The structure of the Hall sensor used in this study is
shown in Fig. 2 [1]. In this Hall sensor, the transverse
charge influences the electrons in the inversion layer
of n-channel MOSFET, causing a Hall effect. The Hall
voltage is measured with two output terminals, R and
S, between the source and drain. The output terminals
have the same formation as the drain and source.

Output terminal {R)

Output tcrmi!\nl (S)

Inversion Layer

N-type

P-type

s

Fig. 2 Hall magnetic sensor using inversion layer of
n-channel MOSFET

The relationship in the Hall sensor between input
magnetic flux density and output Hall voltage is
y _R,-1-B
H= d v
Where Vy is Hall voltage, 4 is thickness of the
inversion layer, 7 is current flowing into the Hall
sensor, B is magnetic flux density applied to the Hall
sensor, and Ry is the Hall constant.

In the equation, ¥} is inversely proportional to the
thickness of the inversion layer, d. The inversion layer
of the MOS transistor is thinner than thickness of Hall
sensors made in bulk. This inversion layer makes the
sensor more sensitive then Hall sensors made in bulk.

)

3. TWO-DIMENSIONAL MAGNETIC

SENSOR

3.1 Design

Read-out circuits on this chip are similar to those of
a CMOS image sensor. Each magnetic sensor is 50
pm®, including the two p-channel MOSFETs. Each
magnetic sensor corresponds to one pixel of the
CMOS image sensor. We thus call one magnetic
sensor a pixel. The read-out circuit consists of two
source follower amplification circuits (Fig. 3). The
first source followers are in the pixel with time
multiplexing switches for read-out of two voltages
from terminals R and S. The second source followers
are in each column. Using this circuit allows signals
from two-dimensional arrayed magnetic sensors to be
casily read.

Pixel
— e - - - = —
' !
Vi : Seleet—|
Source Droin |
¥ Another Pixel
4 ] "::: }_IL
- |
1
v2 | Vnb—~|

Fig. 3 Read-out circuit

The 64064 Hall sensors are arrayed to detect the
position of the magnet from the shape of the output
figure. The designed chip is 4.9 mm® and smaller than
those of bulk Hall sensors. Because two or three Hall
sensors are needed in bulk Hall sensors made with
InSb or GaAs to control and characterize a motor,
integrated magnetic sensors are more space-efficient
than bulk Hall sensors.

Two-dimensional integrated magnetic sensors were
designed and fabricated by the standard 0.35-um
CMOS process by Rohm Co., Ltd.. A photograph of
the fabricated magnetic sensor is shown in Fig. 4. In
the chip, a signal generator for timing control and the
output buffers were also integrated with the magnetic
sensor. This design is called system-on-a-chip (SoC).

IBARAIDYIIGI00P

_ The magnetic
57~ Sensor integrated
to 64x64 array

{_ Control signal
1 gencrator

P Output amplifier

Fig. 4 i’abnc;lted LSI chlp

3.2 Measurements of Sensitivity of Magnetic Sensor

The sensitivity of the single integrated magnetic
sensor was evaluated. Output Hall voltage was
measured by changing the input magnetic flux density
with a voltmeter. The strength of input magnetic flux
density changes depending on the distance between a
magnet and the magnetic sensor. The magnet used in
these measurements consists of neodymium, iron, and
boron and is S mm in diameter and length. The
strength of magnetic flux density was 0.45 T when the
distance was 1 mm from the magnet to the surface of
chip. The output Hall voltage increased linearly with
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the magnetic flux (Fig. S). This relation agrees well
with the theory shown in equation (1). From these
measurements, sensitivity of the magnetic sensor was
calculated as 2.7 mV/mA kG

SFYrrrrryrrrr
b <

35k -

w
Ty
1

Hall Voltage (mV)
o

] P TP T I N P W -

01 015 02 0.25 03 035 04 043
Magnetic Flux Density (T)
Fig. 5 Magnetic sensor sensitivity

3.3 Measurements of Distribution of Magnetic Flux
Density
The two—dunensnonal distributed magnetic flux

density was measured by using.the fabricated chip -

shown in Fig. 4. The current injected into one Hall
magnetic sensor was 0.2 mA, and 0.8 A was injected
into the entire chip. The total power consumption was
2.7 W. The clock frequency was 250 kHz and the
read-out rate of all pixels was 6.1 frames/sec. Because
averaging was needed to eliminate noise, the actual

~ time to capture one frame was 42 sec. Averaging was

done 128 times. The output voltage from the chip was
converted to digital data by an off-chip 16-bit
analog-to-digital converter. Converted digital data was
reconstructed as a two-dimensional image on a
personal computer. In these measurements, the same
magnet was used as in the sensitivity measurements. It
was fixed to the top-right comer of the sensing area of
the magnetic sensor.

" The reconstructed two-dimensional magnetic flux
distribution by the magnet is shown in Fig. 6. The
center of the magnet was placed at point Ai in Fig. 6.
From this image, the shape of the magnet can be

recognized, and the center of the magnet can be.

located. This result means that the two dimensional
magnetic sensors can find the position of the magnet
by sensing the magnetic flux density from it.

However, the current that flowed to the entire circuit
is a problem. The value was about 0.8A, which is very
high. Increasing power consumption raises the chipis
temperature, which could melt the wires and lead to
the chip breaking. Therefore, the current injected into
the entire circuit cannot be increased.

10 20 30 40 50 &
Digplacement(mm)

Fig. 7 A line output of the magnetic sensor

\r

3.4 Measurement Discussion

From the results of the measurements of the
sensitivity and the magnetic flux density distribution,
the fabricated magnetic sensor can be useful for
position sensing. However, its sensitivity is not
enough high for high-speed sensing. The speed
necessary characterize the magnetic levitated motor is
more than 1000 frames/sec, while only a speed of 6
frames/sec has been achieved now. To achieve fast
sensing, high sensitivity and fast read-out time have to
be achieved.

High sensitivity will be achieved.by increase of
current injected into the Hall magnetic sensors. In the
present design, the current injected into the sensors is
limited to about 40% of the maximum value that
MOSFET can provide because of heat generated by
the sensors themselves. If the maximum current can be
used, the sensitivity will become 2.5 times larger than
the current limit. To realize this, the dynamic drive of
the magnetic sensor will be adapted: all sensors need
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not be driven. Extra heat generation will be suppressed
by limiting the number of activated Hall sensors. For
example, if only the read-out line and the next three
lines waiting for read-out are activated, power
consumption will decrease to about 1/16 the amount
used when all sensors are in use.

Fast read-out time will be achieved by
muliti-column data reading. For example, 64 column
data read-out increases reading speed by 64 times. The
reading speed of all pixels is expected to exceed 384
frames/sec. If the progress of sensitivity of the
magnetic sensor to eliminate noise increases the output
voltage enough, the master clock frequency can
exceed 250 kHz. This will shorten the read-out time.
By using these methods, a read-out rate over 1000
frames/sec will be achieved, and the magnetic
levitated motor will be characterized successfully. -

4. CONCLUSION

Two-dimensional magnetic flux distribution was
successfully observed and position sensing by
magnetic flux density from a magnet was
accomplished. However, the observation speed of 6.1
frames/sec was not enough to characterize the
magnetic levitated motor. To reach the required speed
of 1000 frames/sec, a method of high sensitivity and
fast read-out time was determined. High sensitivity
will be achieved by the dynamic drive of a Hall sensor,
and fast read-out time will be achieved by
multi-column read-out. Using these methods,
characterization of the magnetic levitated motor will
be achieved.
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Measurement of Two-Dimensional Magnetic Sensors For Characterization of Magnetic Levitated Motors
Keigo Takasaki, Takayuki Kimura, ToruMasuzawa (Ibaraki University)

Abstract

To characterize and control magnetic levitated motors, two-dimensional integrated magnetic sensors with amplification circuits
were developed. This sensor uses the Hall effect on the inversion layer under the gate oxide of 2 metal-oxide-semiconductor (MOS)
field effect transistor (FET), and was fabricated in a standard 0.35-pm CMOS process with an array of 64%64 Hall sensors. Each pixel
is 50 pm® and each chip is 4.9 mm®. Circuits on a chip consist of that of a CMOS image sensor to reduce the space of the read-out
circuits. Sensitivity of the fabricated magnetic sensor is 2.7 mV/mA kG The reading speed of all pixels was 61frames/sec. However, a
speed of 1000 frames/sec is requited to characterize the magnetic levitated motor, so the speed was not sufficient. To solve this
problem, a method of fast read-out time was considered. Fast read-out time will be achieved by multi-column read-out. Using these
method, characterization of the magnetic levitated motor will be achieved.
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Study on influence of mechanical nano-vibration stimuli on cell differentiation
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Tissue adhesion technology by using vibration energy
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185 NEW FIELDS IN MAG. BEARINGS AND INDUSTRIAL APPLICATIONS

Optimized design for a hybrid magnetic bearing for the
artificial heart *

Ayako Katoh
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Abstract — In this study, an optimization design
method is developed to design the magnetic circuit of
the diagonal flow pump for the maglev artificial heart.
An optimization design method of the magnetic circuit
is developed with genetic algorithms. A reluctance
model is used to model the magnetic bearing. Using the
proposed method, we were able to optimize a magnetic
bearing with an attractive force of 24.2 (N), which is
larger than the desired attractive force, The magnetic
bearing also has a power consumption of 1.5 (W),
which is less than the expected power consumption. In
addition, the size of the magnetic bearing is small
enough to use for the maglev artificial heart. The
developed optimization method with genetic algorithms
and the reluctance model is a useful design tool for
magnetic bearings.

Index Terms - diagonal flow pump, magnetic
bearing, optimization, genetic algorithms, artificial
heart

1. INTRODUCTION

Mechanical parts such as sealing parts and mechanical
bearings in the motor determine the lifetime of the
antificial hearts. The magnetic bearing technique is useful
for eliminating the mechanical parts in artificial hearts in
order to achieve long lifetime and high durability [1]-[4].
Recently, turbo pumps have been applied as blood pumps
in the artificial heart.

There are three- kinds of turbo pumps: centrifugal
pumps, the diagonal flow pumps, and the axial flow pump.
The size of the diagonal flow pump is between that of the
centrifugal pump and that of the axial flow pump. The
diagonal flow pump has better performance on pressure
head than the axial pump and is smaller than the
centrifugal pump.

We have been developing the magnetically suspended
artificial heart with a diagonal flow pump. The artificial
heart should be small enough to implant Thus,
optimization of the design parameters that can be
miniaturized while maintaining high performance is
required. :

In the present study, an optimization design method is
developed in order to design the magnetic circuit of the
diagonal flow pump for the maglev artificial heart.

* This study is supported in pan by Health and Lebour Science Research
Grants.
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1l. METHODS
A.  Maglev artificial heart

The basic structure of a magley artificial heart with a
diagonal flow pump is shown in Fig.1. The pump consists
of 2 hybrid magnetic bearing systemn, a rotor that encloses
the impellers and a motor. The rotor is suspended in the
axial direction using a hybrid magnetic bearing system.
The axial position and the tilt motion of the levitated rotor
are controlled actively, i.e.,, the movement in the radial
direction is restricted by the passive stability. The motor
stator to rotate the rotor is placed in the outlet port.

B. Magnetic bearing model

The reluctance model by using an equivalent circuit
method is used to model the magnetic bearing.. The
attractive force F (N) in the axial direction is derived as
follows: '

HoAgly,
_"3_) m
24,8

where po (H/m) is the vacuum permeability,d 1 X 107
(H/m), B, (T) is the remnant magnetization, 7, (A/m) is the
coercivity, A, (m?) is the cross sectional area of the
electromagnetic circuit between the pole of the stator and
the rotor, g (m) is the length of the air gap between the
pole of the stator and the rotor, 4, (m’) is the cross
sectional area of the core, I, (m) is the length of the
permanent magnet, N (turns) is the number of tums in each
electromagnetic coil, and J (A) is the control current to
excite the electromagnetic coil.

2 Br
F =4u,NIA I, B, I g (-H—c+

C. Optimization methods

An optiinized design method of the magnetic circuit is

Fig. | Basic structure of the hybrid mognetic bearing
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developed with genetic algorithms (GAs), which are
optimization methods based on the evolution of living
organisms[5][6]. The GA starts with a large population, in
which each individual has a randomly generated genetic
code. To represent the magnetic bearing, the seven
variables were sclected to construct the genetic code. The
variables are converted linearly to real numbers from 0 to
1. At each generation the individuals in the current
population are rated according to their effectiveness as
solutions. A new population of candidate solutions is
formed using specific genetic operators. This evolution

"process is repeated until the best individual, which has a

reasonably optimal solution, is obtained.

The fitness of an individual is caiculated based on the
attractive force acting on the rotor with (1). In addition, the
six other restrictive conditions are used to evaluate
individuals. The fimess is set to a low value when the
individual cannot accomplish. the restrictive conditions,
because the solution must accomplish these restrictive
conditions.

The termination condition of the GA operations is that
the attractive force is greater than 24.2 (N), because the
thrust force acting on the rotor is calculated as 24.2 (N).

1I1. RESULTS

Fifty trials of optimizations were carried out. Fig. 2

shows the characteristics of the best individual obtained by
each trial. The best fitness, which is the biggest attractive

force, was 27.0° (N), ‘and the results of fifty trials varied

between 27.0 (N) and 24.2 (N). The minimum power
consumption was 1.52 (W), The result shows that there is a
tradeoff relationship ‘between larger attractive force and
smaller power consumption,

We chose the design parameters to indicate the
minimum power consumption from these fifty solutions.
The length of the stator core is 3.1 (mm). The cross
sectional area of the permanent magnet is 48.6 (mm®). The
length of the permanent magnet is 9.9 (mm). The number
of turns of the coil is 155 (turns). The current inta the
magnetic coils is 0.41 (A). The maglev artificial heart with
the optimal designed magnetic bearing is currently being
manufactured.

IV. DiscusstoN

Optimization of a magnetic besring design for an
artificial heart is a multi-objective optimization problem.
The proposed method solved this problem by setting multi
restrictive conditions by using GAs. The reason why we
used GAs for design optimaization is as follows. GAs are
random, yet directed, search algorithms. They are supcrior
to 'gradient descent' techniques because the search is not
biased toward local optimal solutions. On the other hand,
they are also superior to random sampling algorithms due
to their ability to direct the search toward relatively
prospective regions in the search space. The main
advantage of GAs is that they do not require any
knowledge of the function derivatives or restrictions an the
continuity of the first derivative. In the present study, GAs
were treated primarily as a robust optimization technique,

for which only overall evaluations of candidate solutions
are only need.

The size of the designed magnetic bearing was suitable
for an implantable artificial heart. The power consumption
of the designed magnetic bearing is assumed to be less
than 1.5 (W), which is sufficient for implantation. The
magnetic bearing model that is used in this study was a
very simple model that neglects a leakage flux at the air
gap and eddy-current losses in the core. It is possible the
magnetic bearing will display different performance with
the estimated values. We will report the performance of
the optimization magnetic bearing and the pump in future
studies.

V. CONCLUSION

We developed an optimization design method to design
the magnetic circuit of the diagonal flow pump for the
maglev artificial heart. The optimization design method
was developed with genetic algorithms and a reluctance
model. A magnetic bearing, which can produce an
attractive force of 24.2(N) and has a power consumption of
1.5(W), was designed by using the proposed method. The
total length of the magnetic bearing was 48.4 (mm), and
the maximum diameter of the magnetic bearing was 60.0
(mm). The optimized magnetic bearing was suitable for the
construction of a diagonal flow pump for the maglev
artificial heart. The performance of the designed magnetic
bearing and the pump will be reported in near future.
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Optimal design of the magnetic bearing for artificial héarts
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We have developed the magnetically suspended artificial hearts with a diagonal-flow pump. The magnetic

" bearing for this pump bas consists of four stators, for permanént magnets and a rotor. In this study, optimal
design method of the magnetic bearing for diagonal‘flow blood pump bas be¢n developed. This method
includes the genetic algorithm (GA), which based on the evolution of living organisms. In this paper, three
types of magnetic bearing that have different target attractive force is designéd with the proposed method.
Size of the designed magnetic bearing were 48X 60 [mm), 60X 69 [mm), 77X 76 [mm), respectively. Optimal
design solutions that minimize the power consumption could be obta.med As a next step, the suitable model

" will be defined by using the finite element method

Key Words: Magnetic bearing, Dtaganal-flow pump, Genetic algorithm, Artificial heart
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