ( F (jro)) = ro c
Y(jro)
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(4.9)
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Therefore, the actual stiffn~ss coefficient k and damping coefficient c of the

electromagnetic actuator can be rewritten as:

k =mm2 + Re(F(jm))
Y(jm)

Im(F(jm)]
Y(jm)

c=-~--~

m

(4.10)

These coefficients in equation (4.10) are called "actual" coefficients of the single-

axis suspension system of equation (4.3). This is because they take the known

system mass m into account and are calculated directly from the measured transfer

function in the frequency domain. The measurements include all possible system

time lags and losses, and therefore they truly represent the "actual" stiffness and

damping properties of the electromagnets.

4.1.3 One OOF parameter estimation algorithm in

frequency domain

As can be seen from equation (4.8) there are two parameters in this system to be

estimated, and they are the stiffness and damping coefficients of the

electromagnetic actuators; namely k and c. Defining the displacement/force

transfer function as:

G( ·ro) = Y(jro)
} F(jro)
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(4.11 )
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This complex transfer function can be separated into real and imaginary parts of

the Fourier coefficients:

G(jro) =[(G)r]
(G)'

Then equation (4.8) can be written as:

(4.12)

(G)r -ro(Gy

(GY ro(GY

" "

mro2(G)r + 1

mro2(GY

"
(4.13)

" " "

Replacing ro in equation (4.13) with nroo to indicate the discrete frequencies where

n is an integer in the range of 1 to N, and (00 is the fundamental excitation

frequency of the applied force, then we can obtain equation as shown below:

(G): -n(Oo(G)~ mn2(O~(G): +1

(G)~ nffio(G): [:]= mn2ro~(G)~ (4.14)
" " "
" " "

The equation (4.14) can be written in standard form as:

(4.15)

where WF is a 2N X 2 matrix containing Fourier coefficients of the transfer

function of the displacement and applied force, <l>F is a 2NX 1 matrix containing

the parameters to be estimated, and CF is a 2NX 1 ~atrix containing the Fourier
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coefficients of the transfer f\mction of the displacement, applied force and mass.

From the theory of least-square estimator, the estimation coefficients matrix <DF is

proposed to satisfy all 2N equations. Define an error vector E= (EJ,E2, ... ,E2N)T as

follows:

The <DF is determined in such a way that the criterion J :

2N

J= LE;2 =ETE
;=1

(4.16)

(4.17)

is minimum. To minimize J, differentiate J with respect to <l>F and equate the result

to zero, which is as shown below:

(4.18)

From equation (4.18), the least-square identifier <DF for the coefficient matrix can

be solved as:

(4.19)

It is in this manner that the stiffness and damping coefficients of electromagnetic

actuators can be estimated by measuring the excitation force and the corresponding

displacement.
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4.1.4 Model validation and statistical information of

estimated parameters

The validation of the system model by the simple comparison of theoretical and

. experimental results is not a satisfactory measure of its validity. A reasonable

solution to the problem is by driving the system with the coefficients estimated

under various operating conditions, thereby comparing the magnitude of the

difference or errors to that measured during the course of the experiment. In this

aspect, the goodness of fit, R2
, calculation in the estimation program provides a

quantitative measure of the model validity, when interpreted in conjunction with

the confidence bounds associated with each parameter [98]. R2 can be corrected

for the degrees of freedom by:

(4.20)

where R
2

is a measure of goodness of fit of the whole experimental data, and k is

the number of coefficients to be estimated. However, in many cases, a well-fitted

regression may still contain some insignificant coefficients. The significance test

for the estimated coefficients is established by introducing a scalar, w, representing

the sum of squares of the residual error. w; can be estimated as:

2 (1- R2 )(LS;)w - ~-~----=--=-

i - n-3
(4.21)

where subscript i represents the corresponding coefficient to be estimated. LS;

determines the total sum of square error from the regression estimate. The standard

error of the estimated coefficient can be described as:

s.e'i = Wi ~ jth diagonal element of (WJWF)-1
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(4.22)
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The standard t-ratios are obtained by dividing the estimated coefficients by the

corresponding standard errors. Coefficients estimated will be considered to be

significant, i.e. non-zero, if the t-value is greater than the value obtained from

standard t-distribution tables for a 95 percent confidence interval.

4.1.5 One OaF parameter estimation procedure

The one DOF parameter estimation procedure is shown in Figure 4.2. The force

signal fit) and the corresponding displacement y(t) is sampled and digitized. A

discrete-time, Fast Fourier Transform (FFT) is applied to the acquired signals

f(t)and y(t), and then based on the equation (4.11), G(jro) can be constructed,

which provides the data to form the arrays of Wp and Cp in the equation (4.14).

The least-square identifier CDp is then determined using the equation (4.19). Lastly,

based on the equations (4.20), (4.21), and (4.22), statistical tests are performed to

validate the system model and evaluate results.

Rotor- Construct Construct <1>F
Perform

magnetic
G(jOO ) WFandCF

Statistical
bearing

G(jOO ) Determine Tests
system

<1>F

Figure 4.2: Parameter estimation procedure for one DOF rotor-bearing system
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4.2 Design of test rig
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Sliding
Bearings

Figure 4.3: Photograph of the one DOF test rig

The parameters' values of the E-frame actuator are as follows:

Table 4.1: Basic dimensions of the electromagnetic actuator

The width of the left arm

Nominal air gap length
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The thickness of the structure>(into the plane) 20mm
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The mass of the middle platform 1.06 kg

The cross section area of left arm 260X 10-6 m2

Resistance of coil 1 ohm

Thickness of lamination 0.23 mm

4.3 Experimental results

4.3.1 Experimental setup

The instrumental arrangement for the frequency domain parameter estimation of

the stiffness and damping coefficients of the electromagnetic suspension system is

as shown in the schematic of Figure 4.4. The H-shaped rigid middle platform is

suspended by the magnetic forces generated by a pair of E-frame electromagnetic

actuators. Its coil currents are actively controlled by a digital PID controller via a

PC using the dSPACE ds1103 controller board.
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Figure 4.4: Scheme of instrumental arrangement

An eddy current probe and force transducer are used to measure the

displacements of the platform and its excitation forces respectively. The

displacement and force signals are connected to the PC via the ds1103 ADCs,

where they are transformed into frequency-domain signals by FFT software. The

photograph for the experimental setup in Figure 4.5 shows the 160 X 160 X 12 mm3

and 1.06 kg H-shaped platform being constrained to move only in the vertical

direction by means of 4 sliding bearing with negligible friction. The air gap

between the electromagnets and the middle platform is set as 1 mID. The DC bias

premagnetization current for the electromagnets is 0.3A. The sampling rate of the

digital PID close loop control system is set at 5 kHz to avoid signal aliasing and

provide adequate control bandwidth.
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Figure 4.5: Photograph of experimental setup

A broadband SPHS multi-frequency test signal with bandwidth of 1 to 200Hz

and fundamental frequency of 1 Hz is used to persistently excite all modes in the

suspended system. The mathematical formulation of SPHS is attached in Appendix

A. If this is done with the sweep method, Le. by applying a test signal at each

frequency in turn, it may require a long time and the system response may be

unacceptable. This digital signal is constructed in MATLAB's software and fed to

a shaker via the dsl103 DAC.

The suitable estimation bandwidth selected is 10Hz, Le. if the discrete

excitation frequency concerned is 25 Hz, then the chosen lower and upper

frequency limits of the transfer function in equation (4.14) are 20 Hz and 30 Hz

respectively. In addition, Figure 4.6 shows that signal averaging of 5 periods is

adequate to reduce the effect of noise on the displacement and force signals.
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4.3.2 Comparisons of effective and actual stiffness and

damping coefficients

Effective stiffness and damping coefficients, and actual ones are compared and

shown in Figure 4.7. Based on equation (4.5), the effective stiffness and damping

coefficients of the electromagnetic actuator in this experiment can be obtained. It

can be seen from Figure 4.7 that the effective stiffness and damping coefficients of

the electromagnetic actuator are frequency dependent and smooth in nature. The

actual stiffness and damping coefficients are obtained at discrete excitation
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frequencies with the method .of one DOF frequency domain parameter estimation

introduced above.
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Figure 4.7: Comparisons between effective and actual stiffness and damping

coefficients

Figure 4.7 also shows that the effective stiffness obtained is rather flat, but the

actual stiffness increases with frequency. The effective damping is quite flat above

60 Hz, while the actual damping fluctuates throughout the frequency range. Also,

the values of actual stiffness and damping coefficients differ from the effective

ones. This is because the effective characteristics of electromagnetic actuator are

calculated in ideal conditions, i.e. only requiring the theoretical input and output of

the digital controller. However, in practice, because of non-linearity in

electromagnets, magnetic flux losses such as leakage, hysteresis, fringing effects,
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time-delay effects by eddy-currents and limited amplifier bandwidth, the actual

coefficients will differ greatly from the effective ones. Therefore, the effective

characteristics of the electromagnetic actuator cannot accurately represent its

actual properties.

The actual stiffness and damping coefficients estimated are verified with the

accompanying statistical information as shown in Figure 4.8. It is observed that the

goodness of fit obtained is very high through out the frequency domain, maximum

and minimum values are 0.996 and 0.988 respectively. On the other hand, a poor

goodness of fit on the system model could be due to modelling, linearization and

lumping errors.
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Figure 4.8: Statistical information on the estimated stiffness and damping

coefficients

4.4 Influences of controller parameters on system

responses

By digitally varying the gain constants of the PID controller, the system's dynamic

characteristics - stiffness and damping of electromagnetic actuator - can also be

changed. The influences of controller parameters on system dynamic

characteristics can be observed by calculating the actual stiffness and damping

coefficients, while these influences cannot be fully known by obtaining effective

stiffness and damping coefficients. The system response that is represented as the

amplitude of close loop system transfer function can be used to illustrate the

changes of system dynamic characteristics.
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4.4.1 Influences of varying proportional feedback

Figure 4.9 shows that varying the proportional feedback gain has the expected

effect of increasing system stiffness coefficients, and therefore the resonant

. frequency of system is increased. It needs to be mentioned that with the increase of

proportional gain, the system damping is increased in the low frequency range, but

is decreased beyond the low frequency range. Therefore, the system response

around the resonant frequency is increased with the increase of Kp , as is shown in

the system response graph of Figure 4.9. However, based on equation (4.7) of

obtaining effective stiffness and damping, the proportional gain Kp should not

affect system damping at all.
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Figure 4.9: Estimated stiffness and damping coefficients with varying proportional

feedback

101

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle



4.4.2 Influences of varying integral feedback

Figure 4.10 and Figure 4.11 show the effects of varying integral feedback on the

system response. From Figure 4.11 it can be seen from the system transfer function

that by increasing the integrator gain, the amplitude response of system at natural

frequency will also be increased. It is also observed that integral feedback has

dominant influences on low-frequency response but has negligible effect on the

high-frequency response. This is consistent to integral feedback being well known

to eliminate position error in the presence of static loads. Damping coefficients of

electromagnetic actuator are decreased significantly with the increase in integrator

gain K; in low frequency range.

It needs to be mentioned that the integrator gain has influences not only on the

damping of electromagnetic actuator, but also on its stiffness. Figure 4.10 shows

that stiffness of electromagnetic actuator in low-frequency range is increased with

the increase of K;. On the contrary, using the theoretical obtained G(jm), it was

reported that integral term had little effect on the stiffness coefficients. This may

be due to the effective stiffness coefficients calculations based on the ideal

conditions of equation (4.5). It is noted in Figure 4.10 that an increase in K;

decreases the damping coefficient at low frequencies, as this is due to the

integrator providing the low pass filter action.
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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4.4.3 Influences of varying derivative feedback
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From Figure 4.12, it can be seen that increasing derivative gain can increase the

damping coefficients, and therefore the amplitude of system response at the

resonant frequency is reduced significantly. It is also shown in Figure 4.12 that

stiffness coefficients in low-frequency range are affected a little by the derivative

gain, but beyond the low frequency range, they are increased with the increase of

the derivative gain, which cannot be realized by obtaining the effective stiffness

and damping coefficients from equation (4.7).

In general, the noise in the responses from Figure 4.9 to Figure 4.12 is attributed

to the switching frequency of 25 kHz from the PWM amplifiers that we use in the
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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experiments to drive the pair of electromagnets. Although we have implemented

several noise reduction techniques, such as twisted and shielded cables, to reduce

the PWM switching noises, the noise signals are still present with a magnitude

level of around 100 mV. In addition, there are also other factors such as eddy

current and hysteresis losses in electromagnets. There is also a possibility of the

switching noise inducing electromagnetic interference with the eddy current

displacement probe. However, in spite of this noise problem, the system stability in

levitating the platform is still robust, which is confirmed by applying impulse on

the levitated platform with a mallet.
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Chapter 5 Parameter estimation and actuator

characteristics of magnetic bearings for axial

flow blood pump applications

This chapter introduces the principles of the frequency domain parameter

estimation technique with statistical analysis, which is adopted to estimate the

stiffness and damping coefficients of the HMBs system. A specially designed test

rig facilitates the estimation of the bearing's coefficients in air - in both the radial

and axial directions. Experimental estimation results show that the dynamic

characteristics of the HMBs system are dominated by the frequency dependent

stiffness coefficients. By injecting a wideband signal onto the rotor through the

HMBs, experimental results show that the actuator gain can be determined to

extend the technique here to the identification and monitoring of the pump's

dynamic properties under normal operating conditions.

5.1' System's dynamic model and parameter

estimation procedure

The experiment design for parameter estimation is usually tackled by the following

procedure:

a). formulating a mathematical equation for the model based on physical

assumptions describing the system's dynamics,

b). selection of a suitable excitation force signal,
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c). selection of a suitable method and location to inject this excitation force

signal into the dynamic model,

d). selection of a data analysis package that provides good sampling rate,

e). method of validating the dynamics model and evaluating the estimated

results using statistical methods.

These five factors are significant contributions towards achieving the estimated

system's dynamics support coefficients with minimum variance. A multi­

frequency signal, such as the SPHS which has been successfully employed by Lim

et al. [75][76] to persistently excite a simple second-order model test rig, will be

adopted as the excitation force signal in the following parameter estimation

procedures.

5.1.1 One OOF dynamics model

The one DOF dynamics model formulated here will be used to estimate the

structural dynamics support parameters of the experimental test rig, as well as the

HMBs in the radial and axial directions.
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c

Figure 5.1: General model of the one DOF rotor-bearing system

Referring to Figure 5.1, consider a mass m supported by two linearised spring and

damping coefficients. The equation of motion with a wide band excitation force f

applied in the y-direction is:

my+ky+cy = f

Equation (5.1) can be expressed in the form of frequency domain:

F(jm) = -mm2Y(jm) + kY(jm) + cjmY(jm)

(5.1)

(5.2)

Following the same algorithm of one DOF parameter estimation described in

Chapter 4 from equation (4.11) to equation (4.15), the same standard form of

equation (4.15) can be obtained, which is repeated below:

(5.3)

Similarly, following the equations (4.16) to (4.19), the same least-square identifier

<DF shown in equation (4.19) can be obtained:

(5.4)
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approach to designing magnetic bearings is lower power consumption for the same
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5.1.2 Two OOF rotor-bearing model with direct- and

cross-axes coefficients

. The following 2 DOF model will be used to estimate the dynamics support

parameters of the HMBs in the radial directions. Like squeeze film dampers [100],

the HMBs' dynamics support parameters can be modelled by eight linearised

direct- and cross-axes coefficients. Referring to Figure 5.2, consider a rotor of

mass m supported by the direct- and cross-axes springs and dampers modelled by

eight linearised coefficients of the HMBs.

f

~

Figure 5.2: Two DOF rotor-bearing system modeled with eight linearised direct- and cross-axes

coefficients
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(5.5)

Equation (5.5) can be expressed in the form of frequency domain:

where f is the excitation force signal applied to the rotor, px = b cos a ,p y = b sin a ,

a =tan-1 (~y /Px) is the forcing angle and b is the input transducer coefficient.

Defining Gx(jro) and Gy(jro) as the Fourier coefficients of the transfer function,

G ( 'ro) = X (jro)
x } F(jro)

(5.7)

G ( ·ro) = Y(jro)
y ] F(jro)

The complex transfer function Gx(jro) and Gy(jro) can be separated into real and

imaginary parts as:

(5.8)

Again, by replacing ro in equation (5.6) with nroo to indicate the use of discrete

frequencies where n is an integer in the range of 1 to N, and roo is the fundamental

excitation frequency of the applied force, and then expressing equations (5.6), (5.7)

and (5.8) in matrix form, equation (5.9) can be obtained:
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magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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(Gx): (Gy): -nroo(Gx)~ -nroo(Gy)~ -1 Kn Kyx (Gx): (Gy): (5.9)
(Gx)~ (Gy)~ nroo(Gx): nroo(Gy): 0 Kxy Kyy (Gx)~ (Gy)~

" " Cn Cyx = m(nroo)2 " "
" " Cxy Cyy " "

" " f3x f3y " " n=l,... ,N

Similarly, equation (5.9) can be generalized as equation (5.3) and solved by

equation (5.4).

5.1.3 Two OOF rotor-bearing model with only direct-

axis coefficients

As demonstrated by Burrows et al. [100], the cross-axis coefficients in a squeeze

film damper can cause the parameters of the bearing in the direct-axis to be

incorrectly estimated. For this reason and also as the radial HMBs here are

symmetrically designed, this section will introduce the two nOF rotor-bearing

model with only direct-axis coefficients. As shown in Figure 5.3, if the forcing

angle a is designed at 45°, the applied force in the vertical direction can be

decomposed equally into two components: Ix and h in the x and y directions,

respectively. The rotor of mass m is supported by only direct symmetric stiffness,

K
xx

=K yy , and damping, Cxx =Cyy , coefficients in the x- and y-direction

respectively.
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air
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working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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Figure 5.3: Two DOF rotor-bearing model with only direct-axis coefficients

The equation of motion for the rotor-bearing system in the y-direction can be

expressed as:

(5.10)

The parameter estimation algorithm is simplified, as the two-DOF rotor-bearing

model is reduced to one as in equation (5.10). Therefore, based on the same one

DOF parameter estimation algorithm, we can formulate the following WF , <l>F and

CF matrices:
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(G): -nmo(G)~

w- (G)~ nmo(G):
p-

" "

" "

(5.11)

c =p

mn2m~(G): + 1

mn2m~(G)~

"

"

where

GUo» == ~Uo» == [(G)~]
FSlna(jm) (G)'

(5.12)

Similarly, equation (5.11) can be generalized as equation (5.3) and solved by

equation (5.4).

5.1.4 Two-OOF parameter estimation procedure

<DF

and

Gx (jm)
r-------, X(jro) Construct Perfonn

1----aI Construct --
G (J'm) F Statistical

x Gy (jm ) WF and CF

Determine Tests
1----..1

Rotor­
magnetic
bearing
system

Figure 5.4: Parameter estimation procedure for two DOF rotor-bearing system

As illustrated in Figure 5.4, the parameter estimation procedure for the two-DOF

rotor-bearing system is similar to that of one DOF parameter estimation described
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in Chapter 4. The force signalj{t) and the corresponding displacements x(t) and y(t)

are sampled and digitized. A discrete-time Fast Fourier Transform (FFT) is applied

to the acquired signals j{t), x(t) and y(t), and then based on the equation (5.7),

Gx(jro) and Gy(jro) could be constructed, to provide the data to form the arrays

of WF and CF in the equation (5.11). The least-square identifier <1>1' is then

determined using the equation (5.4). Lastly, based on the evaluation methods

introduced in Chapter 4 from equations (4.20) to (4.22), statistical tests are

performed to validate the system model and evaluate results.

5.2 Preparatory experiments

5.2.1 Description of the test rig

It is clear from the modelling of the one and two DOF dynamics systems earlier,

that the important measurement to be undertaken in the radial and axial parameter

estimation of the HMBs would be the force and displacement variables. Figure 5.5

shows a photograph of the multi-purpose test rig that has been designed to achieve

the following:
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with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 5.5: Test rig used for parameter estimation of the HMBs system
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Figure 5.6: Schematic arrangement for parameter estimation test rig

The schematic arrangement in Figure 5.6 shows an 8 mm diameter horizontal steel

shaft is assembled to the rotor by means of two rolling element bearings. This

design allows the rotor to rotate freely on the two bearings, however, the rotor

axial movement relative to the shaft is fixed by two end collars. The horizontal

shaft is able to slide freely on the two horizontal linear bearings (HLBs) which are

mounted onto the pedestal. The pedestal assembly consisting of the horizontal

shaft, rotor, and pedestal, is able to slide vertically along the two 8 mm diameter

vertical steel shafts located diagonally across the pedestal. The two ends of the
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axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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vertical shafts are fixed to the top and base plates respectively. The stator housing

of the pump is held by two stator stands rigidly fixed onto the base plate. During

the start of the experiment, the concentric adjustment of the rotor and stator bore is

facilitated by the two vertical adjusting screws that are inserted through the four

supporting spiral springs. This is due to adjustment of the pedestal height, which is

connected to the rotor, directly affecting the air gap thickness between the rotor

and HMBs' stator. Besides realizing the application of excitation force onto the

rotor, the spring supported pedestal also assists in the partial levitation of the rotor

assembly, which otherwise would be slightly too heavy for the HMBs' actuator

forces to manage. The design also ensures that only rotor translational movement

is allowed in the HMBs' stator bore and that axial movement is restrained.

A force transducer (B&K) is connected to a shaker and mounted on top of the

pedestal to measure the excitation force. The SPHS test signal is fed to the shaker,

which is mounted on a stand, to perturb the pedestal and the eddy current probes

are used to measure the rotor displacement in x- and y- directions. During the

experiment, the SPHS is digitally generated in the dSPACE dsll03 with

MATLAB Simulink and then pre-recorded onto the TEAC RD-145T DAT DATA

Recorder for playback purposes. It is in this manner, that the pedestal is

persistently excited by the shaker (B&K 4810) with the SPHS test signal via the

tape recorder. The DSPACE dsl103 acquires the force and the resulting

displacements signals real-time for the successful implementation of the online

parameter estimation procedure. In order to minimize the variance of the estimated

coefficients, five periods of measured signals are averaged throughout the

experiments.
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5.2.2 Parameter . estimation of pedestal structural

support using one OOF model

Successful experimental determination of the estimated coefficients for the HMBs

requires a good prior knowledge of the supporting structural parameters. Otherwise,

the estimated coefficients will be a composite of both HMBs and supporting

structure. Awareness of this consequence has led to the performance of structural

identification tests on the pedestal support spring stiffness.

For this test, the horizontal shaft with rotor assembly is removed but the pedestal

is adjusted to the desired height where the rotor would be concentric with the

HMBs' stator bore. The pedestal supported by the four spiral springs could only

move in the vertical direction. Hence, the one nOF parameter estimation algorithm

is used to estimate the total stiffness coefficient of the spiral springs. The mass of

the pedestal is 0.79 kg. The SPHS bandwidth is chosen to be 1 to 100 Hz with a

fundamental frequency of 0.5 Hz. Sampling frequency is set at 20 kHz. Based on

the procedure of parameter estimation of a one nOF system, the acquired

excitation force and displacement signal data are read into the MATLAB program

of the one nOF parameter estimation algorithm, from which the estimated results

of spring stiffness are then obtained. Figure 5.7 below shows the time domain plots

of the excitation force and the corresponding pedestal displacement.
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Figure 5.7: Excitation force and displacement plots with 5 periods of signal averaging

In Table 5.1, the estimated stiffness coefficient of 134.5 kN/m indicates that the

best goodness of fit of 0.9952 is obtained from using the frequency band of 60 to

70 Hz, Le. in the neighbourhood of the rig natural frequency. The goodness of fit

of almost unity indicates that a perfect mathematical model structure is adopted in

the estimation procedure. On the other hand, the damping coefficient as

statistically interpreted to be insignificant; that means it could be treated as zero

value.
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Table 5.1: Parameter estimation ofpedestal support spring stiffness with statistics

Frequency Band Used: 60 to 70 Hz

The Goodness of Fit: 0.9952

Stiffness (kN/mr l
: 134.5

Damping (N .s/mr l
: -3.682"

Note: * denotes insignificant coefficient(s)

In other wider frequency ranges, we can obtain similar estimation of stiffness and

damping, and the goodness of fit are decreased, as shown in Table 5.2, but they are

still sufficiently high in the upper range of 0.90 higher. This proves that the model

is valid [10][11][100].

Table 5.2: Estimation results of pedestal support spring in different frequency

ranges

Frequency Range Goodness of fit Stiffness (KN/mr l Damping

(Hz) (N.s/mr l

60-70 0.99 134.5 -3.68

50-80 0.96 134.1 -3.47

40-90 0.94 133.2 -3.42

30-100 0.91 131.8 -3.57

The measured amplitude and phase transfer functions of the pedestal structural

system are as shown in Figure 5.8.
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magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.
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south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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The natural frequency of the pedestal is determined at 66 Hz as shown in Figure

5.8. With the stiffness coefficient estimated at 134.5 kN/m, and based on the

equation of system's undamped natural frequency (5.13),

O)n=~~
= /134.5 X 10

3

= 412.6 radls or 65.6 Hz
\} 0.79

(5.13)

we could obtain the theoretical fundamental response frequency of 65.6 Hz, which

is in excellent agreement with the experimentally obtained natural frequency of 66
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Hz. Hence, in the following radial parameter estimation procedures, the HMBs'

stiffness coefficient can be determined by subtracting the pedestal support stiffness

from the total estimated stiffness coefficient.

5.2.3 Determination of HMBs' actuator characteristics

The HMBs' actuator gain is one of the important properties of the magnetic

bearing system. With the knowledge of actuator gain, the parameter estimation

technique introduced here can be potentially extended to in-situ identification of

the pump dynamics properties during operating conditions. Furthermore, before

the embarkation of the HMBs' parameter estimation procedure, this section

investigates the maximum displacement linear operating range of the rotor

perturbation limits; the rotor movement range where the HMBs' actuator gain does

not change significantly. This is to ensure that the linearised stiffness and damping

coefficients adopted in the dynamics model are not violated throughout the

experimental investigations. Any violation, however, will be detected and reflected

in the goodness of fit calculation in the parameter estimation algorithm, which is

the distinct benefit of employing the statistical method.

In order to obtain the HMBs' actuator gain, some minor setup changes have

been made to the test rig shown in Figure 5.5. The photograph of the setup, as

shown in Figure 5.9, has the shaker removed, and the bottom surface of the force

transducer connected directly onto the pedestal, while its top surface is connected

to a height adjusting screw. There are two nuts going through the height adjusting

screw. By fastening the two lock-nuts on both sides of the top plate, the pedestal

with the rotor/shaft assembly is supported by the force transducer alone. Therefore,

in this manner, any force applied on the rotor will be transmitted to the force

transducer.
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively
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Figure 5.9: Photograph of experimental setup for calibrating actuator gain

5.2.3.1 Frequency response of test rig for calibrating

actuator gain

A SPHS (V) test signal is injected into the HMBs' summing block, while the force

transducer measures the corresponding force (N), from which the transfer function

of the HMBs' actuator gain force/voltage (NN) can be obtained. The block

diagram of the open loop transfer function test of the HMBs' actuator gain is

shown in Figure 5.10:
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Figure 5.10: Block diagram of open loop calibration of the HMBs' actuator gain

In order to ensure that the dynamic magnification factor of the test rig does not

affect the test, the test rig is excited with a bandwidth of 1 to 500 Hz and a

fundamental frequency of 1 Hz. The bias current is 0.2A. The sampling frequency

is 20 kHz. The measured transfer function of the HMBs' actuator gain

(force/voltage) is shown in Figure 5.11.
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Figure 5.11: Amplitude and phase transfer functions of actuator gain
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As can be seen from Figure 5.11, the system is adequately stiff: the natural

frequency is above 270 Hz; except for the small fluctuation in the very low

frequency range (1 - 20 Hz) is caused by the sampling, the actuator gain varies

little in the low frequency range (1 - 100 Hz) and therefore can be approximated as

constant. In order to overcome the fluctuation in the beginning frequency range (1

- 20 Hz), the bandwidth of SPHS is decreased to the range of 1 - 50 Hz with a

fundamental frequency of 1 Hz. The corresponding frequency domain actuator

gain in the range of 1 - 50 Hz is shown in Figure 5.12.
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Figure 5.12: Flat amplitude transfer function of actuator gain from 1 to 50 Hz

It is clearly shown in Figure 5.12 that the actuator gain (force/voltage) is almost

constant, being about 5.7 (N/V), in the low frequency range of 1 to 50 Hz.
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magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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Therefore, it can be concluded that the amplitude transfer function of the actuator

gain can be accurately calibrated within this frequency range.

5.2.3.2 Calibration of HMBs' actuator gain

In order to show the linearity of HMBs' actuator gain (force/voltage), the rotor is

fixed at the centre position of the stator bore, which means the rotor eccentricity Eo

= 0%. The SPHS amplitude is then increased, and the corresponding maximum

force is measured. The seven sets of SPHS (V) and force (N) are plotted in Figure

5.13, from which it can be clearly seen that the HMBs' actuator gain at EO = 0% is

almost linear, with a sensitivity of around 5.8 (N/V). Determination of the HMBs'

saturation force is not possible during the experiment as the HMBs are found to

heat up after 3.5 N of force output.
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Figure 5.13: Measured HMBs' actuator gain at rotor's zero static eccentricity
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view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts
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from the air gap to the right lamination ring on the rotor, and at last it returns to the
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In order to find out the maximum linear operating range of the HMBs' actuator

when the rotor is at different orbit positions, the rotor position is adjusted such that

EO is gradually increased from 10%, 15%, 20%, 30%, 40% to 50%, respectively.

Figure 5.14 below shows the maximum linear operating range of the HMBs'

actuator gain, from which it can be seen that when EO is within 20%, the HMBs

have good linearity, and their actuator gain varies little in the range of 5.7 - 6.0

(N/V); when EO is beyond 20%, their linearity deteriorates and the actuator gain

will be decreased from 5.7 to 4.1 (N/V) with an increase of EO from 20% to 50%.
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively
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The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2
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gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this
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5.3 Parameter estimation experiments

5.3.1 Radial estimation of HMBs modelled with direct-

and cross-axes coefficients

The x-y axes orientation of the HMBs system and perturbation force with respect

to the eddy current probes in radial parameter estimation exercises are as shown in

Figure 5.15:

~1ass of
pedestal rot.or)

Probe V

Figure 5.15: Experimental arrangement ofx-y axes, excitation force and

displacement probes for estimating eight direct- and cross-axes coefficients

The shaker force, f, is used to excite the pedestal, and the eddy current probes

measure the corresponding rotor displacements which are transformed into the

displacements in the x- and y-directions, for the radial parameter estimation of the

HMBs system that is represented by eight linearised stiffness and damping

coefficients as shown in Figure 5.15. The forcing angle between f and the x

direction is u. The equation of rotor motion in the x- and y- directions is already
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the HMBs will be actively controlled and the axial direction will be passively
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view of the stator is like "H" shape, so that the coils can be wound around the L2
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south pole to close the flux loop. Besides the primary magnetic field in the
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described in the equation (5.5). Therefore, following the same algorithm of 2-DOF

parameter estimation and the estimation procedure introduced above, the eight

stiffness and damping coefficients of the HMBs system in the radial directions

could be obtained in the frequency domain. The corresponding MATLAB program

of2-DOF parameter estimation algorithm is attached in Appendix C.

The SPHS bandwidth is set at 1 to 250 Hz with a fundamental frequency of 1 Hz.

The sampling frequency is 20 kHz for acquiring the force signal f and the

corresponding displacement signals in the x- and y- directions. The mass of the

pedestal with the rotor assembly is 0.92 kg. The estimation bandwidth is 15 Hz

with a fundamental frequency of 1 Hz, and therefore 15 points are obtained for

estimation. The estimation result around the natural frequency is shown in Table

5.3, where the discrete frequency range is 65 to 80 Hz, and the stiffness and

damping coefficients are estimated for the mean frequency of 72.5 Hz. The

maximum measured displacement is 40 }lID, which is within the linear operating

range of HMBs system.
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively
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Table 5.3: Radial parameter estimation of the HMBs system with 8 direct- and

cross-axes coefficients

Frequency Band Used: 65 to 80 Hz

Goodness of Fit in x-direction: 0.9999

Goodness of Fit in y- direction: 0.9999

K xx (kN/mr l
111.7

K XY (kN/mr l
-46.65

K yX (kN/mr l
43.87

K yy (kN/mr l
22.37

Cxx (N .s/mr l
66.50

CXy (N .s/mr l
-28.00

CyX (N .s/mrl
26.39

Cyy (N .s/mr l
13.19*

Forcing angle, a 44.7°

Note: * denotes insignificant coefficient(s)

The measured transfer functions in the x- and y- directions with goodness of fit in

the frequency domain are as shown in Figure 5.16.
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system with goodness of fit (G.o.F). 'Transfer function' is shortened to 'TF' in graph

As can be seen from Figure 5.16, because of the symmetry of the HMBs system,

the transfer functions in the x- and y- directions are expected to be similar in

magnitude. With the introduction of the HMBs' stiffness control force, the natural

frequency of the system is naturally increased from 66 to 70 Hz. The goodness of

fit in the x- and y- directions is observed to be almost perfect from 40 to 250 Hz.

The goodness of fit of 0.65 to 0.95 in the 0 to 40 Hz range is due to the integral

feedback constant. This is because integral feedback is well known to eliminate

low frequency position offset error, thus acting as a low pass filter in the control

loop.

Figure 5.17 shows the four estimated stiffness coefficients of the HMBs system

throughout the whole estimation frequency range. The maximum estimated
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the HMBs will be actively controlled and the axial direction will be passively
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stiffness is about 1470 kN/m" The stiffness coefficients are statistically tested by

equation (4.22) to be significant in the whole estimation frequency range. The

direct-axis stiffness coefficientsKxx andKyy ' ranging from -90 to 1500 kN/m, are

observed to be frequency dependent as their magnitudes increase with frequency,

which has also been proven theoretically by Matsumura et al. [70], Aoyama et al.

[71], and experimentally by Williams et al. [[73].
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Figure 5.17: Radial estimation of the HMBs system with direct- and cross-axes

stiffness coefficients

On the other hand, the four estimated damping coefficients as shown in Figure

5.18 are observed to be small and irregular with respect to frequency, and range

from -50 to 200 N· s/m. They are statistically tested by equation (4.22) to be

insignificant or can be considered as zero values.
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axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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coefficients

In spite of the perfect goodness of fit in the 40-250 Hz range, it can be seen that the

direct-axis stiffness coefficients in the initial frequency range of 0 to 80 Hz are

sometimes smaller in magnitude as compared to their cross-axis terms. This result

contradicts the original intended design of the HMBs, that is, the concentration of

the actuator forces should be in the middle of the pole faces or on the direct-axes.

Further investigation found that this is due to the experimental approach being

unable to distinguish between the effects of the complex quantities involving the

direct- and cross-axes stiffness and damping forces in the x- and y-directions of

equation (5.5). These phenomena and shortcomings of the method are consistent to

observations made by Burrows et al. [100]. Hence, to solve this problem, only the

direct-axis support coefficients of the HMBs system will be estimated in the

following sections. However, it is clear from the estimated results that the stiffness
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the HMBs will be actively controlled and the axial direction will be passively
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coefficient is very dominant and frequency dependent in the dynamics

characteristics of the HMBs system.

5.3.2 Radial estimation of HMBs modelled with only

direct-axis coefficients

In the earlier section, the distinguishing difficulties associated with the HMBs

cross-axis capabilities are identified. This can be overcome by adopting in the

experiment a reduced order dynamics model as shown in Figure 5.19, which is the

equivalent of Figure 5.3, in the following parameter estimation procedure.

Moreover, since the mechanical design of the HMBs is symmetrical about the x-

and y-axes with a concentric rotor, it is reasonable to assume that its direct-axis

stiffness and damping coefficients will be identical in the orthogonal directions,

Mass of pedestal
(with rotor)

~n:t1nOnlary PUlnp
Housing

)
I

Figure 5.19: The decomposition of excitation force in x- and y- directions and HMBs

system modelled with four direct-axis coefficients
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It is in this manner, by using the system equation of motion (5.10) in the estimation

algorithm, that the stiffness and damping coefficients are successfully estimated as

shown in Figure 5.20. The estimated coefficients in Figure 5.20 must be halved for

each set of HMBs. However, it has to be emphasized that the estimated stiffness

coefficients are accurately represented as the pedestal spring stiffness K
s
/.Ji

(equivalent of vertical pedestal stiffness in the x- and y-directions) subtracted from

the total estimated stiffness coefficient. Likewise, the stiffness coefficients here are

statistically tested to be significant with a maximum value of around 1400 kN/m.

This maximum value is similar to those obtained with HMBs modelled with eight

possible coefficients. The slightly low goodness of fit in the 160 to 250 Hz range is

attributed to hysteresis and eddy current losses of the HMBs.

Figure 5.20: Radial estimation of the HMBs system with only four direct-axis

coefficients
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A graph is plotted in Figure 5.21 to study the differences in the estimated stiffness

coefficients obtained between the direct-axis and direct- with cross-axes dynamics

models. It can be observed that the direct-axis stiffness coefficients estimated with

both models are in good agreement throughout the frequency range. In addition, it

is also encouraging to note that the direct-axis model displays a smoother curve at

the lower frequency range of 0 to 80 Hz, which is quite indistinguishable in the

earlier section with the direct- and cross-axes model. In conjunction with the

goodness of fit calculations and intended HMBs mechanical design, we can

therefore conclude that there is no deficiency in HMBs modelled with only the

direct-axis coefficients.
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Figure 5.21: Comparison of estimated stiffness coefficients obtained with direct-axis,

and direct-with cross-axes dynamic models

136

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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5.3.3 Radial estimation of HMBs model with only direct­

axis coefficients and with varying kp of PIC

controller

In order to show the influences of kp of PID controller, the proportional gain of the

PID controller, on the stiffness coefficient of the HMBs system, the force signallY

and the resulting displacement signals in the y direction are acquired three times,

each time with a different value of kp • Figure 5.22 shows the estimation results of

the HMBs system with direct-axis coefficients in the y direction with three

different values of kp •
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Figure 5.22: Radial estimation results of the HMBs system with different values of kp

Figure 5.22 shows the influence of kp on the stiffness coefficient of the HMBs

system. The stiffness coefficient can be increased with the increase of kp in the
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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frequency range of 1 to 130 Hz. In the high frequency range of 130 to 250 Hz, due

to the eddy current and hysteresis loss, the effect of k on the stiffness coefficient
p

cannot be distinguished. Moreover, due to the increase in stiffness, the system

. natural frequency is also increased, which is also clearly shown in Figure 5.22.

It is also noted that the estimated static bearing stiffness when k
p

=0.9 is

k =-6.6N /mm, and because the gain of the eddy current probes is 8 V/mm, and

the gain of the PWM amplifiers is 1 AN, the system Kp shown in equation (4.7)

should be 8 A/mm, from which we can obtain the corresponding measured open-

loop bearing stiffness kyy =-13.6 N / mm, which is quite similar to the theoretical

open loop bearing stiffness of HMBs calculated in equation (3.12) in Chapter 3

where kyy =-12.5 N /mm.

5.3.4 Radial estimation of HMBs model with only

direct-axis coefficients and with rotating rotor

By adopting the same setup as in Figure 5.6, this section investigates and compares

the estimated coefficients between stationary and rotating rotor at a speed of 8,000

rpm (133 Hz), by using HMBs modelled with only direct-axis coefficients. The

two estimation results are compared in Figure 5.23, where it can be seen that their

transfer function, stiffness, damping, and even the goodness of fit are almost

identical in magnitude. This implies that there is negligible skin effect in the

thickness of the rotor. A conclusion can therefore be drawn here, that parameter

estimation procedure on the rotor-bearing system at stationary position may

replace the estimation procedure in rotation. This can greatly facilitate the

estimation procedure because the rotor does not need to be rotated, and therefore,
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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the possibility of coinciding excitation test signal with rotor rotational speed can be

avoided.
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Figure 5.23: Comparisons of radial HMBs estimated results modelled with only direct-

axis coefficients at 0 and at 8,000 rpm

5.4 Axial parameter estimation of HMBs system

using one OOF model

The arrangement for parameter estimation in the axial direction is similar to that of

the radial parameter estimation, except that the shaker and the eddy current probe

are placed axially; sharing the center axis of the horizontal shaft, and the pedestal

is fixed at the desired vertical position by four mechanical clamping rings secured
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



onto the vertical shafts. The horizontal shaft, with the rotor as a whole, could slide

freely along the horizontal linear bearings in the axial direction. The photograph of

the test rig for axial parameter estimation of the HMBs system is shown in Figure

5.24 and its scheme is shown in Figure 5.25.

Figure 5.24: Experimental arrangement of the axial parameter estimation of the HMBs system
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 5.25: Schematic arrangement of axial parameter estimation of the HMBs system using

one DOF model

Due to reaction forces caused by moving fluid during operation in an axial flow

blood pump, the stiffness and damping properties in the axial direction of the

HMBs system are of fundamental importance to the performance and stability of

the axial flow blood pump. The rotor assembly in the HMBs with the horizontal

shaft is passively controlled in the axial direction. The shaker perturbs the

horizontal shaft with the rotor in the axial direction, and an eddy current probe is

used to measure the corresponding displacement of the shaft. The system model of

axial parameter estimation of the HMBs system is shown in Figure 5.26.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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(5.14)

/

C; Mass ofr~tor assembly with
stlafl

Figure 5.26: One DOF model of axial parameter estimation ofHMBs system

The rotor motion equation in the z direction can be expressed as:

mz+Kzz+Czz=f

As this is a one DOF system, the earlier parameter estimation algorithm in

equation (5.1) and estimation procedure can be utilized to obtain the stiffness and

damping coefficients Kz and Cz •

The force and the displacement signals are measured on line with a sampling

frequency of 20 kHz, and the acquired data is then read into the program for one

DOF parameter estimation for computational purposes. The mass of the rotor and

shaft assembly is 0.13 kg. The bandwidth of the SPHS test signal is 1-250 Hz with

a fundamental frequency of 1 Hz. The estimation bandwidth is set at 10Hz with an

overlapping range of 8 Hz. One set of the estimation results around natural

frequency is shown in Table 5.4 and the whole range of estimation results in the

frequency domain are shown in Figure 5.27, from which it can be seen that the

stiffness coefficient also increases with the increase in frequency. The maximum

estimated stiffness coefficient is 270 kN/m. The damping coefficient is observed to

be very small, being from 1 N· slm to 6 N· s/m. The structural natural frequency
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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of the test rig is tested to be ~bout 38Hz, which causes the poor goodness of fit in

its neighbourhood (30 Hz - 44 Hz) as shown in Figure 5.27.

Table 5.4: Sample of parameter estimation results in the axial direction

Frequency Band Used: 18 to 28 Hz

The Goodness of Fit: 0.9842

Stiffness (kN/mrl : 2.471

Damping (N .s/myl : 3.108

Figure 5.27: The parameter estimation results ofHMBs system in the axial direction
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



A comparison study is also made between the stiffness coefficients in the radial

and axial directions as shown in Figure 5.28. It is observed that the maximum

stiffness coefficient attained in the radial direction is five times larger than its axial

counterpart. This is because the axial direction is only passively controlled, while

the radial direction is actively controlled. In addition, the damping coefficients in

the axial direction are very much smaller than those in the radial directions.

However, it is observed during the experiment that even when a pen is thrust at the

rotor in the axial direction, the passive control force can still assist in maintaining

the rotor position in the pump housing. Lastly, the largest displacement in the axial

direction, corresponding to 10,000 rpm during levitation, is about 70 pm .
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Figure 5.28: Comparisons of estimation results between the axial and radial directions
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Chapter 6 Self-sensing AMB

This chapter comprises two parts: the first part is the digital simulation of two self­

sensing approaches, namely switching noise demodulation and parameter

estimation and the second part is the analog circuit implementation of the self­

sensing parameter estimator.

Firstly, the inductor model of magnetic bearings is deduced based on some

fundamental electromagnetic equations. The coil current waveform contains the

position information of the suspended object because the switching waveform of

coil currents is modulated by the air gap of the magnetic bearings. The procedures

for switching noise demodulation are presented, and the principles of self-sensing

parameter estimation are then introduced. The digital simulation processes of

switching noise demodulation and parameter estimation are presented and their

simulation results are compared.

An analog circuit implementing the self-sensing parameter estimator is

introduced. The self-sensing circuits and the backplane circuit are described

accordingly. The static and dynamic tests on the circuit of self-sensing parameter

estimator are introduced, and the experimental results are reported.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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6.1 Coil inductor model

+

FLUX
PATH

ROTOR

Figure 6.1: Schematics of flux path of AMB

Electromagnetism is the phenomenon in which magnetic flux is generated by

electric current. Multiple turns of wires are wrapped around a magnetic core as

shown in Figure 6.1. According to Ampere's Loop Law, the relationship between

the coil currents and corresponding flux created is expressed as in equation (6.1):

JHdl =Ni

where H is magnetic flux intensity, and I represents flux path length.

(6.1)

If the axial flux path is much shorter than that of the radial flux path, then

equation (6.1) can be rewritten as:

(6.2)

where He is the flux intensity of the magnetic core, Ie is the flux path length in

magnetic medium, Hgis the flux intensity of the air gap, go is the nominal air gap

length, and x is the displacement of the suspended object.
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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For the medium of air, the. relationship between H and B is linear as shown in

equation (6.3):

(6.3)

where J.1o is the permeability of free air: 4JI X 10-7 (T.m/A).

As for the magnetic core, this relationship is nonlinear because of eddy current

loss, hysteresis and saturation. For simplicity, this relationship is generally

approximated as linear in the following equation:

(6.4)

where J.1r is called relative permeability of the material.

Assuming that there is no flux loss in the flux path and the flux cross-section

area remains constant through the flux path, then the law of flux conservation can

be used as shown below:

(6.5)

Here Bg = Be. Substituting (6.4) and (6.3) into (6.2), the flux density B can be

expressed by the following:

(6.6)

Therefore, the flux <D can be written as:

(6.7)

According to Faraday's law of inductance,
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v =N
d

<1> +Ri
dt

(6.8)

where V is the voltage applied across the coils having a resistance of R ,and flux cD

is the function of the coil current i, and the air gap g. A perturbation in the air gap,

g =go + x , gives:

<1> = <I>(g, i)

The partial derivative equation of cD can be written as:

dcD acD ag acD ai
-=--+--
dt ag at ai at

acD. acD ai
= ag g+ ai at

Differentiating cD with respect to i in the equation (6.7), we can obtain:

Equation (6.8) can be rewritten as:

di . . dL
V=L-+Rz+z-

dt dt

(6.9)

(6.10)

(6.11 )

(6.12)

Usually the last term of the equation (6.12), which is known as back electro-

motive-force (EMF), is small compared to (V - Ri), and therefore the equation

(6.12) can be simplified and transformed as:

di V -Ri
=

dt L
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(6.13)
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Equation (6.13) and equation .(6.11) are adopted here as the mathematical model of

coil inductor. The block diagram of the inductor model implemented in Simulink is

shown in Figure 6.2:

1

1/L(x)

Inverse of Inductance

2
V

Switching Output Voltage

[R]

R

Coil Resistance

Product

1------1..T(z+1)

2(z-1)

Discrete-Time
Integrator

Product1

i
Coil Current

Figure 6.2: Block diagram of the inductor model implemented in Simulink

6.2 Switching noise demodulation

6.2.1 Theoretical analysis

Substituting equation (6.11) into (6.13), we can obtain the equation (6.14):

(6.14)

From the equation (6.14), the current waveform can be regarded as a carrIer

waveform (V) modulated by the air gap distance (go ± x). The gap information can
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be obtained from the current signal by demodulation. The high-pass filter, rectifier,

and low-pass filter can be used to realize the current demodulation [22].

Prior to constructing the demodulation filters, it is necessary to understand the

current signal at the switching frequency. The voltage waveform is shown in

Figure 6.3 for the application of a bi-state PWM amplifier whose switching voltage

output is Vs•

V
I[\.

+Vs a--------.

I 7

: t
I
I
I
I-VS ------------- ..... iIilIiIIiIilill'

Figure 6.3: The switching voltage waveform in one period

Here, for the sake of simplicity, we start from to =0 to t ='t, where 't is the

switching period, and a is the duty cycle of the bi-state amplifier's voltage output.

According to the equation (6.14), the current waveform can be obtained by

integrating the voltage waveform with the assumption that multiplication of the

coil resistance and current is very small compared to the value of voltage. The

current waveform can be expressed in equation (6.15).
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magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of
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as shown in Figure 3.19. The PM provides the bias magnetic flux which starts
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10 +~t, ,0 < t < (xt

i(t) = L(x)

1 2~ ~o+--a't ---t, ,a't < t < 't
L(x) L(x)

(6.15)

The first part of our demodulation filters is a high-pass filter that removes low-

frequency components of the current signal. If the switching frequency is much

higher than the displacement frequency of the suspended object, then the low-

frequency components of the current signal can be considered to vary linearly with

time during one switching cycle. Therefore, the expression for low frequency

component of current signal in one period can be approximated as:

Hence, after the high pass filter, the current waveform can be expressed as:

ihp(t) =i(t) - i1ow(t) =i(t) - 10 -~(2a -1)t
L(x)

(6.16)

(6.17)

The second stage of demodulation process is to rectify the output signal of the

high-pass filter. The output of the rectifier is an absolute value and expressed in

equation (6.18):

2V. (1- a)t, ,0 < t < at
L(x)

irectified (t) =1 ihp (t) 1= 2
~ ( )--a 't - t , ,at < t < 't

L(x)
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(6.18)
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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The last stage of demodulation is to subject the signal of the rectifier to a low-pass

filter that acts as an average calculator over one switching interval of the signal,

and its function is expressed as:

(6.19)

The output of the low-pass filter is expressed as follows:

(6.20)

It can be seen from equation (6.20) that the output of demodulation is dependent

not only on the air gap, but also on the duty cycle of the amplifier.

6.2.2 Digital implementation of the forward path filter

The above-mentioned three-stage circuitries, high-pass filter, rectifier, and low-

pass filter can be implemented digitally in Simulink. The switching frequency of

the PWM amplifier employed here is 25 kHz, and its voltage supply is 24V. The

sampling frequency of Simulink DSP is 250 kHz, i.e. 10 times faster than the

PWM switching frequency to avoid signal aliasing and acquire enough signal

information.

6.2.2.1 High-pass filter

A second order Butterworth's high-pass filter is used to remove the low-frequency

components of the coil current signal. The transfer function of the second order

Butterworth's high-pass filter is as follows:

ks2

Hhigh-pass(s) = 2
2 am ms +_cs+_c

b b
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(6.21)
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts
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south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this
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(6.22)

where a =1.414and b = 1 for the second order Butterworth's high-pass filter. k is

the gain of the filter, and is defined as 1. The cutoff frequency of the filter, Ie is 15

kHz, which is much higher than the bandwidth of the AMB system (usually less

than 2.5 kHz), but much lower than the switching frequency (25 kHz). The cutoff

frequency is expressed as me = 21tx 15000 rad/s.

The MATLAB program for implementing the high pass filter is attached in

Appendix D. In the program, the continuous-time model is converted to the

discrete-time model for the purpose of digital simulation with bilinear

transformation:

s=:(;:~J
The bode diagram of the discrete-time second order high-pass filter is shown in

Figure 6.4.

Figure 6.4: Bode diagram of the digital second order high-pass filter
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6.2.2.2 Rectifier circuit

It is much easier to implement the rectifier digitally than with analog circuits. In

Simulink, there is an "Abs" block that has the function of obtaining the absolute

value (abs) of the input signal. The "Abs" block is shown in Figure 6.5:

Abs

Figure 6.5: The rectifier realized by Abs block in Simulink

6.2.2.3 Low-pass filter

The low-pass filter of the demodulation circuit is also implemented digitally in

Simulink. We use a second order low-pass Butterworth filter whose transfer

function is as follows:

kbm 2

Hlow-pass(S) = 2 e b 2
S +ames+ me

(6.23)

where a =1.414 and b = 1 for the second order Butterworth filter. We set the gain,

k=1, and the cutoff frequency of the filter Ie is 5 kHz. The MATLAB program for

implementing the low-pass filter is attached in Appendix D. Figure 6.6 shows the

bode diagram of the discrete second order low-pass filter.
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Figure 6.6: Bode diagram of the digital second order low-pass filter

6.2.3 Simulation of switching noise demodulation

The simulation model of switching noise demodulation is designed and

implemented in Simulink. The flowchart of the simulation model is shown in

Figure 6.7. In the Simulink model as shown in Figure 6.8, the displacement of the

suspended object and the switching voltage are generated as the input of the

inductor model that is based on the equation (6.13), and the output of the inductor

model is the modulated current that contains the position information of the

suspended object. Then, the modulated current goes through the forward path filter

from which the actual displacement is estimated.
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Figure 6.7: Flowchart of simulation model for switching noise demodulation

The block model realized in Simulink is as follows:
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Sine Wave

~----"ln1

Out11-----I"ln1

Demodulation
Output

Out1t------~ ....
r-------Ia.lln2

Inductor Model
Forward Path Filter

s

DODD
00 1-------"

Signal
Generator

Switching Voltage Output

Figure 6.8: Simulink block model of switching noise demodulation

In Figure 6.9, the digital simulation result of the switching noise demodulation is

compared with the actual displacement, a discrete sine wave with the frequency of

100 Hz. It can be seen that the output of the forward path filter is in reasonable

agreement with the actual displacement, although some delay is observed between

the two.
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Figure 6.9: Forward path filter output compared with the actual displacement when

the duty cycle is constant

The result shown in Figure 6.9 is based on the assumption of the constant duty

cycle (50%), however, in practice, the duty cycle changes with the air gap or actual

displacement. In order to show the influence of the varying duty cycle on the

demodulation results, the duty cycle can be expressed as:

a =0.5 + am cosro( (6.24)

Then, the variation of the duty cycle from 50% [22] is:

roLla
a =--

m 2V
s

(6.25)
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where ro is the current frequency, L is the nominal coil inductance I is the, a

current amplitude, and ~ is the switching voltage. In SimuIink, a PWM model is

added in to generate the variable a that follows equations (6.24) and (6.25), and

the following Figure 6.10 shows the forward path filter output when the duty cycle

changes with the actual displacement.
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Figure 6.10: Comparison of simulated forward path filter output with the actual

displacement with varying duty cycle

It can also be seen from the figure above that the forward path filter output

(estimated displacement) is very noisy, lags the actual displacement signal and is

contaminated with parasitic noise caused by the changing duty cycle. The enlarged

part of Figure 6.10 is shown in Figure 6.11.
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Figure 6.11: Enlarged part of Figure 6.10, showing the corruption caused by the

changing duty cycle

It was proposed that by calculating the duty cycle online from the switching

voltage information, the influence of the changing duty cycle on the forward path

filter output could be removed. However, this proposal is not practical as it only

incurs additional computational time penalty and may introduce additional phase

lag in the estimated displacement. Consequently, the result would only be as good

as the result of the forward pass filter. Maslen and Noh [22] propose the method of

parameter estimation that greatly reduces the influence of PWM amplifier's duty

cycle and at the same time improves the system measuring bandwidth. The

following part presents the digital simulation of the parameter estimation method

for the self-sensing AMB system.
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6.3 Digital simulation of self-sensing parameter

estimation

6.3.1 Introduction
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filter is introduced in the parameter estimation procedure as shown in the

schematics of Figure 6.12. The error between the outputs of two forward path

filters will be fed into a convergence controller that updates the estimated air gap,

which is then directed back to the simulated inductor model to close the loop. The

overall simulation scheme of the parameter estimation procedure implemented in

Simulink is shown below:

x
Estimator Output

Differential
Amplifier

1

Forward Path \------.
Filter

.
1

'----------------------j Bearing Inductor
Model

Modulated Current

Bearing
Inductor
Model

Figure 6.12: Self-sensing parameter estimation scheme for determining air gap

displacement

Similar to the Simulink model for switching noise demodulation in Figure 6.7, in

the scheme of parameter estimation, the same modulated current i is generated
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from the bearing inductor model which is supplied with the air gap movement

function (actual displacement) and PWM switching voltage output with a changing

duty .cycle. Then, the modulated current i goes through the same forward path

filter described above, whose output will be compared with the output of the same

loop containing the same bearing inductor model and forward path filter, then the

error between the outputs of the two forward path filters is processed by the PI

controller to update the estimated displacement, which is also at the same time fed

back to the simulated bearing inductor model to close the loop.

6.3.2 Simulation results

The digital simulation result of the parameter estimator is shown in Figure 6.13,

where it is compared with the actual displacement and the forward path filter

output. In the graph, the parameter estimator output matches the actual

displacement perfectly, and it is obvious that the parameter estimator is in

excellent agreement with the actual displacement with little phase lag and that its

performance is much better than the forward path filter alone, thus benefiting from

the close loop property of the parameter estimator employing the PI controller.
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Figure 6.13: Parameter estimator output compared with the actual displacement

and the forward path filter output

In order to obtain the amplitude and phase transfer functions of the parameter

estimator, the actual displacement x is supplied with a multi-frequency SPHS test

signal whose frequency range is set as from 1 to 4000 Hz with a fundamental

frequency of 1 Hz. Following that, the output of the parameter estimator is stored

along with the input, and then, the frequency response of the parameter estimator

can be obtained in MATLAB from the transfer function of the output/input in the

frequency domain. The simulation result of the transfer function of the parameter

estimator is shown in Figure 6.14 where 'Transfer Function' is shortened to 'TF'.
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Figure 6.14: Frequency response of self-sensing parameter estimator in simulation

In Figure 6.14, the slight noise on the graph is due to the step effect of the signal

digitization. The system bandwidth is observed to be very high, being above 4000

Hz, and the phase lag indicated is small, to be about 18 degrees lag from the

frequency of 0 to 4000 Hz.

6.4 Analog

estimator

circuits of self-sensing parameter

Printed circuit boards (PCBs) have been developed to facilitate the implementation

of the self-sensing parameter estimator for the AMB system. OrCAD® software

[99] has been used as the design tool for the PCBs. The PCBs are composed of two
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types of boards: the self-sensing boards for implementing the self-sensing

parameter estimator and the backplane boards for connecting the signals between

the power supplies, magnetic bearings,PWM amplifiers and the self-sensing

boards. The design, components and function of the PCBs will be introduced.

Static and dynamic calibrations of these PCBs will be presented to show the

linearity and transfer function of the self-sensing parameter estimator.

6.4.1 Circuit implementations

The first circuit being analyzed is the self-sensing circuit, which adopts the self­

sensing approach of the parameter estimation procedure to estimate the position

information modulated in the switching current. It is then plugged into the

backplane board and integrated as a complete system.
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Figure 6.15: The main structure of self-sensing circuit implemented in OrCAD

The followings are the four hierarchical blocks implemented in the self-sensing

circuits:
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(1) Current sensing

(2) FP (Forward Path) filter

(3) PI controller

(4) Inductor Model

6.4.1.1 Current sensing

In the current sensing circuit design, the Honeywell CSNE151 current sensor is

used to sense the current of the magnetic bearings. The output of the current sensor

is then fed to the input of the self-sensing circuitries.

Figure 6.16: Honeywell current sensor CSNE151

During the research work, a few current sensors/transducers were compared and

finally, the Honeywell current sensor CSNE151 was selected as the current sensor

for the self-sensing parameter estimator, due to its good dynamic performances

such as good linearity (0.1%), fast response time «1 J.1s) and wide bandwidth (DC

to 150 kHz), which is compatible with the outputs of the PWM amplifier employed

in this experiment. The graph in Figure 6.17 shows the typical experimentally

obtained switching coil current waveform sensed by the current sensor CSNEI51.
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Figure 6.17:The switching coil current represented by voltage waveform as sensed

by CSNE151

As can be seen from Figure 6.17, the waveform is not a perfect triangular

waveform, but is a little distorted. The vertical discontinuity at the peak of the

waveform is caused by the eddy current effect when the amplifier switches on and

off.

6.4.1.2 Forward path filter

In this circuit, the actual current and estimated current are both processed by the

same type of forward path filters. Firstly, the actual sensed current goes through a

band pass filter, and then the ac-to-dc converter chip, AD637, computes the root-

mean-square of the switching waveform and gives an 'equivalent dc output voltage.
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Next, the value of both outputs is compared in a differential amplifier, INAI05KP,

and the difference is delivered to a PI controller for further signal processing.

The band-pass filter used in this design is a multiple feedback band-pass filter.

The band-pass filters are called into action to pass a range of frequencies only. In

the circuit, a band-pass filter with a frequency bandwidth of 30 kHz and a central

frequency of 25 kHz is designed, passing frequencies ranged from 10kHz to 40

kHz. The gain per stage is 1.15 and the quality factor is 0.83. Based on calculations,

the following two-stage band-pass filters are designed with their respective

components.

Figure 6.18: The band pass filter used in forward path filter

Figure 6.19 shows the waveform of the coil current after the band pass filter that

removes the low frequency component of the sensed current, and only retains and

amplifies its switching frequency component.
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Figure 6.19: Waveform of measured coil current after the band pass filter

The AD637 is a highly accurate, monolithic ac-to-dc converter that computes the

true rms value of any complex waveform. In order to reduce the ac ripple

component of averaging error inherent in processing ac signals, a 2-Pole Sallen-

Key Filter is adopted and its connection with corresponding part values is shown in

Figure 6.20.
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Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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6.4.1.3 PI controller

The controller used in this project is a Proportional-Integral type. Three

potentiometers are used in this circuit design to adjust the Proportional, Integral

and Bias terms. The PI's output signal is then amplified to produce the estimated

displacement signal. The PI circuit is shown in Figure 6.21.
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Figure 6.21: The circuit of PI controller

6.4.1.4 Inductor model

The amplifiers' switching output voltages (+) and (-), as well as the estimated

displacement, are fed to the inductor model to produce the estimated switching

current. The positive voltages and negative voltage outputs from the 2-state PWM

amplifier (Copley 4122Z DC Brush Servo Amplifier) are fed to a differential

amplifier, INA105KP, to produce the two-state switching voltage carrying the duty

cycle information, which is measured and shown in Figure 6.22. The port

connection scheme of Copley 2-state PWM amplifiers is attached in Appendix E.
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2
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from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 6.22: Switching voltage obtained by INA105KP

The MPY634KP is used as a balance modulator, with the input of the estimated

displacement and the switching voltages. The modulated output will go though an

integrator to produce the estimated current that will be fed to another forward path

filter, thus forming a closed loop system.
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Figure 6.23: MPY634KP functions as a balance modulator with typical modulated output
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3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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6.4.1.5 Backplane for self-sensing PCBs

Another circuit that is developed into a printed circuit board is the backplane. In

the backplane circuit, four connectors are used and each connector is connected to

one self-sensing board. The backplane facilitates power and some other signal

connections to the self-sensing circuit boards. The PWM amplifiers, which have

power supplies of +25V and -25V, and the self-sensing circuits with power

supplies of +14V and -14V, are all connected to the backplane. To facilitate data

collection, signals such as the estimated displacement, duty cycle, or error signal

from PI controllers are also accessible on the backplane.

It is in this manner, that the backplane makes the overall self-sensing circuit

system neater, and can make signal probing and troubleshooting easier. The

connection between the self-sensing board and backplane is as shown in Figure

6.24.
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+MB1
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11
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1 2

PWMGND EST CUR
1 3
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ERROR
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DISP{+)
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Figure 6.24: Connection between self-sensing board and backplane

Figure 6.25 below shows a photograph of four self-sensing boards mounted on

one backplane. It can be imagined that without the connection of the backplane,

there would be many cables running between the self-sensing circuit boards, PWM
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



amplifiers, magnetic bearings and power supplies, and it will be near impossible to

probe signals in the self-sensing circuits except for those with the BNC connectors.

4 x Self
Sensbtg
Boards

Bias
otentiometer

Figure 6.25: Four self-sensing boards mounted on one backplane board

6.4.2 Static and dynamic calibrations of self-sensing

scheme

6.4.2.1 Description of the test rig

The photograph of the test rig is shown in Figure 6.26. The middle platform is

supported by eight springs in such a manner that only one DOF movable

movement is allowed. The upper and lower E-frames are made of silicon steel

laminations, and between the two, there is a lamination target that is embedded in

the middle platform. The thickness of the laminations is 0.23 rom. The coils of the
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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E-frames are also connected with the self-sensing PCBs from which the air gap

information will be estimated.

Figure 6.26: Photograph of the self-sensing test rig.

6.4.2.2 Static calibration

A static calibration is performed to examine the linearity of the self-sensing

estimated outputs. The photograph in Figure 6.27 shows how the test rig is set up.

A M20 screw is used to adjust the position of the middle platform, which is

measured by a dial gauge.
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axial direction, the homopolar HMBs are utilized: an axially polarized permanent
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provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively
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south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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Figure 6.27: Photograph of the self-sensing static calibration test

By adjusting the air gap between the lower E-frame electromagnet (or upper E­

frame) and the middle platform by means of an air gap adjusting screw, a range of

platform displacements with respect to self-sensing estimated displacement output

are recorded and the data is later plotted in a graph. The static calibration result is

listed in Table 6.1, where it can be seen that the self-sensing output voltage reaches

saturation when the air gap length is larger than 0.5 mm.
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts
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gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the
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working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Table 6.1: Static calibration result of self-sensing parameter estimator

Displacement Self-Sensing

(mm) Output (mV)

a 0

0.05 22

0.10 46

0.15 68

0.20 90

0.25 113

0.30 136

0.35 158

0.40 180

0.45 202

0.49 220

0.55 222

0.60 223

The data is plotted with a linearly fitted straight line as shown in Figure 6.28.

176

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent
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from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same
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Figure 6.28: Linearity of the self-sensing parameter estimator

As can be seen from Figure 6.28, the self-sensing parameter estimator is very

linear, and the gain of the self-sensing output over the platform displacement is

about 0.43 VImm. The maximum linearity error is computed to be around 2.4%.

6.4.2.3 Dynamic calibration

The SPHS is supplied to a shaker to perturb the platform, whose displacement is

measured by a commercial eddy current probe (Bently Nevada 7200) and this

displacement is simultaneously compared to the self-sensing estimated

displacement. In this manner, the two displacements could be compared over the

frequency range by examining the self-sensing estimated output over the eddy

current probe output. The dynamic calibration is performed by exciting the one

DOF test rig with a multi-frequency SPHS test signal. The instrumentation

arrangement for the dynamic calibration is shown in Figure 6.29.
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In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Figure 6.29: Instrumentation arrangement for self-sensing dynamic calibration

Due to the dynamic magnification factor of a second order system of the test rig,

its measured displacements around the neighbourhood of resonance are naturally

more responsive and ideal for displacement comparison between the estimated and

eddy current probe. However, beyond this range of frequency bandwidth, the

voltage output of the estimated displacement was observed to be relatively small.

This behaviour is compensated by delivering higher excitation force through the

shaker to provide better estimated displacement signal to noise measurement.

In addition, in order to keep the output of the eddy current probe and self­

sensing parameter estimator within the sampling resolution range of the dSPACE

dsll03 AID converter, the excitation bandwidth of the SPHS is chosen to be 1 to

150 Hz, with a fundamental frequency of 1 Hz. The following time-domain

measurements indicate that excellent agreement can be obtained between the eddy

current probe output and the self-sensing parameter estimated output.
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more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate
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Figure 6.30: Eddy current probe output compared with self-sensing parameter

estimated output

From Figure 6.30, it can be observed that the self-sensing parameter estimator

output can track the eddy current probe output very well with minimal time delay

between the two. The time domain data is transformed into the frequency domain

using a FFT algorithm and therefore, the transfer function of the parameter

estimator output over the eddy current probe output in frequency domain is

obtained, as shown in Figure 6.31.
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south pole to close the flux loop. Besides the primary magnetic field in the
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Figure 6.31: Frequency response of self-sensing parameter estimated output over

eddy current probe output

The amplitude transfer function is observed to be constant through the whole

frequency range, except at 75 Hz where there is a dip in phase angle. This dip is

attributed to the resonance of the top plate on which the eddy current probe is

mounted, and also the non-collocation of the electromagnets and the eddy current

probe. The phase transfer function is observed to decrease marginally throughout

the frequency range of 150 Hz. The maximum phase delay is about -30° at the

excitation frequency of 150 Hz.

In order to test whether or not the time delay was caused by the data acquisition

process, we pumped two absolutely same multi-frequency test signals (bandwidth:

1-150 Hz) simultaneously into a dynamic analyzer and the data acquisition card:

dSPACE dsll03 we used. We found from the data acquisition card that there was

no any phase difference at all through the whole bandwidth of 1 to 150 Hz between
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the two test signals and the their amplitude ratio was perfect 1 in the whole

frequency range, which was also confirmed by the same readings of the dynamic

analyzer. So we can exclude the possibility of the data acquisition causing the time

delay. Through the experiments, we found that the noise to signal ratio of the self­

sensing signals was around 1 to 5, which is quite high and the noise frequency

varied with movement of the lamination target, which may be the cause of the time

delay, but further investigation and confirmation of this is needed in the near future.

In order to make sure that the system can tolerate the added phase lag, based on

the self-sensing parameter estimator model shown in Figure 6.12, the simulation

was performed to obtain the Bode diagram of the physical implementation of the

self-sensing parameter estimator, as shown in Figure 6.32. The corresponding

system phase margin is about -97 - (-180) =83 degree, which is much larger than

the added phase lag of 30 degree, and therefore this phase lag should not

destabilize the system.
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Figure 6.32: Frequency response of the self-sensing parameter estimator

when the self-sensing levitated system is at a fixed reference position
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Chapter 7 Conclusions & Future work

7.1 Conclusions

In this research, a compact HMBs system has been designed and developed for

axial flow blood pump applications with possible self-sensing capability. In

Chapter 4, preliminary work on parameter estimation is carried out to obtain the

actual stiffness and damping coefficients of the one-DOF magnetically levitated

system and also to determine the influences of the PID controllers' variables on its

stiffness and damping properties. These experimental investigations help the

understanding, implementation and debugging of the estimation algorithm. In

Chapter 5, with the assistance of a specially designed test rig, the method of

parameter estimation in the frequency domain has been adopted to estimate the

stiffness and damping coefficients of the HMBs system of the axial flow blood

pump in both the radial and axial directions. The actuators' gain and maximum

linear operating range of the HMBs system have also been obtained experimentally

with the aid of the same test rig. A self-sensing parameter estimator for AMB

system has also been investigated, developed and tested.

The HMBs system of the axial flow blood pump is composed of two identical

hybrid magnetic bearings (HMBs) for suspending the rotor, and one brushless and

sensorless three-phase PM motor for driving the rotor. In order to decrease the

eddy current loss, the stators of the HMBs and the motor are made of 0.23 mm

thick silicon steel laminations. PID controllers are used to control the HMBs with

active control in the radial axes and passive control in the axial axis. FEA in

Maxwell 3D has been performed on the HMBs system to confirm that the active
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control forces in radial directions can cause the passive axial control. The

STMicroelectronics ST7FMC micro controller is used to control the Lorentz-typed

DC brushless motor in the sensorless mode. The HMBs system of the axial flow

blood pump can achieve good performance: the rotor can rotate in stable

suspension at speeds of up to 14,000 rpm in air, from which it could be foresaw

that it also can achieve good performance of the pump system in fluid, since the

fluid can provide additional damping to the bearing system. The whole pump

design is compact that it is suitable for future intra-ventricular implantation.

The one-DOF magnetically levitated system is realized with a digital PID

controller. The parameter estimation method with statistical analysis is utilized to

obtain the actual stiffness and damping coefficients of the one-DOF magnetically

levitated system online. Experimental results show that there are differences

between the actual and effective stiffness and damping coefficients adopted by

other researchers. The estimated coefficients are supported by statistical

information from a least-square estimation program. It provides a quantitative

measure of the model validity by means of goodness of fit and the verification of

the estimated coefficients by significance tests. It is also observed that the

proportional, integral, and derivative gains of the PID controller have direct

influences on both the actual stiffness and damping coefficients of the one-DOF

magnetic suspension system.

The HMBs system of the axial flow blood pump is modelled as a typical mass­

spring-damper system, and the method of parameter estimation in the frequency

domain has been adopted to estimate its stiffness and damping coefficients. A

specially designed test rig has made it possible to estimate the system stiffness and

damping coefficients in both the radial and axial directions, whether the rotor is
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rotating or stationary. From the estimation results of the accurate value of stiffness

and damping coefficients in the frequency domain, it can be seen that the stiffness

of the magnetic bearing system is dominant in the system dynamic characteristics,

and it is frequency dependent: it also increases with the excitation frequency. It is

also shown that the proportional gain of the PID controller can change the system

stiffness coefficient: with the increase of proportional gain, the system stiffness

also increases. In addition, it is found out from the estimation results that in the

passively controlled axial axis, the stiffness and damping coefficient are much

smaller than those of the radial axes that are actively controlled, but they are

significant to the system stability of the axial flow blood pump. All the

experimental results are validated by high goodness of fit of the estimation results.

Two current demodulation approaches for self-sensing AMB - switching noise

demodulation and parameter estimation - have been introduced and compared.

Digital simulation of self-sensing parameter estimation has proven that it can

achieve much better system performance and wider system bandwidth. This self­

sensing parameter estimator has been developed and tested. Experimental results

of static calibration and dynamic calibration of the self-sensing parameter

estimator show that it has a good linearity and good dynamic response, and

therefore has the potential for future industrial applications. Due to insufficient

time, the author has not applied this self-sensing parameter estimator to the HMBs

system of the axial flow blood pump developed in this research, which will be

further developed by future students.

In summary, in the development of the HMBs system for axial flow blood pump

applications with possible self-sensing capability and parameter estimation, the

following has been presented in this dissertation:
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1. An axial flow blood pump has been designed with the impeller enclosed in

the rotor and with a diameter of 40 mm and length of 104 mm. The target

pump pressure is 100 mmHg and flow rate is 5 L/min.

2. The magnetically levitated axial flow blood pump has been realized in air

with the HMBs system and with a maximum rotational speed of 14,000

rpm and maximum vibration amplitude of 30 pm in the radial directions

and 70 pm in the axial direction.

3. The HMBs actuator gain has been obtained experimentally, being around

5.8 NN and the maximum linear operating range being within 20%

neighbourhood of rotor's eccentricity ratio.

4. The radial and axial stiffness of the HMBs system have been obtained

experimentally with the method of parameter estimation in the frequency

domain: the maximum stiffness is about 1470 kN/m in the radial directions

and about 270 kN/m in the axial direction.

5. Self-sensing parameter estimator for the AMB system has been developed

and calibrated: its maximum linear displacement range is 0.5 mID, its gain

of the self-sensing output over displacement is 0.43 V/mm, and its

maximum phase delay is about -300 at the excitation frequency of 150 Hz.

7.2 Future work

There is still some work to be carried out for the accomplishment of the maglev

axial flow blood pump with self-sensing HMBs, and they are listed below:

1. Fluid test of the pump. In the near future, the pump performance will be

tested in a mock fluid circulation loop. The vibration of the rotating rotor in
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fluid, the noise level of the operation, and the pump temperature will all be

measured accordingly. Some other data also needs to be obtained, such as

the power consumption, pump efficiency, the relationship between the flow

rate and differential pressure, etc.

2. Parameter estimation on the pump system in water. Once the pump is water

proofed, the same method of parameter estimation in frequency domain

introduced in this dissertation will be utilized to investigate system stiffness

and damping coefficients in water. It can also be used to find out the fluid

influences on the system dynamic properties, with the assistance of the

same test rig. Also, with this method, the relationship between the flow rate

and the system stiffness will also be investigated, especially in the axial

direction.

3. The PWM amplifiers for driving the HMBs system will be changed. The

old ones (AMC 25A series) were rated for a peak current of 25A, which

exceeds system requirement and causes more power waste. In the future it

is needed to change the PWM amplifier to those with low maximum peak

and continuous current such as the model of AMC PWM 10A8, which can

still satisfy system requirement.

4. The developed self-sensing parameter estimator will be applied to the

HMBs system of the axial flow blood pump as an integrated system, in

order to replace the eddy current probes. The PI convergence controller will

be implemented digitally, in order to ease the tuning procedure.

5. Some additional testing needs to be done to confirm or invalidate the

hypothesis in Chapter 6 that the distortion near 75 Hz in the transfer

function of the self-sensing parameter estimator is due to the structural
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resonance of the plate .which supports the eddy current probe, by increasing

or decreasing the stiffness of the plate or changing the mass of the plate to

see whether or not the resonance moves.

6. By means of simulation, the digital self-sensing parameter estimator has

been verified to be able to achieve the same good system performance as

analog circuits. The most difficult part of implementing the complete

digital self-sensing parameter estimator is the high sampling frequency

required. To obtain the minimum required sampling rate for the digital self­

sensing parameter estimator, the sampling rate of the simulation is

decreased until the system goes unstable; in test when the sampling rate

was decreased to 160 kHz, the Simulink simulation error happened, but if it

was increased from 160 kHz to 165 kHz, no error happened and the

simulation could run well over infinite period of time. So the minimum

required sampling rate for the digital self-sensing parameter estimator

should be 165 kHz. Unfortunately, it is beyond the capabilities of dSPACE

dsll03, the online control board that we are currently using. A good

alternative may be the Silicon Lab C8051F060 chip that is programmable

throughput of up to 1 MSPS (million samples per second) for each ADC,

with high-speed 8051 JlC Core up to 25 MIPS (million instructions per

second) throughput with 25 MHz system clock. The only difficulty may lie

in the programming of the self-sensing parameter estimator in the chip,

which is not as easy to program as dSPACE dsll03.
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Appendix A

Schroeder Phased Harmonic Sequences (SPHS)

The Schroeder Phased Harmonic Sequences (SPHS) is a signal that contains

different frequency components with lowest possible peak value. This low-peak

periodic signal set) has any given power spectrum Pi, i=l, .. .,N where Pi is the

ratio of the power at 00 =iooo to the total power. i.e.

N

L~=l
i

SPHS is constructed as:

N~.set) =L -!..Cos(iOOot + ~)
i=1 2

where the phase of each frequency component is

i-I

~ =~-1 -21tLPm,i =1..N
m=l
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Appendix B

ProlE drawings of the straightener, impeller and diffuser
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Figure B.l Drawing of the straightener
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Figure B.3 Drawing of the diffuser
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Appendix C

MATLAB program of parameter estimation of magnetic bearings

system with statistics

clear all;

M = 0.7907; %%% Mass of the plate

Tvalue = 2.0; % 95% confidence interval for 5 degree of freedom

%SCALE of Force and X,Y

sclf=lO; %force scale

sclxy=10/8000; %eddy current probe scale

kspring = 134e3*0.707; % spring coefficient

data = load('data/pe/mblO.mat'); % loading datat

fout2 = (data.mblO.Y(l).Data)*sclf; %Y(l) is force

youtlf=(data.mblO.Y(3).Data)*sclxy; %Y(2) is y probe output displacement

xoutlf =(data.mb10.Y(2).Data)*sclxy; %Y(2) is x probe output displacement

youtrg =(data.mblO.Y(5).Data)*sclxy; %Y(2) is y probe output displacement

xoutrg =(data.mblO.Y(4).Data)*sclxy; %Y(2) is x probe output displacement

%To get the mean of two X probe outputs, and two y. probe outputs
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yout2 = 2*(youtlf+youtrg)/2; .% the y displacement at the rotor centre

xout2 = (xoutlf+xoutrg)/2; % the x displacement at the rotor centre

fundal = 1;startup = 1;cutoff =250; Fs = 20e3; Blksize = Fs/fundal;

%Averaging 5 periods

fout2

fft( (fout2(1 :Blksize)+fout2(1+Blksize:2*BIksize)+fout2(2*Blksize+1:3*Blksiz

e)+fout2(1 +Blksize*3:4*Blksize)+fout2(4*Blksize+1:5*Blksize) )/5 );

yout2

fft( (yout2(1 :Blksize)+yout2(1+Blksize:2*Blksize)+yout2(2*Blksize+1:3*Blksi

ze)+yout2(1+Blksize*3:4*Blksize)+yout2(4*Blksize+1:5*Blksize) )/5 );

xout2

fft( (xout2(1 :Blksize)+xout2(1+Blksize:2*Blksize)+xout2(2*Blksize+1:3*Blksi

ze)+xout2(1+Blksize*3 :4*Blksize)+xout2(4*Blksize+1:5*Blksize) )/5 );

fout = fout2(2:Blksize);

yout = yout2(2:Blksize);

xout = xout2(2:Blksize);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%% Parameter Estimation In Frequency Domain %%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

bandwid = 15; overlapping = 12;
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for i=I :2000

ifi==1

WI = startup;

W2 = startup + bandwid;

else

WI = W2 - overlapping;

W2 = WI + bandwid;

end

if W2 <= cutoff

N = O;F = 0; Fo = 0; Yd = 0;

for j=WI :fundal:W2

kkk = WI/fundal+N;

N=N+I;

W = WI +fundal*(N-I);

F(N) = 2*pi*W;

Fo(N) = fout(kkk);

Xd(N) xout(kkk);

YdeN) yout(kkk);
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end

GXR = linspace(O,l,N); GXI = linspace(O,l,N);

GYR = linspace(O,l,N); GYI = linspace(O,l,N);

forj=l:N

GXG) XdG)/FoG);

GYG) YdG)/FoG);

GXRG) = real(GXG));

GXIG) = imag(GXG));

GYRG) = real(GYG));

GYIG) = imag(GYG));

end

TFX(i) = mean(abs(GX));

TFY(i) = mean(abs(GY));

xxx(i) = (Wl+(W2-Wl)/2); % Hz

Wf= zeros(2*N,5); Phif= zeros(5,2); Cf= zeros(2*N,2);
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for j = l:N

j2 = 2*j;

j 1 = j2-1;

WMass

CfG 1,1)

CfG1,2)

CfG2,1)

CfG2,2)

M*FG)*FG);

WMass*GXRG);

WMass*GYRG);

WMass*GXIG);

WMass*GYIG);

WfG1,1) = GXRG);

WfG1,2) = GYRG);

WfG1,3) = -FG)*GXIG);

WfG1,4) = -FG)*GYIG);

WfGl,5) = -1.00;

WfG2,1) = GXIG);

WfG2,2) = GYIG);

WfG2,3) = FG)*GXRG);

WfG2,4) = FG)*GYRG);

WfG2,5) = 0.00;
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end

B = inv(Wf*Wf);

Phif= B*(Wf)*Cf;

kxx(i) = Phif(I,I)-kspring;

kyx(i) = Phif(I,2);

kxy(i) = Phif(2,1);

kyy(i) = Phif(2,2)-kspring;

cxx(i) = Phif(3,I);

cyx(i) = Phif(3,2);

cxy(i) = Phif(4,I);

cyy(i) = Phif(4,2);

Bx(i) Phif(5,I);

By(i) Phif(5,2);

alpha(i) = atan(By(i)/Bx(i))* I80/pi;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% Statistics Calculation %%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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%Calculate RSS residual sum of squares

% p(i) residual vector

p = Cf - Wf*Phif;

ppp = p'*p;

e(l,i) = ppp(l,1);

e(2,i) = ppp(2,2);

AAA = eye(2*N)-(ones(2*N))/(2*N);

dvvv = Cf*AAA*Cf;

tss(l,i) = dvvv(l, 1);

tss(2,i) = dvvv(2,2);

%total sum of deviation

%Calculate goodness of fit in x, y directions

gof(l,i) = sqrt(1-((2*N-l)*e(1,i))/((2*N-5)*tss(1,i))); % x direction

gof(2,i) = sqrt(1-((2*N-1 )*e(2,i))/((2*N-5)*tss(2,i))); % y direction

e(1,i) = e(1,i)/(2*N-5);

e(2,i) = e(2,i)/(2*N-5);

%se = zeros(2,i);

for j=1:5
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with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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seG,l,i) = sqrt(e(l ,i)*BG,j));

seG,2,i) = sqrt(e(2,i)*BG,j));

end

for j=1:2

for jj=1:5

ttGj,j ,i)=PhifGj j)/seGj,j,i);

if abs(ttGjj,i)) >= Tvalue

sigGj,j ,i) = 1;

else

sigGj,j,i) = 0;

end

end

end

end

end

%TFX = 20*log10(TFX);

%TFY = 20*log10(TFY);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%% Plot Parameter Estimation Results %%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.
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Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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subplot(8,1,1);plot(xxx,TFX);ylabel('TFX (mIN)');title('Parameter estimation on

MB in radial directions');

subplot(8,1 ,2);plot(xxx,TFY);ylabel('TFY (mIN)');

subplot(8,1,3);plot(xxx,kxx);ylabel('KXX (N/m)');

subplot(8,1,4);plot(xxx,kyy);ylabel('KYY (N/m)');

subplot(8,1 ,5);plot(xxx,cxx);ylabel('CXX (N.s/m)');

subplot(8,1 ,6);plot(xxx,cyy);ylabel('CYY (N.s/m)');

subplot(8, 1,7);plot(xxx,gof(1 ,:));ylabel('GoF in X');

subplot(8,1 ,8);plot(xxx,gof(2,:));ylabel('GoF in Y');xlabel('Hz');

%subplot(9,1,9);plot(xxx,alpha);ylabel('Alpha');

for i=l :20

disp(['

disp(['

']);

']);

disp(['*********************************************************']);

disp(['Significance For the " num2str(xxx(i)),' first set (1 :Yes, O:No)']);

disp([' KXX = ',num2str(kxx(i),'%.6e'),, Significance:---

',num2str(sig(1,1,i),'%.6e')]);

disp([' KYX = ',num2str(kyx(i),'%.6e'),' Significance:---

',num2str(sig(1,2,i),'%.6e')]);

disp([' KXY = ',num2str(kxy(i),'%.6e'),'

',num2str(sig(1,2,i),'%.6e')]);
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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disp([' KYY = ',num2str(kyy(i),'%.6e'),'

',num2str(sig(2,2,i),'%.6e')]);

Significance:---

disp([' cxx = ',num2str(cxx(i),'%.6e'),' Significance:---

',num2str(sig(3,1,i),'%.6e')]);

disp([' CYX = ',num2str(cyx(i),'%.6e'),'

',num2str(sig(3,2,i),'%.6e')]);

disp([' CXY = ',num2str(cxy(i),'%.6e'),'

',num2str(sig(4,1,i),'%.6e')]);

Significance:---

Significance:---

disp([' CYY = ',num2str(cyy(i),'%.6e'),' Significance:---

',num2str(sig(4,2,i),'%.6e')]);

disp([' Force Angle Alphla = ',num2str(alpha(i),'%.6e')]);

disp([' Goodness of fit in X direction = ',num2str(gof(1,i),'%.6e')]);

disp([' Goodness of fit in Y direction = ',num2str(gof(2,i),'%.6e')]);

disp(['**********************************************************']);

disp(['

disp(['

end

']);

']);
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Appendix D

MATLAB program of implementing forward path filter for self­

sensing AMB

%%%%%%%% ButterWorth Second Order High Pass Filter %%%%%%%%

wc = 2*pi*15e3;

K= 1;

hpnum = [K 00];

hpden = [1 1.414*wc wc*wc];

[dhpnum,dhpden] = c2dm(hpnum,hpden,Ts,'tustin');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% Second Order ButterWorth Low Pass Filter %%%%%%%%%

wc = 2*pi*5e3;

K= 1;

lpnum = [K*wc*wc];

lpden = [1 1.414*wc wc*wc];

[dlpnum,dlpden] = c2dm(lpnum,lpden,Ts,'tustin');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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Appendix E

2-State and 3-State PWM amplifiers' connection schemes

The connection scheme of the 2-State PWM Amplifiers (Copley 4l22Z) is shown

below:

Copley Con
Dt"": Bnlsh Servo Amplifiers

J1

~HVP()\ver PO'\ler~1B MB
Gnd (jnd

J.2

Current
!\l100ito1'
Output

1

Signal Signal
Input (iroutld

Figure E.l: 2-State PWM amplifier (Copley 4l22Z) connection scheme
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pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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The connection scheme of the 3-State PWM Amplifiers (AMC 25A) is shown

below:

5

J1

1

J2

~'IIV Pow'er Power M.B J\4B
(1nd Gnd

Current
fVlonttor
Output

b
Signal Signal
Input Ground

Figure E.2: 3-State PWM amplifiers (AMC 25A) connection scheme

217

pump. All of the axial blood pump blades are machined using 5-axis machining

with the aid of SolidCAM®. Figure 3.18 shows the user interface of SolidCAM®.

3.3 Development of the HMBs, the rotor and the

Lorentz-typed motor

3.3.1 Design of the HMBs

In order to avoid the use of thrust bearings and make the axial flow blood pump

more compact, while at the same time providing strong enough control force in the

axial direction, the homopolar HMBs are utilized: an axially polarized permanent

magnet is sandwiched in the rotor between the two set of lamination rings to

provide the bias flux for the magnetic bearings; meanwhile the radial directions of

the HMBs will be actively controlled and the axial direction will be passively

controlled.

The scheme of flux flow in HMB is shown in Figure 3.19. The cross section

view of the stator is like "H" shape, so that the coils can be wound around the L2

as shown in Figure 3.19. The PM provides the bias magnetic flux which starts

from its north pole, passes the left lamination ring on the rotor, then passes the air

gap, then flows along the lamination rings: Ll, L2 and L3, after that it returns back

from the air gap to the right lamination ring on the rotor, and at last it returns to the

south pole to close the flux loop. Besides the primary magnetic field in the

working air gap provided by the PM, the electromagnetic coils will also generate

magnetic field that add to or subtract from the PM field. The net result of this

approach to designing magnetic bearings is lower power consumption for the same

load capacity or the same stiffness.
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