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ABSTRACT
A micro-processor based control system for a

brushless DC motor used 1in the motor-driven
electromechanical total artificial heart was
developed. Functionally, the control system is

composed of two parts. The first part 1is the
velocity and position controller to assure that
the motor follows a predetermined optimal
velocity profile with minimal energy
consumption, and to guarantee the full stroke
length. This part also utilize the passive
adaptive control method to be robust against the
Joad disturbance, system parameter variation,
and uncertainty which 1is the environment of
artificial heart system.

The pump output control is the second part,
and this part provides the required responses of

the artificial heart to the time-varying
physiologic demands. The basic requirements of
these responses are preload sensitivity,
afterload insensitivity, and the balanced
ventricular outputs. The performance and

reliability of this control system was evaluated
through a series of mock circulation tests and
animal implantation, and the results are very
encouraging.

I. INTRODUCTION

Since the first human implantation in Dec.
1982 [1], the artificial heart has been used as
permament substitute and as bridge prior to
transplantation. Based upon this clinical usage
of the pneumatic type artificial heart, the
possibility of long-term survival is expected
within ten years[2].

However, the present pneumatic artificial
heart has significant disadvantages for clinical
use due to its bulky external air compressor and
control wunit and the percutaneous air tubes.
These two large-bore-size air and vacuum tubes

(a)
Fig. 1.

total artificial heart (a) linear,
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pose significant problems of infection, and have
been an impetus to develop a totally portabile
artificial heart[3].

Compared to the conventional air-driven
total artificial heart, the motor-driven
artificial heart has several advantages, such as
portable system, usage of small-diameter wire
instead of large size percutaneous tubes,
possibilities of accurate control and quiet
operation. Also, the use of electricity as
energy source for pumping is expected to lead us
to the era of tether-free totally implantable
artificial heart in the near future. The
developments in microelectronics, parmanent
magnet material, rechargeable battery, and
transcutaneous  energy transmission (TET)
technique, make the permanent artificial heart
as more realistic goal [4]}.

An unique and efficient
mechanism using circularly
which optimally utilize the dead
artificial ventricles
fitting problems,
achieved[5].

moving-actuator
rolling-cylinder

space between
and partially solve the
as shown in the Fig. 1, was
The control system of this new
type motor-driven artificial heart was also
developed and it is functionally divided into
two parts. The first part is the velocity and
position controller to assure that the motor
follows a predetermined optimal velocity profile
with minimal energy consumption, and ‘to
guarantee the full stroke length. Because the
batteries and TET which will supply the whole
required energy have the limited storage
capacities and transmitted peak power, it is
essential to drive the motor in a fashion that
minimizes electric power congumption.[6] This

part also utilize the passive adaptive controil
method to be robust against the load
disturbance, system parameter variation, and
uncertainty which dis the typical operating

environment of artificial heart system.

(b)
Figures of the developed motor-driven roiling-cylinder type

(b) circular type.



The pump output control is the second part,
and this part provides the required responses
ofthe artificial heart to the time-varying
physiologic demands. The basic requirements of
these responses are preload sensitivity,
afterioad insensitivity, and the balanced
ventricular outputs.

After the long-term mock circulation tests
for the evaluation of performance and
reliability, the first animal implantation was
performed with a female calf. She survived for
100 hours with a good physical condition as
voluntarily standing up and eating(5]. Our
control algorithm performed by manual adjustment
worked well, as shown by the almost normal
ranges of hemodynamic and laboratory data during
implantation.

I1I. Velocity and Position Control System

In the motor control system for artificial
heart, both of the velocity and position control
are required. Minimum energy consumption and
the reduction of the reactive 1inertial forces
are the main objectives of the velocity control
system. The position control is required to
guarantee the maximum stroke volume as well as
stable operation[7] and to instantaneously
control the stroke volume of each ventricles
which will be used in the pump output control to
provide the balanced ventricular outputs. The
difficulties in the design of these contro)
systems arise from the following factors.
Firstly, the frictional load of motor varies not
only within each ejection period but also
according to the changes of the physiologic

state. Secondly, other load-related parameters
such as torque constant(Kt), inertia(Jm),
viscous frictional coefficient(Bm), and the

mechanical efficiency of total pump system are
very difficult to measure their nominal values
and varies themselves due to the deterioration
of rubrication, wear of the mechanical parts,
and/or the temperature increase.

2.1 Optimal Velocity Profile

A state space model for a brushless DC motor M
is given by,
e 0 1 0 (<] 0
d
w =) 0 - Bm/dm Kt/Jm w |+] O | Em
dt
| 0 - Ke/L - R
e/ /L ] 1 VLl s,
0
+ -1/Jm T (1)
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Generally the 1inductance term(L) of a DC

motor 1is negligible and in our artificial heart
system, the frictional load linearly increases
from zero to the maximum value during ejection

period as follows,

L di/dt = 0 and
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Plvmax

T = XCx®© [ N-m ] (2)

L O max

where Plvmax[mmHg] is the systolic peak aortic
pressure, ©max{rad] 1s the maxmum rotational
angle, C [N-m/mmHg] is a conversion constant,
and 6 [rad] is a rotational angle. Based upon
these two assumptions, the resultant simplified
expression of the system is given by,

d (<] 0 1
— = X
dt w -PlvmaxC/JmB max -KtKe/RJm—Bm/Jm
e 0
+ Em (3
w Kt/RJm
with e()}{=}]o and O (tf) | = 58.89
w(0) 0 w(tf) 0
The process described by the above state

equation 1s to be controlled to minimize the
performance measure of the energy consumption,

(tf

J(Em(t)) = ko ( Em(t)*i(t)) dt 4)

The results of the numeric analysis of the
optimal velocity profiles are shown in the Fig.
2 where the inertia(Jm), viscous frictional
coefficient(Bm), and the maximum value of
frictional load(Plvmax) vary in the reasonable

ranges. As a whole, the optimal velocity
profiles significantly differ from each other
according to the changes of these 1load
parameters.
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Fig. 2. Optimal velocity profiles under the
variations of 1inertia ( Jm = 1.387e-5
[N-m/sec? 1), viscous frictional

coefficient( Bm = 7.06e~6[N-m/rad/sec}l),
and frictional load(Plvmax=100,200[{mmHg]).



2.2 Passive Adaptive Control

The variety of the optimal velocity profiles
according to the 1load disturbance and the
perturbations in the system parameters makes it

almost impossible to implement the optimal
controller to provide the minimum energy
consumption. In this paper, the passive

adaptive control method was used to overcome
this problem in determining the optimal velocity
profile[8]. An adaptive control system is
effective in the case of the plant system varies
significantly from its nominal values and/or its
nominal values themselves are not exactly
known{9]. The basic structure of this passive
adaptive control system is shown in the Fig. 3,
where P(s) is a plant, Pm(s) is the model which
represents the nominal state of P(s), and the
compensator H(s).

—
+
— o

——+0—+0 P(s) >
U(s) + + - Y(s)

Fig. 3. Basic structure of passive adaptive
control system

If we select H(s) as the inverse system of Pm(s)
multiplied by the high gain &8, the transfer
functions of input U(s) and disturbance D(s) to
output Y(s) becomes as follows,

Y(s) 1+ 8
W(s) = = Pm(s) (5)

u(s) Pm(s)/P(s) + B8

Y(s) 14+ 8 -1
V(s) = = P(s)

D(s) Pm(s)/P(s) + B 1+ 8

(6)

respectively. Therefore, as 1increasing the

compensator gain B8, the transfer function W(s)
converges to the model Pm(s) and V(s8) to zero as
follows,

Y(s)
W(s) = —> Pm(s) 63
u(s)
Y(s)
v(s) = —> (8)
D(s)
Also, the sensitivity of W(s) to the
perturbations in the system parameters can be

reduced by increasing 8 .

1

—> 0, A > 1 9)

s =T —
W(s) 1+ A
The computer simulation results are shown in the
Fig. 4, where both of the load disturbance and

the system parameters perturbation are
artificially generated.
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Fig. 4. Comparison of the step responses of the

original plant with and without passive
adaptive controller under (a) no 1load,
and (b) Plvmax=200{mmHg] conditions.

2.3 Proposed Control System

The proposed motor control system is shown in
the Fig. 5, where the passive adaptive
controller makes the total system always behave
in nominal state under the load disturbance and
the system parameters perturbation. Then, the
single optimal velocity profile for this nominal
system 1s used to provide the minimum energy
consumption. Also, the conventional
PID(Proportional Integral and Derivative)
controller is included to improve the response
characteristics of the velocity controller, and
the tuning of the PID gains is performed
independently because there’s no 1interference
between two controllers, that is,
two—degrees-of-freedom control system. To make
the position- control certain, the reference
optimal velocity command 1s generated as a
function of the position. In Fig. 6, the
waveforms of the response of control system with
the input voltage and current are shown.
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Fig. 5. Block diagram of the proposed control
system.
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response, error, input voltage and
current.
III. Pump Output Control System

The basic control requirements of the
artificial heart can be described in terms of
three features[10]. First, the heart must
respond in a sensitive manner to increases in
preload(venous return or atrial pressure) by
delivering incresed cardiac output[11]. Second,
the artificial heart should be relatively
insensitive to the <changes of afterload
(arterial pressure). Thus, increased arterial
resistance should not affect the cardiac output
to any significant degree. Finally, in this
alternately contracting pump, the left and right
ventricles’ pump outputs must be balanced. With
balanced control, we can avoid such a conditions
as the right ventricle’s uncontroilably
outpumping the 1left ventricle, which leads to
pulmonary edema.

Since the full-to-empty operation was
adopted to maximally utilize the given capacity
of the pump, the heart rate control is the only
way to achieve the preload sensitive response or
Starling’s cardiac output response. Through the
mock circulation tests, a table of required
heart rate versus right atrial pressure is
achieved. Then, given the right atrial pressure
of preload, a predetermined heart rate condition
is obtained by selecting an appropriate velocity
profile.
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Due to the characteristics of the DC motor,
the motor speed would change according to the
change in its load. For example, an increase in
afterload would cause a decrease in motor speed
in no feedback case. By optimal tuning of the
gains of PID controller with feedback loop, we
achieved a motor velocity servomechanism, where
the actual velocity follows the reference input.
This servomechanism is the core of the strategy
to achieve the cardiac output response
independent of afterload.

For our alternately pumped heart, two strategies

are used for balancing the outputs of the left
and right ventricies.
First, use of a larger blood sac by 10 ml for

the 1left ventricle than the right ventricle to
provide the static difference in output volumes
of the two ventricles. The properness of volume
difference was checked during a series of mock
circulation experiments.

Second, by varying the effective stroke volume
of the right heart by controlling the percent
diastolic period to regulate the filling volume
of the right ventricle, while the left ventricle
operates in full-to-empty mode.

Another strategy of dynamic stroke length
control is under development where the stroke
length of right side is controlled beat by beat
base while the full stroke length is maintained
for left side.

IV. Experiments

4.1 In-vitro Experiments

We have performed a series of mock
circulation experiments with manual changes of
various operating conditions. Each ventricle

was connected to a Donovan mock circulation
circuit, where water was pumped with known
inflow pressures and outflow resistances.

Additionally, a flowmeter provided a data on the
cardiac output. A typical waveform of aortic,
and pulmonary arterial, Jleft atrial and right
atrial pressures is shown in Fig. 7.

Typical pressure waveforms of the mock

circulation system.

Fig. 7.



In-vitro tests have verified the usefulness
of our control algorithm which produced a
sensitive cardiac output response to preload and
independency of pump output to afterload. The
cardiac output response to these physiologic
variations is shown in Figures 8 and 9 where
cardiac output(C.0.), heart rate(H.R.) and left
atrial pressure(LAP) are both plotted against
right atrial pressure(RAP). With a rise in RAP
from 0 to 6 mmHg, the cardiac output increased

from approximately 4 L/min to about 9 L/min,
while the heart rate is increased from 60 to 120
BPM. The afterload independency of pump output
is also shown 1in the same figures where the
cardiac output response curve does not change
regardiess of the changes of aortic pressure
within three values of 80, 100, and 120 mmHg.
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Fig. 8. Cardiac output and left atrial pressure
responses against the changes of right
atrial pressure as preload changes.
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Also the results of mock c¢irculation
experiments demonstrated that there exists a
closely matched values between right and left
atrial pressures. As shown in Fig. 10, the
strategy of controlling percent diastolic time
ratio (PDTR) works well, and together with the
different sac volumes, we can obtain the
balanced outputs of two ventricles.

4.2 In-vivo Experiments

In-vivo test as an extracoporeal
bivenbtricular assist device on two sheeps gave
us another confirmation on the possibility of
chronic animal implant. In animal implantation,

“Shim Chung”(female calf, 4 month old, 100Kg)
recovered after surgery to a degree of
voluntarily standing and eating, and survived
for 100 hours in excellent physical
condition(Fig. 11). The main cause of death
was an acute pulmonary edema induced by

The cause of this
short circuit at
pins by the permeated

accidental pump’s failure.
failure was the electrical
intermediate connector
body fluid.
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Fig. 10.

Left atrial pressure
response against the
preload changes with
the different percent
diastolic time ratio
(PDTR) where increase
" % of LAP is suppressed
as increase of RAP by
larger PDTR.
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The variation of hemodynamic parameters of
AoP, PAP, RAP, LAP, and heart rate are shown in
Fig.12 for survival period. A typical waveform
of them is shown in Fig. 13. Higher RAP and
LAP, as shown in Fig. 12, may be caused by the
posture of animal, where the animal’s weight
press the atrial cuffs down to produce
unbalanced pressures inside atrial cuffs. But
during standing phase, a normal, well-balanced
condition between LAP and RAP was restored as
marked in the same Figure.

The parameter adjustment on controller
system was required frequently only on the first

day after surgery, and, in this case, the heart
rate was adjusted to maintain LAP  within
physiological Timit. A negative suction

pressure was provided into the variable volume
inside pump to help diastolic fulfillment of
blood sac, when LAP was higher than 30 mmHg. A
vacuum connected through water c¢olumn was used
to maintain constant suction pressure of -10
mmHg.

After. death, an close autopsy was
performed; some thrombo-emboli in both lungs and
kidneys were found, the state of liver was
fairly good. The probable origin of the
thrombo~embo11i was considered to be the
quick-connector region. The atrial cuffs were
slightly folded and 1looked 1ike to be pressed
down by the animal’s weight.
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Fig. 12. variations of the measured hemodynamic
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right atrial(RAP) pressures, and heart
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Fig. 13. Typical waveforms of the results of
animal experiment.

V. Discussion

The control system for the brushless ODC
motor-driven total artificial heart was
developed. To achieve the minimum energy
consumption, the optimal velocity profile for
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nominal plant was used where the passive
adaptive controller made the whole system to be
robust against the load disturbance and the
system parameter perturbation. Also, a PID
controller designed by a two-degree-of-~freedom
method was tuned to satisfy the specifications
of response of the velocity controller. The
validity of the proposed motor control system
was shown by the stable operation under the
parameter variations and the frictional load
torque disturbance and the amount of the input
power.

To provide the adequate cardiac output
response to the time-varying physiological
demand, the pump output control algorithm was

also developed and it satisfied the basic three
requirements on the pump output response through
the mock circulation tests. The results of the
animal implantation reconfirmed the availability
of the overall artificial heart system.
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