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ABSTRACT

Aiming at a small blood pump with a levitated
rotor, this paper introduces a design scheme for an
axial-type self-bearing motor. The axial type, which
is basically composed of a disc motor and an ax-
ial magnetic bearing, controls both the rotation and
the axial translation of a rotor. The proposed mo-
tor is similar to the bi-directional disc motor except
of changing the magnitudes of both side of flux to
control the axial attractive force. However, the ra-
dial and tilt directions rely on passive stability and,
therefore, has poor damping. The design involves
the hydrodynamic bearing for improving the radial
support property. Finally, the experimental setup
is made to confirm the capability of the proposed
motor and to apply to the mixed flow pump. The
experimental results showed that the bi-directional
axial-type self-bearing motor has high capability for
a small continuous flow blood pump with enough flow
rate and head.

INTRODUCTION

Several types of the artificial heart have been de-
veloped for long term ventricular assist systems. For
the application to the artificial heart pump, major
requirements are high durability, high reliability of
the mechanics and compact size for implant. A con-
tinuous flow pump is able to reduce size of the device
because pump volume is unnecessary!’). Therefore,
several groups have developed a magnetically sus-
pended continuous flow type blood pumps with a ra-
dial self-bearing motor. The axial type self-bearing
motor, which is basically composed of a disc mo-
tor and an axial magnetic bearing, controls both the

rotation and the axial translation of a rotor(®:(3),
To stabilize the rotor completely, additive magnetic
bearings are also needed. Such an axial type self-
bearing motor has a simpler control mechanism as
well as a smaller structure, than the radial type, since
it treats only a single rotating magnetic flux.

Aiming at application to a small blood pump,
axial type is smaller than centrifugal type (9=(7).
Hence we developed an axial pump with axial self-
bearing motor (8):(%). However the flow rate was
not enough. This paper introduces a design scheme
of the axial type self-bearing motor for mixed flow
blood pump. Since the main requirements for the
blood pump are small size under 30 mm in diameter
and high rotational speed over 5,000 rpm, the motor
is designed to be a bi-directional type, which consists
of two opposite stators and a rotor between them.

Finally the experimental device was improved to
produce the higher torque and levitation force. The
mixed flow pump is designed and tested to confirm
its capability.

AXTAL SELF-BEARING
MOTOR

The axial type self-bearing motor proposed in this
paper is permanent magnet (PM) type.

Structure and Principle

Figure 1 shows the schematic structure. It con-
sists of two opposite stators and a cylinder-type ro-
tor between them, which is basically similar to a bi-
directional disc motor, but the magnitude of driving
current for each stator is controlled according to the
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FIGURE 1: Schematic diagram of a bi-directional
axial-type self-bearing motor

rotor position so as to levitate the rotor. Thus, the
proposed self-bearing motor is a functional combi-
nation of bi-directional disc motor and conventional
axial active magnetic bearing. On the upper and
lower surfaces of the rotor, there are four PMs that
are two N poles and two S poles by turns. While
each stator has six cores with three-phase windings
to generate four pole rotating magnetic flux in the
air gap. The fluxes from the stator windings and the
PMs produce the magnetic attractive force as well as
motor torque. Note that in this motor, only the axial
motion is actively controlled while the tilting and the
radial transverse motions rely on passive stability.

Axial force and motoring torque

Assuming that the magnetic flux density B, gener-
ated by permanent magnets of the rotor is sinusoidal,
it is written as

B.(0,t) = Bprcos(wt—20) (1)

Similarly, the magnetic flux density By generated by
the stator windings is written as

Bs(0,t) = DBgcos(wt— 20— 1) (2)

Then, the single stator case leads to the simple ex-
pressions of the axial force F' and the motoring torque
T as(2):(3)
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F = (B% +2BgBgcosy + BE)  (3)
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TABLE 1: Design parameters

| parameter | value |
outer diameter 28|mm
inner diameter 14[mm
rotor area 462[mm?)
core area 49[mm?]
No. of coil turns 50
thickness of P.M. 0.7[mm]
P.M. area 70[mm?]
specific permeability of P.M. 1.05

The above relations denote that both axial force and
motoring torque are controlled by changing the am-
plitude and the phase of the currents in the stator,
even if not separately.

Now, let us expand the axial force of Eq. (3) and
the motoring torque of Eq. (4) to the bi-directional
case. The peak value Bg of Eq. (2) can be written
about the upper and lower stators as

By + Be (5)
By — Be (6)

Supper

leower =

where Bg,, .. and Bg,,.. mean the magnetic flux
densities of the upper and lower stators, respectively.
Bjs is a normal value of magnetic flux producing
motoring torque, and B¢ is a magnetic flux density
for levitation control. Suppose that all conditions
are the same in both stators, from the equations (3)
and (4), we have,

A

Fiptar = M—Z(BR cos ) + Byr)Be (7)
Ay .

Ttotal EBRBM s1in w (8)

Note that in this case, one can control the axial mo-
tion of the rotor, not affecting the motoring torque.
Although these expressions may have some inaccu-
racy on account of heavy assumptions, they provide
a good guideline on the design of control system.

Analysis and Design

Main requirements for the axial self-bearing mo-
tor are small diameter and enough torque. Since
modeling error caused by leakage and nonlinear ef-
fect often increases in such a small system and the
torque is in proportion to the cube of rotor diameter,
it is necessary to carefully estimate the performance
for design. For this purpose, we carried out finite
element analysis of magnetic fields with the aid of
ANSYS package. Figure 2 shows the created 3-D el-
ements of the solid parts and Table 1 lists the design
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FIGURE 2: Solid elements created for the numeri-
cal analysis
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FIGURE 4: Attractive force versus gap
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FIGURE 3: Control system

parameters used for the analysis. The analyzed self-
bearing motor was designed to have the maximum
attractive force of 13.0 N and the maximum torque
of 8.7 mNm. Here, note that the torque is of single
case and it will be doubled in the bi-directional type.

EXPERIMENTAL RESULTS
AND CONSIDERATIONS

To confirm the capability of the proposed theory,
experimental apparatus was constructed. However
the previous model was applied to the axial pump
and did not produce enough flow rate®-() we mod-
ified the motor and tested.

Modified Experimental Setup
The only modification we made is to increase
the coil turn. The number of coil turn is increased
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FIGURE 5: Attractive force versus current

from 50 to 83. With this modification we can expect
the levitation force increase of 8% and the torque
increase of 38%.

The control system is shown in Fig. 3. For
levitation, the axial displacement of the rotor mea-
sured by a proximity probe is transformed into a DSP
(dSPACE DS1103) and the calculated controller out-
put is added to or subtracted from the amplitude
of motor current. Then, two sets of three-phase
currents are generated and fed to the stator coils
through a six-channel power amplifier. The levita-
tion control uses a standard PID controller. The
parameters are; proportional gain K, = 17.5 A/mm,
derivative gain K4y = 0.015 As/mm, integral gain
K,; = 1.0 A/smm, derivative time constant Tq = 0.3
msec, sampling interval 7 = 0.1 msec, and motoring
current I, = 2.0 A.
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FIGURE 6: Dynamic torque

Force and Torque Characteristics

Prior to levitation test, the attractive force be-
tween the rotor and the stator was measured. Figure
4 shows the attractive force versus air gap for vari-
ous non-rotating motor currents while Figure 5 is the
attractive force versus coil current at the air gap of
0.8 [mm]. The former indicates the negative stiffness
while the later is the current gain of the attractive
force. Considering the air gap of 0.8 mm and the
current of 2 A that will be used in the pump test,
the measured results coincide well with the estimated
ones. As expected the attractive force showed about
8% increase by increasing the number of the coil turn
(8),(9)

The dynamic torque was also measured for the
single stator and rotor as shown in Fig. 6. The
torque is maximum at non-rotational (static) condi-
tion and decreases according to the rotational speed.
That is a typical characteristics of PM synchronous
motors. It can be noted that the maximum torque
increased about 20% increase than the previous ex-
periments (®)(9),

Levitated Rotation

The levitated rotating test was carried out for
the bi-directional self-bearing motor in air. The step
response in z-direction is shown in Fig. 7. The lev-
itation is very stable. Then the levitated rotating
test is carried out. The unbalance response in axial
direction is shown in Fig. 8 and the one in radial
direction is shown in Fig. 9. Here, one can see that
the levitation is very stable up to the top speed of
7,600 rpm. In this case, an air bearing was used to
improve the lateral stability, but it was replaced by
a hydrodynamic blood bearing in the actual blood

pump.
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FIGURE 7: Step response in axial direction
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FIGURE 8: Maximum amplitude of axial displace-
ment

Motor Efficiency

Motor efficiency is measured by measuring the
output torque, speed and input power and calculat-
ing the output versus input power ratio. The motor
efficiency is shown in Fig. 10. The maximum effi-
ciency of 67.2 % was recorded at the speed of 10,000
[rpm] and the motor current of 2.0 [A]. The efficiency
is quite good considering such small motor.

MIXED FLOW PUMP

A double mixed flow pump equipped with the pro-
posed axial self-bearing motor was designed and fab-
ricated, which is schematically shown in Fig. 11. In
this pump, hydrodynamic blood bearings were used
on the both sides of the pump. Assembled photo of
the pump is shown in Fig. 12.

Pump Test
The rotor with impeller could be successfully
levitated and rotated in the vertical rotor position.
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FIGURE 9: Maximum amplitude of radial displace-
ment
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FIGURE 10: Motor efficiency

The water pumping test was carried out. Figure 13
shows the measured pump head and flow rate char-
acteristics. The pump test recorded the maximum
head of 166 mmHg at the rotating speed of 5,200
rpm and the maximum flow rate of 5.86 L/min was
recorded at the rotating speed of 5,000 rpm. The flow
rate and the pressure recorded is considered enough
for ventricular assist device. The input power was
also measured using digital power meter (Yokogawa
WT1600). The measured input power is shown in
Fig. 14. The power consumption increases accord-
ing to the rotating speed. The upper stator always
requires bigger power due to supporting loss of the
rotor. The total power is under 28.5 W which is
recorded at 5,200 rpm.

Hemolysis Test

The developed pump has enough flow rate and
head for heart pump. Hence the hemolysis test is
carried out using cow’s blood. The test condition
is the followings; rotating speed is 3,100 rpm, flow
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FIGURE 11: Mixed flow pump

rate is 4.08 — 4.20 L/min., pressure difference is 31
mmHg, and temperature is 44 deg C. The hemoly-
sis result after 4 hours test was NIH=0.3858 g/100L
which is 117 times larger compared with the BioP-
ump BP-80. This is considered mainly due to the use
of hydrodynamic blood bearing. The pump is under
modification of reducing its size and replacing the
hydrodynamic bearing with the PM type repulsive
magnetic bearings.

CONCLUDING REMARKS

An axial self-bearing motor was developed for
small mixed flow pump with magnetically suspended
impeller. The motor could stably levitate and drive
the rotor up to 7,600 rpm. This magnetically sus-
pended motor is applied to the double mixed flow
pump. The pump head of 166 mmHg and the flow
rate of 5.86 L/min were recorded. However, the
hemolysis test was bad mainly due to the hydro-
dynamic blood bearing. Further work is continu-
ing to replace the hydrodynamic blood bearing with
the PM type repulsive bearing. A new design is
planned to use the single mixed flow pump for fur-
ther miniaturlization.
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