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Abstract: We propose a deadbeat controller for the
control of pulsatile pump flow (Qp) in an implantable
rotary blood pump (IRBP). Noninvasive measurements of
pump speed and current are used as inputs to a dynamical
model of Qp estimation, previously developed and verified
in our laboratory. The controller was tested using a
lumped parameter model of the cardiovascular system
(CVS), in combination with the stable dynamical models
of Qp and differential pressure (head) estimation for the
IRBP. The control algorithm was tested with both con-
stant and sinusoidal reference Qp as input to the CVS
model. Results showed that the controller was able to
track the reference input with minimal error in the pres-
ence of model uncertainty. Furthermore, Qp was shown to
settle to the desired reference value within a finite
number of sampling periods. Our results also indicated
that counterpulsation yields the minimum left ventricular
stroke work, left ventricular end diastolic volume, and
aortic pulse pressure, without significantly affecting mean
cardiac output and aortic pressure. Key Words: Implant-
able rotary blood pump—Deadbeat controller—Pulsatile
pump flow.

Congestive heart failure (CHF) is a health condi-
tion characterized by the inability of the heart to
supply sufficient blood-borne nutrients to meet the
body’s metabolic demand. Shortage of donor organs
for heart transplantation and limitations in drug
therapies have led to a range of treatment alterna-
tives for CHF patients, such as ventricular assist
devices (VADs). These include both the pulsatile
VADs and the continuous-flow VADs (or implant-
able rotary blood pumps [IRBPs]). Among these
devices, the IRBPs have been increasingly popular
due to their smaller size and, therefore, easier
implantation.

However, numerous research studies have raised
potential concerns regarding their nonphysiological
hemodynamics which may lead to alterations in bio-
chemical function (1). A number of clinical advan-
tages of pulsatile perfusion have been hypothesized or
proven throughout the years under clinical or animal
settings (2,3), mostly during cardiopulmonary bypass
procedures. The advantages include less vital organ
injury and systemic inflammation (4), beneficial exer-
cising of the aortic valve, higher regional and global
myocardial blood flow (leading to increased coronary
perfusion), greater degree of left ventricular (LV)
pressure and volume unloading (leading to better
myocardial recovery) (2), reduced risk of ventricular
suction (5), as well as beneficial effects on the vascular
properties and microcirculation (6). Despite these
reports, few articles have looked into the area of
pulsatile flow (Qp) control of an IRBP.Vandenberghe
et al. (7) studied the effect of various pulsatile mode
support strategies on pressures and flows in a mock
loop, while Korakianitis and Shi (8) performed com-
puter simulations to study the effect of counterpulsa-
tion flow control on the hemodynamic response using
their mathematical model. Nevertheless, we are not
aware of any studies which evaluate the performance
of a Qp controller during transient changes of refer-
ence input or model parameters using only noninva-
sive measurements.

One important design goal of an IRBP is to control
the pump without the need for additional implant-
able sensors. Choi et al. (9) developed a fuzzy logic
controller for an axial blood pump based on the
blood flow pulsatility, estimated using a validated
pump model. On the other hand, Giridharan and
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Skliar (10) proposed a model-based method for esti-
mating differential pressure across the pump, which
served as the control input for their IRBP. A limita-
tion of the previous work was that the estimation of
either Qp or differential pressure was based on
steady-state pump modeling, which had not been
validated during transient changes. By accurately
estimating the transient response of the pump, one is
able to avoid dangerous or undesirable situations
caused by sudden perturbations in the cardiovascular
system (CVS) during pump operation.

The present article proposes a deadbeat controller
for the control of Qp in the IRBP, using noninvasive
measurements of pump speed and current as inputs
to a dynamical model of Qp estimation. A deadbeat
controller is a digital controller which drives the
system error to zero after a minimum possible sam-
pling period and exhibits no intersampling ripples
after the steady state is reached (11). The ability to
respond quickly to sudden perturbations in the CVS
and adjust Qp accordingly is highly desirable due to
the fact that sudden changes in afterload or preload
may cause undesirable effects on the CVS, such as
ventricular collapse, if the pump control does not
react fast enough. The controller was tested using a
lumped parameter model of the CVS (12), in combi-
nation with the stable dynamical models of Qp and
differential pressure (head) estimation for the IRBP
(13). The models have been developed and validated
previously in our laboratory against mock loop data
and animal experimental measurements. The control
algorithm was tested with both constant and sinusoi-
dal reference Qp as input to the model.

METHODS

A software model incorporating a lumped param-
eter model of the CVS in combination with a stable
dynamical model of a left VAD (LVAD) was used to
evaluate the control strategy.

The software model
The model of the CVS comprised 10 compartments

including the left and right sides of the heart,as well as
the pulmonary and systemic circulations. Each com-
partment in the CVS model was formulated based on
well-established experimental observations (14). The
CVS model parameters were tuned accordingly to
reproduce pressure, flow, and volume distributions in
a healthy subject (14). A detailed description of the
model as well as parameter values, previously devel-
oped by our research group, can be obtained from
reference (12).The model has been carefully validated

using published data from the literature, as well as our
animal experiments using healthy pigs implanted with
an LVAD. Simulated responses of the model were
shown to agree well with the experimental data over a
range of pump operating points (12).

In the present article,model parameters reported in
reference (12), which correspond to the healthy con-
dition, were used as baseline values for a normal
subject. To allow simulation of CHF conditions,
general model parameters associated with CHF,
including contractility of the left and right ventricle
(Ees,lv and Ees,rv), systemic peripheral resistance
(Rsa), and total blood volume (Vtotal) were modified
(Ees,lv = 0.71 mm Hg/mL; Ees,rv = 0.53 mm Hg/mL; Rsa

= 1.11 mm Hg/s/mL; Vtotal = 5800 mL). These param-
eters were carefully chosen in order to ensure that
realistic simulation, in terms of cardiac output, aortic
pressure, and left atrial pressure, was achieved (15).

The LVAD model included the description of the
rotary blood pump, as well as the inlet and outlet
cannulae. Descriptions of the inlet and outlet cannu-
lae can also be found in reference (12). Stable
dynamical models for Qp and differential pressure
estimation of the IRBP using noninvasive measure-
ments of pump power, P, and rotational speed, w,
previously designed and verified using in vivo pig
data and in vitro mock loop experimental data by our
research group, were used in the present simulation
to represent the pump model. Detailed descriptions
of the models, including the system identification and
validation methods used to obtain them, can be found
in reference (13).

In short, a noninvasive, steady-state average flow
estimator based on noninvasive measurements of P
and w was developed using data collected in a continu-
ous flow environment. The equation for the steady-
state average flow estimator (f) was based on the work
of Malagutti et al. (16) and is of the following form:

f a a P a P a P a a= + + + + +1 2 3
2

4
3

5 6
2ω ω (1)

where P = V I is the product of supply voltage (V)
and motor current (I), and a1-a6 are functions of vis-
cosity levels (16). f was then used to estimate the Qp

using the dynamical model derived in (13):
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Here, t is the sampling interval equal to 0.02 s and
e1(kt) represents the model error. The estimated
Qp, together with the w, was then used to estimate the
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instantaneous differential pressure across the pump
(Hp) (13), as defined by
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where e2(kt) represents the model error.
The inlet and outlet cannulae formed an important

link between the CVS model and the LVAD model.
They were each modeled in terms of flow-dependent
resistances (Rin and Rout), as well as inlet and outlet
inertias (Lin and Lout), as follows:

H t H t R R Q t
L L Q t e t
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in out p

( ) = ( ) + +( ) ( ) +
+( ) ( ) + ( )

2

3
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where Hp(t) denotes differential pressure across the
pump, Hcvs(t) denotes pressure difference between
the left ventricle and the aorta, and e3(t) represents
the model error. Parameters for the cannulae model
were estimated using data from the in vivo animal
experiments (12). Equation 4 was then discretized to
obtain a model for the pump differential pressure:
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Implementation of deadbeat control algorithm
A deadbeat controller algorithm (17) was imple-
mented to control the Qp, with the Qp as the control
variable. The input to the deadbeat controller is the
reference Qp, estimated Qp, and estimated differen-
tial pressure, while the output of the controller is the
pulse with modulation (PWM) voltage signal to the
rotary pump, represented as u. w and P were the only
variables measured in our system, and were used to
estimate steady-state pump flow, f, using Eq. 1. f was
then used to estimate the Qp and pump differential
pressure using Eqs. 2 and 3.

In order to design the control algorithm, we devel-
oped a new autoregressive (ARX), with exogenous
inputs, model with three input signals describing the
relationship between the control output signal, that is,
the PWM signal (u), the f, the Qp, and the pump
differential pressure (Hp).The resulting system model
is described by the following difference equation:

f k d u k d f k d f k
d Q k d H

τ τ τ τ
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Here, d1, d2, d3, d4, and d5 are constants with values of
0.004199, 1.956, -0.962, 0.05766, and -0.0005538,
respectively, and e4(kt) represents the model error.
Order and parameters of the ARX model which pro-
duced the smallest mean absolute error (e) between
the estimated and the measured f were chosen. Half
of the data from the mock loop experiments
described in reference (13) was used to develop the
model, while the remaining data were used for model
validation.

In the present simulation, two cases were simu-
lated: (i) constant reference input, that is, r(t) = a,
where a = constant > 0, and (ii) sinusoidal reference

input, that is, r t a b
t

T
( ) = + +⎛

⎝
⎞
⎠sin

2π
ϕ , where a, b and

f = constants, a > b, while T = heart period. In order
to achieve the reference value (r) within minimum
possible sampling periods, we derived our control
output, u, based on Eq. 6:
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where f is the desired f which was derived based on
Eq. 2:
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In all simulations, we added a sinusoidal high-
frequency signal at 20 Hz to the model error terms
e1–e4 in Eqs. 2, 5, and 6 to represent model
uncertainty.

Simulation protocols
The model was implemented using the Simulink

toolbox in MATLAB (The Mathworks, Inc., Natick,
MA, USA).The simulation was first carried out using
varying levels of constant reference Qp input. Next,
sinusoidal signals of varying mean, amplitude, and
phase shift were applied to the reference Qp input.
Phase shift for the sinusoidal reference Qp input is
defined as 0 when the peak Qp value occurs during
end systole, that is, at the maximum value of the
time-varying elastance function (ev). In all simula-
tions, frequencies of the sinusoidal signals were
chosen to be equal to the heart rate.
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In order to evaluate the ability of the controller
to track the increased reference Qp input in the
presence of model parameter changes, we have
simulated transition from rest to exercise. Using
model parameters for the CHF condition as base-
line values, relevant model parameters associated
with exercise were linearly changed over a period
of 10 s. These included the Rsa (decreased
linearly by 50%), unstressed volume of the sys-
temic veins (decreased linearly by 500 mL), and
heart rate (increased linearly by 35 bpm). During
this period, the reference Qp signal was in-

creased linearly from r t
t

T
( ) = + ⎛

⎝
⎞
⎠2 5 2

2
. sin

π
to

r t
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Surplus hemodynamic energy (SHE) was derived
from the simulation results as a means of assessing
pulsatility (18) defined as
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RESULTS

Figure 1 shows the waveforms of the LV pressure
(Plv), aortic pressure (Pao), aortic valve flow (Qav), and
Qp superimposed on the reference Qp signal (r) gen-

erated by the model using parameters for the CHF
condition, during transition from rest to exercise. The
reference input signal was increased from

r t
t

T
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⎞
⎠2 5 2

2
. sin

π
to r t

t
T
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⎝
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2
. sin

π
at

t = 5 s, over an interval of 10 s.The simulated Qp accu-
rately tracked the reference input signal within an
error of �0.5 L/min. During exercise, both left ven-
tricular end systolic pressure and Pao decreased, while
total cardiac output increased.

Figure 2 illustrates the effect of sinusoidal Qp

modulation on end-systolic and end-diastolic LV
volume (Vol), systolic and diastolic Pao, stroke
volume (SV), mean cardiac output (CO ), external
work (EW), SHE, and the Plv–volume loops at differ-
ent phase shifts. The simulation uses parameters for
the CHF subject and reference Qp signal with mean
value of 2.5 L/min and amplitude of 2 L/min. Our
results indicate that counterpulsation (around 50%
phase shift) produced the smallest LV end-diastolic
volume, EW, SV, SHE, and aortic pulse pressure. On
the contrary, copulsation (0% phase shift) produced
the maximum LV stroke work, SHE and LV end-
diastolic volume, with the minimum LV end-systolic
volume. Despite the large variation in stroke work
with different phase shifts, sinusoidal Qp modulation
did not significantly alter CO and Pao.

DISCUSSION

Various pump control strategies have been pro-
posed by research groups in the IRBP field. The tra-
ditional control strategy, which maintains a constant
pump speed, demonstrates a limited degree of adapt-
ability to cardiac demand and pathological state of
the heart. In view of this, physiological control algo-
rithms which aim to adjust Qp according to patients’
metabolic demand have been proposed, including
pump differential pressure or Pao control (19), flow
control (20), and pulsatility index or pulsatility ratio
control (21). Schima et al. (20) have reported on the
successful implementation of a heart rate-based
control strategy in clinical studies.The control system
consists of four interacting components, that is, a
desired Qp value based on measured heart rate, a
desired peak-to-peak flow value automatically varied
by a suction detection unit and two speed variation
functions, as well as threshold values for maximal
pump power and minimal Qp. Ochiai et al. (22) pro-
posed an automatic pump control algorithm which
maintains a targeted Qp that is a function of the heart
rate to the peak pump inlet–outlet conduit pressure
difference (AoPcalc) ratio.
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FIG. 1. Left ventricular pressure (Plv), aortic pressure (Pao),
pump flow (Qp), and reference pump flow (r) waveforms from the
model simulations using parameters for CHF condition, during
transition from rest to exercise. Reference pump flow input
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Although extensive efforts have been made in the
field, Qp control of an IRBP has not been widely
studied, despite potential concerns regarding their
nonphysiological hemodynamics as well as the new
possibilities it may offer in the field of control. Over
the years, pulsatile perfusion has been shown to
provide numerous advantages under clinical or
animal settings (2,18). These include less vital organ
injury and systemic inflammation (4), higher regional
and global myocardial blood flow as well as organ
perfusion, a greater degree of Plv and volume unload-
ing (2), reduced occurrence of blood stasis in the
ventricle,and decreased risk of ventricular suction (5).
In view of this, a number of studies (7,23,24) have
attempted to generate Qp in IRBPs or during cardiop-
ulmonary bypass settings. The most commonly used
method to achieve this is by varying the voltage on the
motor to switch between a low and high rotor speed
after a desired mean flow rate is obtained (23). A few
important artificial pulse parameters were varied,
including beat rate,the minimum and maximum pump
speeds, the sharpness of speed changes, and the sys-
tolic interval (5). The main drawback of the pulsatile
speed control strategy is that it demonstrates a limited
degree of adaptability to cardiac demand and patho-
logical state of the heart. As a centrifugal pump is
highly afterload dependent, the resultant Qp does not
only depend on w but varies substantially with chang-
ing cardiovascular parameters.

The present study proposed a noninvasive Qp

control strategy (both continuous and pulsatile)
based on a stable dynamical model of Qp estima-
tion, which was able to estimate Qp during steady-
state conditions as well as transient changes in the
control input and model parameters (13). The pro-
posed Qp control algorithm does not stand alone
but could form an important part of the multiobjec-
tive physiological control algorithm proposed previ-
ously by our research group (25). We have chosen to
control Qp instead of pressure, as we believe that Qp

is a more relevant physiological parameter. Further-
more, in a severe heart failure patient, rotary blood
Qp normally contributes completely to total cardiac
output; therefore, Qp is an important parameter
which determines total blood flow to the body. In a
practical situation, the reference Qp can be derived
from noninvasive indicators of metabolic demand
such as heart rate and acceleration (20,25). Our
results showed that the controller was able to track
the reference input with minimal error in the pres-
ence of model uncertainty.

Vandenberghe et al. studied the effect of sinusoidal
pump speed variations on the hemodynamic vari-
ables, both in the mock loop and computer model
(7,24). They found that synchronous pump operation
results in maximization of SV and minimization of
ventricular pressure, while asynchronous operation
causes highly unphysiological pressures and flows.

FIG. 2. Effect of sinusoidal Qp modulation
on left ventricular volume (Vol; ES, end
systolic; ED, end diastolic), aortic pres-
sure (Pao; ES, end systolic; ED, end dias-
tolic), stroke volume (SV), mean cardiac
output ( CO ), external work (EW), and
surplus hemodynamic energy (SHE) at
different phase shifts.
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Our results showed that counterpulsation operation
produced the minimum stroke work and LV end-
diastolic volume, without significantly affecting the
CO and Pao. This is highly beneficial for myocardial
recovery of a failing heart which operates at its physi-
ological limits of the Frank–Starling relationship, as
reduction in stroke work and LV end-diastolic
volume decreases myocardial oxygen consumption
and LV wall stress (26). It was reported that reducing
LV oxygen consumption may attenuate further
ischemia of the myocardial tissue and restore the
metabolic requirements of reversibly injured myo-
cytes (26). As an added benefit, the relatively higher
diastolic Pao during counterpulsation operation may
also improve coronary perfusion. Furthermore, using
the same mean Qp input, counterpulsation produced
a higher LV end-systolic volume compared to copul-
sation and continuous operation.This may reduce the
risk of ventricular collapse, which is closely related to
LV volume during end systole.

Despite the various advantages offered by coun-
terpulsation mode, it has its own drawback in terms
of pulsatility. By using pulse pressure and SHE for
precise pressure-flow waveform quantification, our
results showed that copulsation yields a much
higher pulsatility compared to counterpulsation.
Takeda (27) suggested that the extra energy gener-
ated by pulsatility could help to maintain peripheral
perfusion by keeping capillary beds open. Having
said that, consistent with published findings (28),
our results showed that the value for SHE gener-
ated during copulsation is much lower compared to
that generated by a pulsatile pump. Pantalos et al.
proposed that for a rotary pump operating in pul-
satile mode, an extreme increase in Qp during
systole, which may cause excessive hemolysis and
pump wear, would be required to be able to gener-
ate the same amount of SHE at the same flow rate
(28).

Furthermore, the ability of the pump to switch
rapidly between low and high rotor pump speeds may
be affected by friction that impedes rotation (5). The
hydrodynamically suspended pump used in the
present study may be suitable for Qp control because
it does not have any friction-producing mechanical
bearings. Further work includes evaluation of the
control algorithm using a pulsatile mock loop and
animal experiments.

CONCLUSION

In this article, we simulated the effect of pump flow
modulation on the cardiovascular system in terms of
end-systolic and end-diastolic left ventricular

volume, systolic and diastolic aortic pressure, stroke
volume, mean cardiac output, external work, and
surplus hemodynamic energy, at different phase
shifts. Counterpulsation is most beneficial for myo-
cardial recovery as it decreases LV EW and oxygen
consumption. However, copulsation provides a
higher degree of pulsatility compared with counter-
pulsation control. Furthermore, we examined the per-
formance of a deadbeat controller in the presence of
model uncertainty. Results showed that the control-
ler was able to track the reference input with minimal
error in the presence of model uncertainty, by using
noninvasive measurements. Future work includes
testing of the control algorithm using a pulsatile
mock loop and evaluating its performance under
various physiological conditions such as postural
changes and the Valsalva maneuver.
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