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Abstract - This paper deals with the difference
of the static and Kinetic thrust characteristics of a
linear pulse motor (LPM) without and with

feedback control for a total artificial heart (TAH).

In general, the kinetic thrust of a LPM without
feedback control decreases as increasing the
mover velocity. The kinetic thrust characteristics
of the LPM with feedback control are improved
approximately 30 % as compared with the LPM
without feedback control in the high velocity range.

1. Introduction

A linear motor-driven total artificial heart
(TAH) is a pulsatile heart driven by a linear
pulse motor. The linear TAH has advantages
of simpler transmission mechanisms and fewer
components than the ordinary rotary motor-
driven TAH, because the linear motor is capable
of directly driving the reciprocating pusher
plates [1]-[4].

An experimental evaluation of the LPM
without feedback control was carried out in an
acute animal experiment in 1996. In that
experiment, the TAH maintained an artificial
circulation for only 2 h because of lack of kinetic
thrust in the linear pulse motor (LPM) without
feedback control. Therefore, a more powerful
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LPM than the LPM without feedback control is
strongly required for TAH [5].

This paper describes the following aspects
of the newly developed LPM with feedback
control for TAH.

(1) Basic structure of the TAH and the LPM.

(2) Constitution of the control system of the
LPM.

(3) Control performance of the LPM.

2. Structure of LPM for Total Artificial Heart

The basic structure of the linear motor-
driven total artificial heart (TAH) is shown in
Fig. 1 [6]. The TAH has two blood pumps,
which are inflated and deflated by the LPM drive
alternately, causing pusher plates to pulsate the
blood. The two sac type blood pumps have four
Jelly-fish valves [7].

Fig. 2 shows the basic structure of the LPM
for a total artificial heart. The LPM consists of
upper and lower pairs of stators ( primary
members ) with a mover according to the
reciprocating motion of the pusher plates
attached to the mover (secondary member). The
pitch of tooth 7 = 0.8 mm. The support
mechanism is very endurable, and linear
bearings with eternally circulating balls support
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Fig. 1 Basic structure of the linear
motor-driven total artificial heart.
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Fig. 2 Structure of the LPM with
feedback control for total artificial
heart (x 1s displacement).

gap of 40 pum between the primary and
secondary sides. A linear displacement sensor
using four magneto-resistive (MR) elements are
attached to the linear bearing. Mechanical
specifications of the LPM are listed in Table 1.
The stators are laminated with Permendur

Table 1 Mechanical specifications of the
linear pulse motor for total artificial heart.

Item Value (Unit)
Number of teeth 16  per phase
Stator | Pitch 0.8 (mm)
(primary) | Width of teeth 0.32 (mm)
Width of slot 0.48 (mm)
Length of tooth 56 (mm)
Pitch 0.8 (mm)
Mover | Width of tooth 0.32 (mm)
(secondary) Width of slot 0.48 (mm)
Length of tooth 56  (mm)
Stroke 23 (mm)
Length of air gap 40 (um)
Volume 206 (mL)
Mass 1400 (2

Primary member :49%Co0-2%V-Fe
Secondary member (base) : Carbon steel block
(slit) :49%Co-2%V-Fe

Table 2 Electromagnetic specifications of the
linear pulse motor for total artificial heart.

Item Value
Number of pole 16 per phase
Number of turns (coil) | 110 turns/phase
Exciting current 1.4 (A)
Magnetomotive force 200 (A/phase)
Resistance of coil 0.89 (Q/phase)
Plastics magnet Sm-Co

(49%Co-2%V-Fe), and the mover consists of the
magnetic poles made of Permendur and carbon
steel block. Permendur is material featuring high
saturation magnetic flux density, permeability
and anti-vibration characteristics.

Electromagnetic specifications are listed in
Table 2. The permanent magnet is a plastic
cobalt magnet of rare earth.
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3. Control system for the LPM

3.1 Constitution of the Linear Displacement
Sensor Using MR Element

The linear displacement sensor for the
feedback control is composed of a magnet scale
and four magneto-resistive (MR) elements as
shown in Fig. 3 [8][9][10]. The magnet scale is
buried in the linear bearing, and moves with the
LPM mover. The MR elements are made
of the ferromagnetic material. The sensor can be

Displacement signal

Phase A Phase B

MR elements

Magnet scale

Fig. 3  Constitution of the linear
displacement sensor using MR element
for the linear pulse motor (unit is mm).
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Fig. 4 Signal of linear displacement sensor
using MR element for the linear pulse motor.
worked in the wide range of temperature. The

bridge circuit is composed by the four magneto-
resistive elements being used. Fig. 4 shows the
signal of the linear displacement sensor. The
waveform of the bridge output is shaped, and the
displacement signal is fed back to the servo-
driver.

3.2 Control System for the LPM

The expression of static thrust, F, of the
LPM in the one-phase excitation is given by
following equation [11]:

_ 2mNI 2nx
B T

F; Aq)mSi“( J (N), (1)

where NI is the electromagnetic force (A), T is
the pitch (m) of the LPM, A@, is the flux
increment (Wb) by permanent magnet, and x is
the displacement (m).

Fig. 5 shows the constitution of the
feedback control system for the LPM. This
system consists of the LPM and servo-driver,
and the displacement signal of the LPM mover is
feedback to the servo-driver. According to the
system of the LPM for the linear pulse motor,
mover displacement, exciting current I, and I,
flow to the coil A and coil B respectively as
follows:

Thrust command, F,
Current amplifier

Multiplier A-phase
Lj:>‘% ] cos 2_ng
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Multiplier Current amplifier
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sin £ x
T

Fig. 5 Constitution of the feedback
control system to the LPM.
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I, =1 Sin(T] (A), (2)

h=1 cos(—z-’;—xJ (A) )

where I is the exciting current (A).
Static thrust F, of the LPM with feedback
control is given by [11]:

. 2
F, = Kfl, sm(zz—{j-i— Ki Iy COS(%],

= K (N), 4)

where K is the thrust constant (N/A).

4. Control Performance of the LPM

Fig. 6 shows the maximum static thrust,
F., , versus the exciting current, /, characteristics
of the LPM. The maximum static thrust of
102 N is obtained under the two-phase excitation
at the rated current of 1.4 A.  The value of
thrust/input, F; /P, is highest up to now. In
general, the kinetic thrust of LPM
without feedback control decreases following
as the mover velocity increases. An approximate
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Fig. 6 Maximum static thrust, Fg,,, versus the
exiting current, I, characteristics of the LPM.

expression for the kinetic thrust, Fy , of the LPM
without feedback control is described as [12]:

2
Fo= kFm {1—6( v }} ), )
vn'

where k is the structure factor of the LPM, Fy is
the maximum static thrust (N), C is a factor due
to the magnetic material, v is the velocity, and
vy, is the maximum velocity (m/s).

The kinetic thrust characteristics of the
LPM without feedback control is shown in Fig. 7.
Maximum static thrust, Fyy, , of the LPM is 102
N. Maximum kinetic thrust is 61 N in the
velocity range from 10 mm/s to 200 mm/s.

Fig. 8 shows the kinetic thrust, versus the
exiting current characteristics of the LPM
without feedback control, when the velocity is
100 mm/s. The kinetic thrust Fy is not more than
60 % as compared with the maximum static
thrust of the LPM because of the step-out of
LPM without feedback control.

Fig. 9 shows the kinetic thrust
characteristics of the LPM with feedback control.
The kinetic thrust with feedback control increase
at low velocity. However on high velocity,
especially more than 170 mm/s, the kinetic thrust
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Fig. 7 Kinetic thrust characteristics of the LPM
without feedback control (k=0.6,C=0.4).
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Fig. 8 Kinetic thrust, Fy, versus the exiting

current, I, characteristics of the LPM without
feedback control (v =100 min/s).
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Fig. 9 Kinetic thrust characteristics of the
LPM with feedback control (k= 1.0, C=0.4).

of the LPM with feedback control is least than
that of the LPM without feedback control.

Fig. 10 shows the comparison of the kinetic
thrust characteristics of the LPM with
and without feedback control. Because of the
displacement sensor’s vibration, kinetic thrust of
the LPM with feedback control decrease with
increasing velocity.
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Fig. 10 Comparison of the kinetic
thrust characteristics of the LPM
with and without feedback control
(I = 1.4 A constant, respectively).

5. Conclusion

Comparison of the kinetic  thrust
characteristics of a linear pulse motor without
and with feedback control was discussed based
on experimental data.

The output voltage of newly developed
small-sized linear displacement sensor (3.7 X12
X 295 mm) using MR element was
synchronized with the position of the mover.
When the velocity, v, of the mover was 100
mm/s, i.e. pulse rate of 75 beats /mm, the kinetic
thrust of the LPM with feedback control was 90
N larger than without control of 60 N.

The key point of the kinetic thrust
characteristics will be suppression of gap
vibration between the sensor and the LPM.
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