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We developed a mock circulatory loop and used mathemat-
ical modeling to test the in vitro performance of a physiologic
flow control system for a total artificial heart (TAH). The TAH
was constructed from two continuous flow pumps. The ob-
jective of the control system was to maintain loop flow con-
stant in response to changes in outflow resistance of either
pump. Baseline outflow resistances of the right (pulmonary
vascular resistance) and the left (systemic vascular resistance)
pumps were set at 2 and 18 Wood units, respectively. The
corresponding circuit flow was 4 L/min. The control system
consisted of two digital integral controllers, each regulating
the voltage, hence, the rotational speed of one of the pumps.
The in vitro performance of the flow control system was
validated by increasing systemic and pulmonary vascular re-
sistances in the mock loop by 4 and 8 Wood units (simulating
systemic and pulmonary hypertension conditions), respec-
tively. For these simulated hypertensive states, the flow con-
trollers regulated circuit flow back to 4 L/min within seconds
by automatically adjusting the rotational speed of either or
both pumps. We conclude that this multivariable feedback
mechanism may constitute an adequate supplement to the
inherent pressure sensitivity of rotary blood pumps for the
automatic flow control and left-right flow balance of a dual
continuous flow pump TAH system. ASAIO Journal 2008; 54:
249–255.

Successful long-term clinical use of continuous flow ventric-
ular assist devices has stimulated investigation of their use as a
total heart replacement. Because they are smaller than pulsa-
tile pumps, continuous flow pumps (CFPs) are more easily
used in children and smaller adults. Furthermore, CFPs have
the potential for higher durability and lower power consump-
tion, as well as lower cost than their pulsatile counterparts.1,2

Although, to date, the CFPs in clinical use as left ventricular
assist devices have not been pumped to failure, it is notewor-
thy that the longest continuous application in one patient has
exceeded 7 years. These favorable properties of CFPs have led
us to conceive and develop a continuous flow total artificial
heart (CFTAH), which consists of two CFPs replacing the ex-

cised ventricles, with the expectation to potentially broaden
the clinical application of TAH technology and reduce the
technical limitations of available TAH modalities.

A unique feature of CFPs is their ability to autoregulate flow
output in response to varying inlet and outlet pressure condi-
tions (see Appendix A). This intrinsic property makes CFPs
particularly conducive to use in total heart replacement as, in
tandem configuration, the output of one pump determines the
inflow pressure (preload) of the other.3,4 The changes in right
and left heart output, required to meet fluctuations in the
physiologic demand, would thus occur simultaneously and
instantaneously, as an automatic response to changes in sys-
temic and pulmonary filling pressures. The regulated flow, in
turn, would maintain the filling pressures in the vicinity of
physiologic range. This intrinsic feedback mechanism that
exists between the loading conditions and flow output of each
pump individually, and between the respective outputs and
inputs of both pumps in series, would conveniently minimize
the need for external intervention for purposes of adjusting
pump operation to meet patient physiology. CFTAH studies in
the bovine and the ovine are currently ongoing in our laboratory,
and continue to provide valuable information for validating the
concept, refining the surgical technique, and optimizing the med-
ical management.1,5

Despite its sensitivity to preload and afterload, the autoreg-
ulatory potential of the CFTAH system described above may be
challenged during extremes of cardiovascular physiologic con-
ditions. Our preliminary experiments in mock circuits with
tandem CFPs (without a pulse simulator to duplicate the native
ventricles, which are excised in this clinical scenario6) have
suggested that sudden changes in flow resistance (i.e., vascular
tone) and fluid pressure (i.e., hypertension), or drainage of a
significant fluid volume from the circuit (i.e., hypovolemia),
can induce prolonged periods of hemodynamic instability
and/or atrial suction. As various control systems are already
being investigated clinically for left ventricular assist devices to
prevent inflow suction and regulate pump flow,7–11 we hy-
pothesized that a feedback control system can maintain the
cardiac output stable in the presence of such sudden and
unanticipated hemodynamic fluctuations in our CFTAH.

We operated the above mock circulatory system to replicate
the physiologic hemodynamics of the mammalian circulation.
Using the pressure and flow data generated from the mock cir-
culatory system, we derived a multiple-input/multiple-output
mathematical model. On the basis of this mathematical model,
we designed a physiologic-based CFTAH flow control system,
which we evaluated within the same mock circulation. We
report here the design of the mock circuit, the derivation of the
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mathematical model, and the design and performance of the
control system as a multivariable feedback unit.

Materials and Methods

Mock Circulatory System

The mock circulatory system we have designed is con-
structed of polyvinyl tubing (Figure 1), and comprises two
CFPs (MicroMed Cardiovascular, Houston, Texas) in series,
each with a compliance chamber and variable flow resistor, to
represent the pulmonary and systemic portions of the circula-
tory system. Additional ventricular pressure simulators are
omitted from the mock circuit to recreate the clinical scenario
of a CFTAH system implantation, whereby both right and left
ventricles are excised above the semilunar and atrioventricular
valves, and each is replaced by a CFP. The inflow cannulae of
the CFPs are removed; instead, flexible cuffs (latex membrane)
are attached to the CFPs, allowing simulation of atrial collapse
should venous return be inadequate. Systemic and pulmonary
vascular resistances (SVR and PVR, respectively) were inde-
pendently adjusted with variable flow resistors, which con-
sisted of Harvard clamps placed on the outflow tubing of each
pump. Although the flow in this mock circulatory system is
nonpulsatile, the systemic and pulmonary vascular capaci-
tances were important in damping pressure waves and decou-
pling pressures in the pulmonary and systemic circuits. The
vascular capacitances were represented by the preset quantity
of air in two sealed tanks (65 cm high, 12 cm diameter). Blood
was represented by a solution of 35% glycerol in water at room

temperature, which had an approximate viscosity of 4 cP, and
a total volume of approximately 5 liters.

We measured the aortic pressure (AoP), pulmonary artery
pressure, left atrial pressure (LAP), right atrial pressure, sys-
temic flow rate (Qsys), and pulmonary flow rate (Qpul) using the
mock circulatory system. The sensor set comprised two tubing
flow meters (Model P110, Transonic, Ithaca, NY) and four
pressure transducers (Edwards LifeSciences, Irvine, CA). The
pressure signals were conditioned using a low-pass, antialias-
ing filter, with a cut-off frequency of 25 Hz (Model 3364,
Krohn-Hite, Brockton, MA). The data-acquisition system in-
cluded a dSPACE control and data-acquisition board (dSPACE
Inc., Novi, MI), and a computer equipped with MATLAB (Ver-
sion 7.0.4, The MathWorks, Natick, MA) and ControlDesk (Ver-
sion 2.6.5 Unicode, dSPACE GmbH, Germany). The dSPACE
system also served as the real-time controller, which interfaced
with the two pumps via an analog connection (“input voltage”) to
modified prototypes of the MicroMed clinical controllers. The
chosen sampling frequency for this system was 100 Hz.

Using a dynamometer, we determined the relationship be-
tween pump speed and input voltage to each pump controller.
The voltage range was approximately 3–6 V, corresponding to
pump speeds of 6–14 krpm.

Mathematical Model

A set of algebraic and ordinary differential equations was
developed to model the pressure and flow relationship of the
various elements of the mock circulatory system and, there-
fore, the circulation (see Appendix B for details). Given that
there are six elements to the mock circulatory system (Figure 1)
and that each pump requires an additional equation for relat-
ing voltage to speed, eight equations are needed to model the
circulation.12 The inputs to the mock circulatory system (and
the mathematical model) are the pump voltages, whereas the
outputs are the pump flows in liter per minute. The mathe-
matical model predicts perturbations in the systemic and
pulmonary flows from their steady-state value. For instance,
if systemic flow increases from 4 to 5 L/min, the output of
the mathematical model for the systemic flow would be
1 L/min. The steady-state values of other parameters in the
mock circulatory system and the mathematical model are
shown in Table 1.

To validate the transient hemodynamic response of the
mathematical model, we compared the two calculated flow
rates with the measured flow rates of the mock circulatory
system. In both the mathematical model and the mock circu-
latory system, we tested response to perturbation by rapidly

Figure 1. Schematic of the mock circulatory system. AoP, aortic
pressure; LA, left atrium; PAP, pulmonary artery pressure; PVR,
pulmonary vascular resistance; Qpul, pulmonary artery flow rate;
Qsys, systemic flow rate; RA, right atrium; SVR, systemic vascular
resistance.

Table 1. Steady-State Operating Conditions for the Mock
Circulatory System and the Mathematical Model

Parameter Steady-State Value

Qsys, Qpul 4.0–4.5 L/min
SVR 18 Wood units
PVR 2 Wood units
Left pump voltage 4.95 V
Right pump voltage 3.60 V

PVR, pulmonary vascular resistance; Qpul, pulmonary flow rate;
Qsys, systemic flow rate; SVR, systemic vascular resistance.
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oscillating pump speed for 10 seconds. This test was per-
formed on the left pump, the right pump, and simultaneously
on both pumps in separate experiments. Data were acquired
for 30 seconds in the mock circulatory system and compared
with values predicted by the mathematical model.

Feedback Control System

The feedback control system comprised a computerized
controller for each pump of the CFTAH. The controller
received flow data and generated voltages based on a pro-
grammed algorithm that was derived from the mathematical
model (see Appendix B). To illustrate the effectiveness of
our flow control system, we simulated systemic and pulmo-
nary hypertension states and recorded the flow response in
the mock circulatory system both with and without the flow
controllers under identical initial experimental conditions
(pump speeds, SVR, PVR, etc.). Systemic hypertension was
simulated by increasing SVR from 18 to 22 Wood units;
pulmonary hypertension was simulated by increasing PVR
from 2 to 10 Wood units. SVR and PVR were independently
increased by turning the screw clamps on the mock aorta
and pulmonary artery, respectively, 10 seconds after the
start of data acquisition. Data were recorded for 100 sec-
onds to demonstrate that the CFTAH control system was
stable over time.

The set-point for both Qsys and Qpul in the trials using flow
controllers was 4.0 L/min; in the trials where flow control was
not implemented in the mock circulatory system, the baseline
Qsys and Qpul (before hypertension) equaled 4.0 L/min.
Baseline left and right pump speeds were identical in the
presence or absence of flow control for each respective
simulated hypertension state. Data postprocessing was per-
formed in MATLAB.

Results

The steady-state operating values of the variables in the
mock circulatory system and the mathematical model are
given in Table 1. The relationship between input voltage to
each pump controller and pump speed was linear (R2 � 0.99).

Mathematical Model

The response of Qsys and Qpul to simultaneous oscillation of
left and right pump speeds is shown in Figure 2. This Figure
compares the transient responses predicted from the mathe-
matical model with the measured responses from the mock
circulatory system. In Figure 3, the flow response to oscillation
of right pump speed is shown. Note the perturbation in Qsys

despite the unchanged left pump speed, which is the result of
autoregulation of left pump flow (Qsys) in response to a change
in left pump inflow pressure (LAP). Figure 4 shows a compa-
rable response with oscillation of left pump speed. Figures 2–4
show a high degree of correlation between measured and
computed Qsys and Qpul.

Experimental Validation of Feedback Controllers

Figure 5 shows the measured Qsys and Qpul once a systemic
hypertension state (an increase in SVR from 18 to 22 Wood
units) was initiated in the mock circulatory system. As shown

in Figures 5, A and B, both Qsys and Qpul dropped by approx-
imately 0.5 L/min in the absence of the flow controller. Left
and right pump speeds remained at their baseline values of
11.01 and 4.82 krpm, respectively. In the presence of the flow
controller, pump speeds were automatically adjusted by the
controller to maintain constant flows. After systemic hyperten-
sion was simulated, Qsys briefly decreased but returned to
normal within 4 seconds (Figure 5C). Qpul remained stable
(Figure 5D). This flow response was achieved because the flow
controller increased left pump speed to compensate for the
reduced Qsys while it maintained right pump speed close to its
prehypertension value (Table 2).

Figure 6 shows the corresponding Qsys and Qpul measured
in the mock circulatory system once pulmonary hypertension

Figure 2. Comparison of the flow responses of the mock circu-
latory system and mathematical model due to swept sine wave
input voltages to both pumps. The Figure shows perturbation in (A)
left pump input voltage and (B) right pump input voltage and the
measured and calculated changes in (C) systemic flow rate and (D)
pulmonary flow rate. Qpul, pulmonary flow rate; Qsys, systemic flow
rate; VL, left pump input voltage; VR, right pump input voltage.

Figure 3. Comparison of the flow responses of the mock circu-
latory system and mathematical model due to swept sine wave
voltages to the right pump only.
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was simulated (an increase in PVR from 2 to 10 Wood units).
In the absence of flow control (i.e., constant left and right
pump speeds of 11.09 and 4.63 krpm, respectively), both Qsys

and Qpul dropped by approximately 1 L/min, as shown in
Figures 6, A and B. In addition, the decrease in fluid return to
the left atrium (reduced pulmonary flow due to high PVR)
caused collapse of the left atrial wall, which was confirmed by
the characteristically abrupt decrease in Qsys. In the presence
of flow control, simulation of pulmonary hypertensive state
resulted in a slight and temporary decrease in Qsys and a
decrease in Qpul that lasted �4 seconds, but both flows re-
turned to their baseline levels. The flow controller increased
both left and right pump speeds to their final values shown in
Table 2 in order to maintain Qsys and Qpul at 4.0 L/min.

Discussion

Although no clinical experience with the CFTAH has been
reported, previous work on the pulsatile TAH indicates the
necessity for a control system to maintain balanced left and
right pump flows.13 One of the advantages of the CFTAH is the
responsiveness of its flow output to both inflow pressure and
outflow resistance and, therefore, its potential for flow auto-
regulation.4 However, the need for a flow controller becomes
inevitable if any perturbation to the circulatory system exceeds
the autoregulatory capacity of either or both pumps of the
CFTAH. For example, the onset of pulmonary hypertension
secondary to sudden pulmonary vasoconstriction (increase
in PVR) or pulmonary edema would result in a sudden
decrease in the right pump outflow, as shown in Figure 6B.
Implementation of a flow controller promptly restores blood
flow to a level compatible with normal physiology, as
shown in Figure 6D.

In this study, Qsys and Qpul were chosen as the control
variables because adequate and balanced left and right pump
flows are of primary importance to achieve proper end-organ
perfusion. The output variables were the voltages to the pump
drivers, which regulated the rotational speed (rpm) of the two
pumps independently. Thus, in both systemic and pulmonary

Figure 5. Simulation of systemic hypertension state due to in-
crease in systemic vascular resistance (SVR) from 18 to 22 Wood
units (arrow). Systemic and pulmonary flows are shown in the ab-
sence (A, B) and presence (C, D) of flow control.

Figure 4. Comparison of the flow responses of the mock circu-
latory system and mathematical model due to swept sine wave
voltages to the left pump only.

Table 2. Mean Left and Right Pump Speeds (krpm) in the
Presence of Flow Control Before and After Onset of
Hypertension States in the Mock Circulatory System

Left Pump Right Pump

Systemic hypertension
Baseline (SVR � 18) 11.01 4.82
Posthypertension (SVR � 22) 11.93 4.79

Pulmonary hypertension
Baseline (PVR � 2) 11.09 4.63
Posthypertension (PVR � 10) 11.37 7.10

PVR, pulmonary vascular resistance (Wood units); SVR, systemic
vascular resistance (Wood units).

Figure 6. Simulation of pulmonary hypertension state due to
increase in pulmonary vascular resistance (PVR) from 2 to 10 Wood
units in the absence (A, B) and presence (C, D) of flow control.
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hypertension states, the flow control system of the CFTAH
simultaneously adjusted left and right pump speeds (Table 2) in
order to maintain adequate and balanced flow in the systemic
and pulmonary loops (Figures 5 and 6). Therefore, coordina-
tion of the two pump speeds relative to each other is also
necessary if systemic and pulmonary flows are to accommo-
date a wide range of physiologic demands. Although the in-
trinsic automaticity of continuous flow pumps may make a
sophisticated control algorithm superfluous, a control system
may be valuable in the response to acute changes in vascular
resistance such as may occur with exertion.

We have previously used aortic and pulmonary artery pres-
sures as control variables with similar encouraging results.12

Indeed, dual and multiple control variables may be regulated
simultaneously by implementation of the so-called state-space
control systems. Subsequent stages of our study will be geared
to develop physiologic sensors, which will provide continu-
ous, real-time data on control variables such as mixed venous
oxygen saturation and pulmonary interstitial pressure, in addi-
tion to pump flows and pressures.

Our results suggest that the mock circulatory system may be
of value in simulating the hemodynamics of an animal sup-
ported by dual pumps. Our mock circulatory system is similar
to that developed by Donovan in that it includes a preload and
afterload reservoir for each pump, which simulate the atrial
and systemic/pulmonary compartments of the human cardio-
vascular system.14 However, in our design, we have included
a bronchial return route from the aorta to the left atrium; in
vivo, this shunt slightly increases the output of the left ventricle
compared with the right, simulating an important (but often
neglected) property of the natural circulation in mammals. For
controller design and verification, this bronchial shunt was
clamped to equate Qsys and Qpul but should be included if a
more precise and realistic simulation is desired. In addition,
the flexible atria allow us to simulate pump inflow collapse.
The transparency of the mock system allows for visual assess-
ment of fluid shift between the pulmonary and systemic por-
tions of the mock circulation. The simplicity of its components
makes this system easy to build and modify.

Limitations

Several assumptions and simplifications have been made in
our in vitro and mathematical modeling of circulatory dynam-
ics in the presence of a CFTAH. Our simulations of systemic
and pulmonary hypertension were performed by rapidly in-
creasing SVR and PVR, respectively, as this “step” input in
vascular resistance is easy to produce in a mock circulatory
system. Physiologically, changes in vascular resistance occur
over a longer duration. The bronchial shunt has also been
clamped for additional simplification. In vivo experiments are
warranted for physiologic validation of the stability and robust-
ness of the control system. In addition, further work is needed
to test the effectiveness of the control system in correcting
various pathophysiologic conditions, which are easier to sim-
ulate in the mock circulatory system than to induce in an
experimental animal. Though our mock circulatory system has
been valuable in the initial development and testing of the
CFTAH feedback control system, it is a highly idealized model
of the cardiovascular system. Additional refinements can be

implemented that will more closely mimic the physiology of
the vascular system.

Conclusion

A novel mock circulatory system and mathematical model
of the nonpulsatile circulation were used to design and test a
physiologic flow controller for a CFTAH. The effectiveness of
the flow control system was demonstrated by in vitro simula-
tion of pulmonary and systemic hypertension states in the
mock circulatory system. The control system was designed to
work in conjunction with the autoregulating features of the
CFTAH. In cases of either pulmonary or systemic hypertension,
the control system responded to hemodynamic perturbations
and maintained constant pulmonary and systemic flow rates.
Further refinement of the control system may be warranted to
address the potential need for flow adjustment during extremes
of daily activity and other cardiovascular perturbations neces-
sitating left and right pump speed coordination.

APPENDIX A

The flow rate of a continuous flow pump, under normal
circumstances, depends on pump speed and the pressure dif-
ferential (�P) across the pump. �P is simply the outflow pres-
sure (afterload; determined by outflow resistance) minus the
inflow pressure (preload). For the left pump of a CFTAH, the
�P can be approximated by AoP–LAP. As LAP increases rela-
tive to AoP, the �P decreases resulting in an increase in pump
flow. A decrease in AoP relative to LAP results in the same
effect. This relationship between �P and flow rate can be
graphically demonstrated on the pump characteristic curves.
Figure A1 shows the characteristic curve of an axial flow pump
operating at 8 krpm. When the �P is high (point 1 in Figure A1,
representing high AoP relative to LAP), the pump must over-
come a greater load and therefore pumps less blood. If the
outflow resistance, and therefore AoP, is reduced, the �P
decreases and pump flow increases (point 2). These scenarios
are also demonstrated in Table 3.

APPENDIX B

The linearized perturbation equations describing CFTAH
and the mock circulatory system are shown below. Pertur-
bation of each variable is denoted by �. For example,

Figure A1. Pump characteristic curve of an axial flow pump at 8
krpm. �P, pressure gradient.
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AoP � AoP0 � �AoP, where AoP0 denotes the baseline
value of AoP. The equations are

�Qsys � �Qpul � Csys�RAP, (A1)

�Qpul � �Qsys � Cpul�LAP, (A2)

�AoP � �RAP � SVR�Qsys, (A3)

�PAP � �LAP � PVR�Qpul, (A4)

�AoP � �LAP � h1��L � h2�Qsys, (A5)

�PAP � �RAP � h3��R � h4�Qpul, (A6)

�L��̇L � ��L � KL�VL, (A7)

�R��R � ��R � KR�VR, (A8)

where a dot above a variable denotes its time derivative; Csys and
Cpul denote systemic and pulmonary capacitances, respectively;
�L and �R are left and right pump speeds; VL and VR are left and
right pump input voltages; and KL and KR as well as hi (for i � 1,
2, 3, 4) are experimentally determined constants.

Conversion of the perturbation equations into transfer function
form was performed using Mathematica 5.2 (Wolfram Research,
Champaign, IL). The mathematical model relating flow rates (Qsys

and Qpul) to input voltages (VL and VR) is given by

� �Qsys

�Qpul
� �s� � � a11 a12

a21 a22
�� �VL�s�

�VR�s� � , (A9)

where

a11 �

�h1KL� s �
Csum

Ceq�h4 � PVR��
� s �

1
��� s �

1
�L
� , (A10)

a12 �
h3KRCsum

� s �
1
��� s �

1
�R
� , (A11)

a21 �
h1KLCsum

� s �
1
��� s �

1
�L
� , (A12)

a22 �

�h3KR� s �
Csum

Ceq�h2 � SVR��
� s �

1
��� s �

1
�R
� , (A13)

where s is the Laplace variable; hi (for i � 1, 2, 3, 4) are as
defined above; and

� �
Ceq �h2h4 � Req � h4SVR � h2PVR�

Csum�Rsum � h2 � h4�
, (A14)

Csum � Csys � Cpul,
Rsum � SVR � PVR,
Ceq � Csys � Cpul,
Req � SVR � PVR.

The structure of the multivariable model of the CFTAH within
the mock circulatory system is given in Eq. (A9). The diagonal
terms of the multivariable model have one zero; the off-diagonal
terms have no zeros; and the transfer function matrix is fully
populated (i.e., there is coupling between the systemic and
pulmonary loops). Each element of the multivariable model
has two poles. One pole (�L or �R) relates to the pump time
constant and the other (�) to the fluid dynamics of the mock
circulatory system. The coupling between the loops is a man-
ifestation of the pumps’ autoregulating properties—changes in
inlet conditions result in changes in pump output. This cou-
pling was considered during design of the controller.

To identify the model coefficients (KL, KR, and hi), a multi-
variable system identification approach was used. A pseudo-
random binary signal with a voltage input equivalent to 1 krpm
amplitude served as the input signal to the left and right pumps
of the mock circulation. The input signals were uncorrelated,
and each was generated in Simulink (The MathWorks) by using
the random number generator block with its output filtered via
a 10th order low-pass Butterworth digital filter with cut-off
frequency of 5 Hz (approximately 30 rad/s). This bandwidth
ensured that the input signals were sufficient to excite the
higher frequency dynamics of the system—namely, the dy-
namics of the pumps. The chosen sampling frequency in the
mock circulatory system was 400 Hz. The antialiasing filters
were low-pass Bessel filters with cut-off frequency of 100 Hz.

The multivariable parametric model was identified using
the instrumental variables 4-step approach in MATLAB.15

The resulting parametric model was a discrete multivariable
model that was mapped to the frequency domain (Bode
plots). A continuous-time representation of the discrete sys-
tem was then recovered from the Bode plots using the
invfreqs command in MATLAB. The resulting parametric,
continuous-time multivariable model of the CFTAH within
the mock circulatory system is

� �Qsys

�Qpul
� �s�

� � 0.76
� s

0.31
� 1�

� s
0.42

� 1�� s
3.23

� 1�
0.53

1

� s
0.42

� 1�� s
2.64

� 1�
0.65

1

� s
0.42

� 1�� s
2.93

� 1� 0.66
� s

0.20
� 1�

� s
0.42

� 1�� s
3.19

� 1�
�

	 � �VL�s�
�VR�s� � , (A15)

where the outputs (perturbations in Qsys and Qpul) are mea-
sured in L/min and the inputs (perturbation in pump input
voltages) are measured in V.

The proposed CFTAH controller is a diagonal multivariable
controller where each diagonal term is an integral controller.
This controller structure was chosen since integral controllers

Table 3. Illustration of the Dependence of the Flow Rate of a
Continuous Flow Pump on Pump Pressure Differential

AoP LAP �P Flow Rate

— 1 2 1
2 — 2 1

AoP, aortic pressure; LAP, left atrial pressure; �P, pressure
differential.
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cooperate with the autoregulation feature of the axial flow
pumps, thus providing robust steady-state flow regulation
without interfering with the inherent autoregulation of the
CFTAH during transient conditions.

When designing a feedback controller, a precursor to
closed-loop performance is closed-loop stability. For multiva-
riable systems, closed-loop stability reduces to the guarantee
of closed-loop stability for each diagonal closed-loop system
provided the original multivariable system is diagonally dom-
inant.16 The multivariable system (A15) is diagonally domi-
nant, thereby reducing the multivariable controller design pro-
cess to two single-loop designs.16 Although other multivariable
controller design methodologies could be used, a single-loop
classical controller design approach (loop shaping) is attractive
when the controller structure is preconceived (in our case an
integral controller) and when classical stability conditions
(gain and/or phase margins) can capture the desired closed-
loop performance. The single-loop controller design process
employed is a frequency domain approach based on the so-
called Nyquist Encirclement Condition.17,18 The Nyquist Encir-
clement Condition for open-loop stable systems reduces to
simple amplitude and phase conditions imposed on the open-
loop frequency response. To enforce closed-loop stability and
performance, a phase margin constraint of at least 60° is
imposed on each of the two open-loop transfer functions. This
condition provides significant robustness of the CFTAH to
changes in the vascular resistances and balances the closed-
loop performance trade-offs between disturbance rejection
and oscillations in the closed-loop system due to reference
changes in the desired flow rates. Using the phase margin
constraint for both loops, the designed multivariable control-
lers are

g11�s� � g22�s� �
1.7
s

. (A16)
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