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Abstract— The Total Artificial Heart (TAH) is a pneumati-
cally powered mechanical circulatory support system designed
to replace a patient’s heart ventricles and valves. The TAH
can be used in severe and cases of end-stage heart failure to
bridge the gap between getting a heart transplant [3]. Therefore,
this paper explores a feedback control system that models
the systemic blood flow in the total artificial heart, building
upon previously conducted research published in the American
Society for Artificial Internal Organs (ASAIO) Journal. The
model found in literature modeled the blood flow in both the
pulmonary circuit, taking blood into the lungs, and the systemic
system which transports blood to and from the body in the heart
[6]. This model, while thorough, made analsysi conplicated due
to the sheer number of variables and factors affecting the
overall system. Furthermore, the ASAIO model contained only
integral feedback control, which kept DC error at 0% [6], but
created unwanted oscillations in responses. Therefore, the model
we propose in this paper focuses only on the systematic circuit
and contains both proportional and derivative control. Our new
model helped to increase the phase margin and stability while
also allowing for faster responses to sudden changes in the
system. Future considerations would be to add proportional
and derivative control to the entire model of the total artificial
heart.

I. INTRODUCTION

The heart functions as a pump, circulating blood through-
out the body to deliver oxygen and nutrients to organs,
tissues, and muscles while removing waste products. De-
oxygenated blood flows into the right atrium and through
the pulmonary circuit for oxygenation. Oxygenated blood is
pumped from the left ventricle into the systemic circuit to
sustain bodily functions [6].

The heart itself is made up of four chambers. Deoxy-
genated blood filled with waste products from the body flows
through the superior vena cava into the right atrium, then
into the right ventricle, and out to the lungs through the
pulmonary artery. The blood goes through a gas exchange in
the lungs, picking up oxygen and removing COy waste [5].
The oxygenated blood then reenters the heart through the
pulmonary vein into the left atrium, then left ventricle, and
finally is delivered to the rest of the body out of the aorta
[5].

Heart disease remains one of the leading causes of death
globally, with coronary artery disease being a primary con-
tributor [2]. This condition, characterized by the narrowing
or blockage of coronary arteries, increases the likelihood
of heart attacks and presents a significant public health
challenge. In the United States, heart disease accounts for
a considerable proportion of mortality among both men
and women, emphasizing the urgent need for advanced
therapeutic solutions [2].

One such solution to address severe cases, the total ar-
tificial heart (TAH) is a pneumatically powered mechanical
circulatory support system designed to replace the patient’s
ventricles and valves [3]. Currently, the TAH is approved as a
bridge to heart transplantation and provides critical support
for patients with end-stage biventricular heart failure. The
TAH provides critical support for patients awaiting donor
hearts, thereby enhancing survival rates and quality of life.

The systemic circulation, a cornerstone of the cardiovas-
cular system, underpins the effectiveness of devices like the
TAH. This intricate network begins with oxygen-rich blood
being pumped from the left ventricle through the aorta to the
body and culminates in the return of deoxygenated blood to
the heart [4]. This cycle not only delivers essential nutrients
to organs and tissues but also facilitates the removal of waste
products, maintaining homeostasis.

Central to the systemic circulation are the mechanical
properties of resistance and compliance. These attributes
govern blood flow dynamics, with the left ventricle’s pump-
ing action playing a predominant role in initiating and
sustaining systemic blood flow. Modeling the systemic circuit
as a simplified electrical circuit offers valuable insights into
its functional dynamics. By isolating the contributions of
resistance and compliance, researchers can simulate and
predict perturbations in flow rates under various conditions,
aiding in the design of more effective interventions.

The importance of this research lies in its potential to en-
hance our understanding of heart and vasculature-related dis-
eases. By unraveling the complexities of systemic blood flow
and identifying the factors that disrupt it, we can develop
more precise diagnostic tools and treatment strategies. This
line of inquiry is particularly relevant for refining artificial
heart technologies, ensuring that they replicate physiological
blood flow patterns as closely as possible, and ultimately
improving patient outcomes.

II. METHODS
A. System Modeling and Analysis Approach

This study focuses on modeling and analyzing the sys-
temic circuit blood flow in a continuous flow total artificial
heart (CFTAH) using a simplified control system. The CF-
TAH replaces the heart’s natural ventricles with two contin-
uous flow pumps (CFPs). In this analysis, we concentrate on
the left pump, which drives oxygenated blood through the
systemic circulation, treating the system as an electrical ana-
log. Vascular resistance (R), compliance (C'), and blood flow
rate () are represented by electrical resistance, capacitance,
and current, respectively, with pressure differences (AP)
analogous to voltage. This abstraction provides a framework



for understanding flow dynamics under physiological and
pathological conditions.
In a blood vessel, vascular resistance measures the oppo-
sition to blood flow. Mathematically, it is defined as:
8nL
= (1
where R is resistance, 7 represents blood viscosity, L is the
vessel length, and r is the vessel radius [4].
Blood flow ((Q) through vessels is driven by pressure

gradients: A
P
Q= N 2

where AP is the pressure difference between two points in
the vessel.

Vessel compliance (C) characterizes the vessel’s ability to
expand and accommodate volume changes:

AV
C=— 3
AD 3)
This relationship can be expressed dynamically as:
dP dV
—_—= 4
dt dt @

B. Original System Model

The original model proposed by Khalil et al. [1] divided
the circulatory system into left and right sides, with each
side containing its respective pump and circulation pathway.
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Fig. 1.  Full-scale Simulink implementation of the total artificial heart
system, detailing the coupling of both circuits of the circulatory system.

The model captures the dynamics of both pulmonary
and systemic circuits, including the interactions between
right and left pumps, compliance chambers, and vascular
resistance elements. The perturbations in blood flow are
modeled through transfer functions representing the coupled
dynamics of both circuits.

This complete model incorporated both systemic and
pulmonary circuits, resulting in a set of coupled differential
equations describing the system dynamics. The full-scale
model describes the physical phenomena based on the fol-
lowing key assumptions:

e Blood flow can be treated as a continuous fluid with
constant viscosity

e Vascular compliance behaves linearly within the oper-
ating range

e Pump dynamics can be approximated by first-order
transfer functions

o Flow perturbations in both circuits are coupled through
the pump interactions

The transfer function matrix for the complete system

relates input voltages to output flow rates:

sts _ ain aiz| |Vi (5)
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C. Simplified Model Development
Rather than analyzing the complete coupled system, we
focused our investigation on the left pump’s contribution
to systemic circulation. This approach is not so much a

simplification as it is an isolation of specific dynamics of
interest.
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Fig. 2. Simplified analysis model focusing on the left pump dynamics and
systemic circuit.

The above figure describes the relationship between left
pump voltage (V) and systemic flow rate (Qsys), thereby
isolating the a;; H(s) bio-system transfer function. While
this approach focuses on a subset of the full dynamics,
it maintains the essential characteristics of the left pump’s
influence on systemic circulation.

By focusing on the ay; transfer function, we analyzed how
left pump voltage perturbations affect systemic flow rate:

sts = alle (6)

This focused analysis allowed us to:
« Examine the direct relationship between pump input and
systemic flow
o Design and evaluate control strategies specifically for
left pump operation
o Analyze stability characteristics without the complexity
of coupled dynamics
« Maintain physiological relevance while reducing analyt-
ical complexity
The linearized equations (refer to Appendix), determined
through step responses of a mock circulatory system [1], es-
tablish the baseline behavior of the system. These equations
incorporate:
o Steady-state pulmonary artery pressure



o Aortic pressure
« Systemic vascular resistance
o Pulmonary vascular resistance

D. Control System Design

The control strategy evolved through several stages:
1) Initial integral control from measurement error func-
tion g(s) =1.7/s
2) Addition of proportional-derivative (PD) control to
improve stability
3) Investigation of various pole placements and their
effects
4) Implementation of full PID control with strategic pole
cancellation
The final controller parameters were selected based on
stability requirements and performance goals:
e K4 =1 for derivative control
e K, = 0.42 for proportional gain
e K, = 1.7 maintained from original integral control
See the appendix for the full derivation.

E. Operational Constraints
The system operates under specific constraints to ensure
physiological relevance:

o Baseline systemic vascular resistance: 18 Wood units
o Target systemic flow rate (Qsys): 4 L/min

o Non-pulsatile flow assumption

o Linear operation around steady-state conditions

III. RESULTS
A. Transfer Function Analysis

The transfer function analysis revealed key characteristics
of the system’s behavior:

TABLE I
PHASE MARGIN ANALYSIS RESULTS FOR DIFFERENT CONTROL
CONFIGURATIONS
Model Phase Margin (°)  w¢p (Hz)
Simplified Model 68.169 0.24714
PID Control (2 poles at s = 0) 86.867 0.90126
PD Control (poles at s = 0.42, s = 0) 91.111 0.89873
PD Control (poles at s = 3.23, s = 0) 120.94 0.74096

B. Control Strategy Analysis

Instead of conducting a traditional sensitivity analysis with
varying controller parameters, we focused on comparing fun-
damentally different control approaches. Using the derived
ratios of K, K4, and K; from our mathematical analysis
(see Appendix), we investigated three distinct control strate-
gies:

1. PD control targeting the removal of the s = —3.23
pole 2. Alternative PD control targeting the removal of the
s = —0.42 pole 3. PID control attempting to remove both
poles

This strategic comparison allowed us to evaluate the
system’s behavior under different pole placement scenarios
rather than examining sensitivity to parameter variations.

Each control strategy maintained the mathematically derived
ratios between parameters while pursuing different control
objectives.

The Simulink implementations and subsequent Bode anal-
ysis demonstrate that the choice of which poles to cancel
had a more significant impact on system performance than
variations in individual control parameters. Notably:

e PD control removing s =
stability

o Attempting to remove s =
oscillations

« Full PID control, while theoretically capable of remov-
ing both poles, introduced destabilizing double integra-
tion

—3.23 achieved optimal

—0.42 led to increased

C. Simulink Model Analysis

The control system was implemented in Simulink to vali-
date the theoretical analysis and examine the system behavior
under various pole placement strategies. For all simulations,
we used a pulse generator with amplitude of 0.5 V and
frequency of 400 Hz as the input voltage signal, following
the parameters established in Khalil et al. [1]. We developed
four different configurations to analyze the effects of pole
cancellation and control strategy on system performance.

1) Original Simplified Model: The simplified model de-
rived from Khalil et al. [1] was implemented first, represent-
ing the baseline system with poles at s = 0, s = —0.42, and
s = —3.23:

Fig. 3. Step response of the simplified model showing initial overshoot
followed by stable convergence. The system exhibits characteristic second-
order behavior with a peak overshoot of approximately 16x10~3 at t =
0.5s before settling to steady state.

2) PD Control Strategy with s=-3.23 Removal: The first
control modification implemented PD control to cancel the
pole at s = —3.23, leaving poles at s =0 and s = —0.42:



Fig. 4. System response with PD control (K}, = 0.42) showing improved
damping characteristics. The response exhibits reduced overshoot compared
to the simplified model while maintaining stability.

3) Alternative PD Control with s=-0.42 Removal: An
alternative PD control strategy was implemented to cancel
the pole at s = —0.42, retaining poles at s = 0 and
5= —3.23:

Fig. 5. System response with alternative PD control showing faster initial
response but with increased oscillatory behavior. High-frequency noise is
more pronounced due to the remaining high-frequency pole.

4) PID Control with Double Integration: Finally, a PID
controller was implemented that removed both poles at s =
—0.42 and s = —3.23 but introduced a second pole at s = 0:

Fig. 6.  System response with PID control showing significant high-
frequency oscillations and decreased stability as a byproduct of the double
integration presence.

The Simulink implementations utilized the controller pa-
rameters derived in Appendix A, with the PD and PID
controllers designed to achieve specific pole cancellation.
The simulation results demonstrate that:

e The PD control strategy removing the s = —3.23 pole
provides the best balance of stability and performance

o Attempting to cancel the s = —0.42 pole results in
increased high-frequency oscillations

o The double integrator configuration (PID with two poles
at s = () exhibits poor stability characteristics

o All configurations maintain zero steady-state error due
to the presence of at least one integrator

These time-domain simulation results complement the
frequency-domain analysis presented in the following Bode
plot analysis section, confirming the theoretical predictions
about system stability and performance.

D. Frequency Response Analysis

The Bode plot analysis demonstrated distinct characteris-
tics for each control strategy:
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Fig. 7. Bode plot for PD control with poles at s = 0 and s = 0.42,

showing improved phase margin.
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Fig. 8. Bode plot for PD control with poles at s = 0 and s = 3.23,
demonstrating enhanced stability.
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Bode plot showing degraded performance with double integrator

Key findings from the frequency response analysis:

o All configurations achieved zero DC error due to inte-
gral control

« PD control removing the s = 3.23 pole showed optimal
phase margin (120.94°)

o Double integration (two poles at s = 0) demonstrated
unstable behavior

o Crossover frequencies remained physiologically appro-
priate (< 1 Hz)

IV. DISCUSSION
A. Simulation Limitations and Error Analysis

The primary sources of potential error in our simulation
stem from various simplifying assumptions and approxima-
tions. First, the linearization of the system around steady-
state conditions is an approximation, and it may fail to
capture the non-linear dynamics that become significant
during large perturbations or extreme physiological changes.
Conditions such as severe blood loss can push the system
beyond the range where linearization is valid.

Additionally, our model does not account for complex
vascular dynamics. The cardiovascular system operated upon
intricate feedback mechanisms between the systemic and
pulmonary circuits. For example, cardiac output is dependent
on venous return, and venous return is dependent on periph-
eral resistance and blood volume. A decrease in peripheral
resistance during exercise can increase venous return to the
heart, increasing stroke volume and cardiac output. Our
model treats these as mostly constant. Consequently, the
model’s accuracy is limited under varying physiological
conditions.

Moreover, our model assumes that blood flow is continu-
ous. In reality, blood flow is pulsatile due to contractions of
the heart. Non-pulsatile flow generated by continuous-flow
devices has been associated with increased peripheral vas-
cular resistance, endothelial dysfunction, and arterial stiffen-
ing, potentially leading to complications like gastrointestinal
bleeding, aortic regurgitation, and hypertension [7].

B. Physiological Relevance

The simulation results match expected physiological be-
havior. The model successfully maintains constant flow

rates under varying conditions, reflecting the cardiovascular
system’s ability to regulate blood flow despite changes in
resistance or pressure gradients. This is critical for ensuring
consistent tissue perfusion during mild physiological stress.

The model also demonstrates appropriate response times
to perturbations, replicating the rapid adjustments the car-
diovascular system makes during changes, such as shifts
in posture. Stability within physiological pressure ranges
further supports the relevance of the simulation, as it captures
the necessary balance to sustain effective systemic and
pulmonary circulation without causing excessive strain.

Finally, the simulation produces realistic flow rate pertur-
bations in response to changes in resistance.

These features highlight the physiological relevance of the
model and its potential as a tool for studying cardiovascular
dynamics and evaluating the Total Artificial Heart (TAH).

C. Clinical Applications

The model effectively simulates systemic hypertension by
modifying vascular resistance parameters. This pathological
condition provides insights into controller performance under
stressed conditions and suggests potential therapeutic strate-
gies.

D. Simulation Benefits and Limitations

Advantages of simulation approach:

« Safe exploration of extreme conditions

o Rapid iteration of control strategies

o Cost-effective testing of multiple scenarios

o Detailed analysis of system dynamics

Limitations:

« Simplified representation of complex biological systems
« Inability to capture all physiological variables

o Limited validation against in vivo conditions

o Assumptions about linear behavior

V. CONCLUSION

This study demonstrates the effectiveness of simplified
control strategies for continuous flow total artificial hearts.
The PD control approach, particularly with strategic pole
placement, achieves superior stability while maintaining
physiological flow rates. The insights gained from this
analysis contribute to the ongoing development of more
reliable artificial heart control systems, potentially improving
outcomes for patients with end-stage heart failure.

APPENDIX
A. Linearized ODEs

Linearized ODEs around small perturbations, & [1]:

8Qyy: — 8Quu = G 8RAP, (AT)
5 s = C..8 ) Variables
8Qpu — 8Qys = GouBLAP, (A2) h1,2,3,4: experimentally determined constants
S _ _ AoP:aortic pressure
dAOP — SRAP = SVR3Q,, (A3) " appuimonary artery pressure
N _ _ N Qsys:systemic blood flow rate (L/min)
SPAP — SLAP = PVRSQ,u, (A4) " Gpukpuimonary blood flow rate (Limin)
SVR: systemic vascular resistance
S8A0P — SLAP = hdw + h,8Q,,,, (A5)  pvR=pulmonary vascular resistance
,,w,left and right pump speeds, respectively
SPAP — 8RAP = hydwg + hi8Qy,, (AB)  coys: systemic capacitance
. _ Cpul: pulmonary capacitance
T 8w + dw = K8V, (A7) v,V left and right pump input voltages, respectively
Tedwg + dwg = Ked Vi, (A8) K, K,: experimentally determined constants

Fig. 10. Linearized ODEs around small perturbations to model TAH.



PID control Transfer Function:

Ki o Kd82 +Kp8 +K,L

F(s)=Kys+ K, + = S (7
Zeros:
K, . Kg —4K4K; )
° T 7oK, 2K,
Poles
5=0 )
PD control Transfer Function:
Ky
F(s)=Kgs+ K, =Kq|s+ — (10)
Ky
Z :
eros K, )
s = X,
Poles: None.

Open-Loop Transfer Function:

The open-loop transfer function of the total artificial heart
is modeled by H(s):

S + 1
H(s) =0.76 - ——03L__ (12)
Gz tLGEE+
Simplified:
0.76 s+ 0.31
H = —-(0.42)-(3.23) - 13
() = g1 (042 B2) o575y 1 3.2 (1P
Zeros:
s=-0.31 (14)
Poles:
s =-0.42,-3.23 (15)

Adding PID control can cancel both poles at s = -0.42 and
s = -3.23, but it will add an additional pole at s = 0. Adding
PD control only cancels one pole — based on our Bode plots,
we decided to cancel the pole at s = -0.42:

Ky
— =042 1
%, 0 (16)
K
K, =2 17
47042 1n
The TAH comes with integral control G(s) where K; = 1.7:
1.7
G(s) = S (18)
Assume Ky = 1, K, is calculated as:
KP
T 042 (19)
K, =0.42 (20)
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