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o (57) Abstract: The invention relates to a rotational pump capable of running at a rotational speed (n) having a system for direct or

=
=

indirect measurement of pressure difference or flow rate across the pump, wherein a control system is designed to calculate an index
of pulsatility (PI) of the pressure difference or flow rate, estimating the gradient of PI with respect to the rotational speed (dP1/dn)
and regulating the dPI/dn to a pre-defined set-point or regulating the pump in a way that the dPI/dn is minimal.
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Rotational pump and methods for controlling

rotational pumps

The invention relates to rotational pumps and methods

for controlling rotational pumps.

Although research in the field of physiological con-
trol of rotary pumps dates back to the early 1990s
rotary blood pumps (RBP) used as left ventricular as-
sist devices (LVADs) were initially operated at a
constant rotational speed which was adjusted indi-
vidually according to the patient's need. Early
clinical experience clearly showed that ventricular
collapse and excessive suction are serious hazards

related with the operation of these pumps.

These rotational blood pumps are implanted into a hu-
man body. The inlet of the blood pump is normally
connectable to the left ventricle of the human, the

outlet of a pump is connectable to the aorta, down-
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stream of the aortic valve (AoV).

RBPs used as LVADs are often required to deliver the
maximum possible flow rate. This may be the case in
the early post-op period or when seriously impaired
end-organ function requires optimum perfusion. Sev-
eral approaches are known that attempt to meet this
requirement by operating the pump near the collapse
point of the LV, where the flow rate is as high as
possible. On the other hand, it is known that exces-
sive unloading of the LV may impair the pumping per-
formance of the right ventricle because of the septum
shift. Furthermore, it is hypothesized that the al-
teration of the natural flow path of the LV in combi-
nation with the greatly reduced LV wall movement due
to full unloading causes recirculation and stasis in-
side the LV cavity. To date, there is only anecdotal
evidence of thrombus formation in the LV, but atrial
fibrillation can be considered to be a comparable
situation in which thrombo-embolic complications are
a well-known problem. Additionally, full unloading is
contra-indicated for patients whose hearts may re-
cover under assist and who are potential candidates
for weaning. These facts strongly indicate that it
may be better not always to operate the RBP at the
point of maximum flow rate but also at a point where
unloading is only partial, LV volume and LV wall
movement are not minimal and at the optimum achiev-
able washout of the LV cavity and where the aortic

valve opens at least occasionally.

It is the object of the invention to provide a rota-
tional blood pump and a control method which finds
and adjusts the optimum operating point under all
conceivable physiological situations without requir-

ing the attention of a physician. An operating point
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may be optimal with regard to the therapeutic objec-
tives mentioned above and which can be classified
into two cases: Full Assist (FA) - maximum support
with closed AoV but sufficient safety margin to avoid
suction, and Partial Assist (PA) - moderate support
at the transition region between the opening of the
AoV and a permanently-closed AoV with near-
physiological LV volume, better LV washout and moder-

ate LV loading.

This object is achieved by a subject matter of the

independent main claims.

A main claim refers to a rotational pump, especially
a rotational blood pump capable of running at a rota-
tional speed (n) having a system for direct or indi-
rect measurement of pressure difference or flow rate
across the pump, wherein a control system is designed
to calculate an index of pulsatility (PI) of the
pressure difference or flow rate, estimating the gra-
dient of PI with respect to the rotational speed (GPI
= dPI/dn) and regulating the GPI to a pre-defined
set-point or regulating the pump in a way that the

GPI is minimal.

Another main claim refers to a method to control a
rotational blood pump, characterized by direct or in-
direct measurement of the pressure difference or flow
rate across the pump, calculating an index of pulsa-
tility (PI) of the pressure difference or flow rate,
estimating the gradient of PI with respect to rota-
tional speed (n) GPI and regulating the GPI to a pre-
defined set-point or regulating the pump in a way
that the GPI is minimal.

The pump might be used in different technical fields.
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It is advisable to implant the rotational blood pump
into a human or animal body wherein the inlet of the
rotational pump is to be connected with the left ven-
tricle of the heart and the outlet of the pump is to
be connected with the aorta, downstream of the aortic
valve. It is also conceivable to implant the pump as
a right ventricular assist device (RVAD), where the
inlet of the pump is connected to the right ventricle
and the outlet is connected to the pulmonary artery,
downstream of the pulmonary valve. For simplicity,
only the LVAD case shall be described below, without

limiting the invention to LVAD.

A control strategy for rotary blood pumps meeting
different user-selectable control objectives is pro-
posed: maximum support with the highest feasible flow
rate versus medium support with maximum ventricular
washout and controlled opening of the aortic valve. A
pulsatility index (PI) is calculated from the pres-
sure difference, which might be deduced from the ax-
ial thrust measured by a magnetic bearing of the pump
or by other means. Alternatively the flow rate
through the pump may serve as the basis for calculat-
ing the PI. The gradient of PI with respect to pump
speed (GPI) might be estimated via on-line system
identification. The outer loop of a cascaded control-
ler regulates GPI to a reference value satisfying the
selected control objective. The inner loop controls
the PI to a reference value set by the outer loop.
Adverse pumping states such as suction and regurgita-
tion can be detected on the basis of the GPI esti-
mates and corrected by the controller. A lumped-
parameter computer model of the assisted circulation
may be used to simulate variations of ventricular
contractility, pulmonary venous pressure and aortic

pressure. The performance of the outer control loop
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may be demonstrated by transitions between the two
control modes. Fast reaction of the inner loop may be
tested by stepwise reduction of venous return. For
maximum support, a low PI may be maintained without
inducing ventricular collapse. For maximum washout,
the pump may work at a high PI in the transition re-
gion between the opening and the permanently closed
aortic valve. The cascaded control of GPI and PI is

able to meet different control objectives.

Further aspects of the invention are claimed by the

dependent patent claims.

The gradient GPI is extracted from the system dynam-
ics which is identified by an on-line parameter esti-

mation method.

The set-point of GPI may be selected in such a way
that the pump operates in the transitional phase in
between an opening an a closed aortic valve, this

phase being at the transition point between partial

and total assist.

The GPI might be regulated to the set-point by a cas-
caded controller with an inner and an outer loop. The
outer loop may comprise a feedback control loop that
keeps the GPI to its set-point and whose output is a

reference value for the PI.

An inner feedback control loop may keep the actual PI
close to the reference value for PI by calculating a

reference value for the rotational speed.

The rotational speed may be temporarily reduced from
the operating point by a fixed value to allow the

aortic valve (or pulmonary valve respectively) to
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open in systole.

The minimum of GPI maybe maintained by a cascaded

controller with an inner and an outer loop.

The outer loop may comprise a feedback control loop
that keeps the GPI to its minimum value and whose

output is a reference value for the PI.

The inner feedback control loop of the controller may
keep the actual PI close to the reference value for
PI by calculation a reference value for the rota-

tional speed.

The parameters of the inner feedback control loop may

be adapted to the estimated system dynamics.

Embodiments of the invention are described in the

following:

Fig. 1 is a lumped-parameter simulation model,
Dven, pulmonary venous pressure; Lyen, Rven:
inertia and resistance of pulmonary vein;
Ea.a, Eap, active and passive left atrial
elastance; Lpic, Rnit, lnertia and resistance
of mitral valve; Dp;., mitral valve; E,,

E,, active and passive left ventricular
elastance; R,, left ventricular viscous
element; E,s, left ventricular series elas-
tance; Di., aortic valve; R,,, resistance of
aortic valve; Z., La, Esys, Rsys, 4-element
windkessel model of aorta with characteris-
tic impedance, inertia, elastance and sys-
temic resistance of the aorta; Ap, pressure
difference generated by the assist pump;

Ly, Ry, Ex, inertia, resistance and elas-
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tance of the cannulas.

shows a simulated pressure waveforms for
aortic pressure AoP = 85 mmHg, contractil-
ity Epax = 1 mmHg/ml, pulmonary venous pres-
SUre Prven = 8 mmHg and pump speed w = 7500
rpm. LVP, left ventricular pressure; LAP,
left atrial pressure; AoOP, aortic pressure;
Ap, pressure difference across assist pump;

AOF, aortic flow; PF, pump flow.

shows the dependence of pulsatility index
PI and its gradient GPI on pump speed o for

different pulmonary venous pPressures DPven-

shows the dependence of pulsatility index
PI and its gradient GPI on pump speed w for

different contractility levels Emax-

shows the dependence of pulsatility index
PI and itsgradient GPI on Pump speed w for
different levels of mean aortic pressure

AOP.

is a schematic control loop, @, pump speed;
Ap, pressure difference; PI, pulsatility
index; PI*, reference PI; GPI, gradient of
PI with respect to ®; DRBS, discrete random
binary signal; g, auxiliary sinusocidal

signal.

is a block diagram of GPI control (outer
control loop) Left: extremum seeking con-
trol for mode FA; Right: Reference tracking
control with gradient information. HP,

high-pass; [, integrator; wg, auxiliary si-
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nusoidal signal; Plant, pump with left

heart and adjacent vasculature.

Fig. 8 shows a schematic of inner control loop for
regulation of PI.

Fig. 9 shows the transition from mode FA to mode
PA.

Fig. 10 shows the transition from mode PA to mode
FA.

Fig. 11 shows pressure waveforms for both operation
modes. Left: Mode FA; Right: Mode PA.

Fig. 12 is a transient response to a step decrease

of pven-
Fig. 13 is a rotational blood pump.

Fig. 14 A rotational blood pump connected to a hu-

man heart.

A lumped-parameter computer simulation model was de-
veloped to design and test the control algorithm
(Fig. 1). The model consists of the pulmonary venous
vasculature, left atrium (LA), LV, aorta and assist
pump. The pulmonary veins, represented by inertia Lie,
and viscous element R,e,, are supplied by the pulmo-
nary venous pressure Pve,. The LV was modeled by an
E(t)-R model incorporating an active time-varying
elastance E.:(t), a pressure-dependent viscous ele-
ment R, and series elastance E,s. The exponential re-
lationship between passive filling pressure and fill-
ing volume Q, is accounted for by the passive elas-
tance Ep(Qv) . The LA is modeled using a simpler E(t)
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model with active elastance E,,(t) and constant pas-
sive elastance E,, according to a linear passive
pressure-volume relationship. The open mitral valve
is simulated by inertia L,;; and viscous term Rp;:,
whereas the open aortic valve has only a viscous term
Ri:o. Both valves, when closed, are simulated by infi-
nite resistances. The aorta is represented by a 4-
element windkessel model consisting of the character-
istic impedance Z. and inertia La of the proximal
aorta, elastance Ess and peripheral resistance Rsys. A
model of the INCOR axial-flow blood pump (Berlin
Heart GmbH, Berlin, Germany) was used as an assist
pump model. The pump characteristic Ap=ﬂ§%,w) is ap-
proximated by a multiple regression model with pres-
sure difference Ap, pump flow rate Qp and pump speed
w. The cannulas of the INCOR system are represented
by an inertial term Iy, viscous term Ry and elastic
term Ex. The whole network can be described by a set
of 9 non-linear first order differential equations

with state vector
x =[Qven pap Qmir pvp pvs Qp pao QL psys]T ! (l)

where th is the pulmonary venous flow, ps,, the pas-
sive LA pressure, an the trans-mitral flow, p, the
passive LV pressure, p, the auxobaric LV pressure,

Qp the pump flow, p, the proximal aortic pressure,
Qh the proximal aortic flow and p  is the systemic

arterial pressure. The control vector is
u = [pven Eza Eva C‘)]T- (2)

No output vector shall be defined for simulation pur-

poses, as all states can be monitored.

The elastance functions E;;(t) and E,,(t) resemble the
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atrial and ventricular activation functions. They can
be normalized with respect to time and magnitude with
max{Ey(ty)) = 1 for ty = 1. The normalized elastance

function was approximated by a hybrid cosine function

1-cos(m,) for 0<¢, <1

ty, —1
1+co{n=ﬁL—T) for 1<t <t,,,.

tnd

E(ty)=0.5

With tepg = 1.75, a relaxation time between 50 and 80

ms can be achieved for auxobaric contraction.

Occlusion of the input cannula due to negative left
ventricular pressure (LVP) was implemented by setting
R, = ® for LVP < 1 mmHg. A small hysteresis repro-
duces the characteristic suction limit cycles ob-

served in patients.

The model was implemented with Matlab/Simulink (The
MathWorks, Natick, MA, USA). All physiological pa-
rameters have been set according to literature data
and the pressure and flow waveforms have been vali-
dated with literature data as well. The pressure dif-
ference waveform was compared to patient data from
the INCOR patient database. Fig. 2 shows the pressure
and flow waveforms for simulation of an assisted

pathological left ventricle.

Note that the input @ is the only one of the 4 ele-
ments of control vector u directly accessible in
clinical use, whereas DPyen, Eas and Ey,, are unknown.
The output vector contains only the measurable vari-

ables pump flow and pressure difference

y=4Qp Apr. (4)
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If the system were to be linearized at a certain op-
erating point, it would not be completely observable
because most elements of state matrix A and most of
the control signal values are unknown. The proposed
control strategy is based on regulating the LV fill-
ing pressure, or correspondingly, the filling volume
0, which, on account of the nonlinearities, is re-
flected by the PI of the pressure difference signal
for a given contractility Empx and afterload AoP. The
PI is filtered out of the pressure difference signal
(provided by the magnetic bearing of the pump) by
low-pass filtering (LP) of the magnitude (abs) of the
high-pass filtered (HP) Ap signal:

PI = LP{abs[HP(Ap)]}. (5)

The dependence of PI on w for different filling pres-
sures is shown in the top part of Fig. 3. For w<wea,
PI remains almost constant at a high level because
the AoV opens in every systole. For wpsSwSwg, the AoV
remains permanently closed and PI decreases with in-
creasing w. When the minimum is reached, suction
starts due to a low LV end-diastolic volume and low
LV end-diastolic pressure. For w>wg PI increases
again, caused by the positive suction spikes of the
pressure difference. It can be seen that higher
filling pressures shift the PI curves to higher o va-
lues. Independently of pyen, Optimal operating points
can be assigned: for PA mode this is wpa, whereas the
maximum negative slope of the PI, marked as wra, wWas
selected for FA mode. At wr, a high pump flow is
achieved with a sufficient safety margin with respect
to suction. To determine both these operating points,
the gradient of PI with respect to w (GPI = SPI/dw)
was calculated off-line (Fig. 3, bottom). If the op-
erating points wpa are transferred to the GPI, it can
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be seen that these points are all located at a small
negative value of GPI, regardless of pyen. The points
wra are located at the minimum of GPI. This relation
is also true for different levels of contractility
(Fig. 4) and afterload (Fig. 5). The control task
consists of determining and tracking these operating

points on-1line.

A cascaded control loop was designed (Fig. 6). The
outer loop regulates the GPI according to the se-
lected operating mode. A parameter estimation algo-
rithm calculates the current GPI using present and
past values of the plant input o' and plant output
PI, where ' is the reference pump speed w superim-
posed with an auxiliary discrete random binary signal
(DRBS) of small amplitude. The process is assumed to
be linear in the vicinity of the current operating
point and to be time-varying. The linear time invari-
ant discrete-time difference equation of an ARX proc-

ess model of order m and delay d is given by

y{(k)+a1y(k-1)+-* +apy(k-m) =
biu(k-d)+---+ byu(k-d-m)+e(k) (6)

with inputs u=w, outputs y=PI and equation error e
which must be assumed to be white noise. A recursive
least square (RLS) method estimates the system pa-
rameters a;...ap and b;...b, on-line. The GPI can be

calculated as the plant gain:

GPI:—QZ%;E—. (7)
I+Zk=)ak

The system parameters may vary slowly or rapidly with
time. Slowly time-varying parameters can be tracked
with a constant forgetting factor approach with suf-
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ficiently low parameter variance. This may be the
case for gradual changes of venous return, afterload
or contractility. Rapidly varying or jumping systems,
however, require special algorithms to allow fast
tracking without sacrificing smoothness of the esti-
mates. A sudden change of venous return may occur
during a change of body posture and when straining or
coughing. A time-varying forgetting factor approach
which is controlled by the a-posteriori variance of

the estimation error was used.

Extremum-seeking control (ESC) is employed for con-
trolling the GPI (Fig. 7). ESC minimizes the objec-
tive function GPI = f(w). As GPI(w) is a convex func-
tion for GPI < 0 (see Fig. 3, bottom), the minimum
can be found. ESC relies on auxiliary excitation of
the plant input signal «. The cascaded controller as
shown in Fig. 6 however, allows no direct manipula-
tion of w by the gradient controller. Instead, the
reference value PI* must be used to impose the re-
quired excitation signal. As PI = f(w) is a monotoni-
cally falling function for GPI < 0, GPI = f(PI) 1is
also a convex function. The excitation signal is a
sine wave with low frequency and amplitude. This sig-
nal is also used to demodulate the high-pass-filtered
plant output to extract the gradient information
which is then fed into an integrator. The output of
the integrator approaches the PI* value for which GPI

is at a minimum (i.e. O&GPI/&PI=0).

In PA mode, the current estimate of the GPI is kept
at a constant negative reference value (e.g. -3
mmHg-min) by an integral controller. The ESC is
merely used to extract gradient information to detect
the falling slope of the function GPI = f(w) (which
corresponds to the rising slope of GPI = f£(PI)). If
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an incorrect slope is detected, the mode is temporar-
ily switched to FA until the extremum is found. Fol-
lowing a further increase of PI* (reduction of w) the

mode is switched back to PA mode.

Adverse pumping states such as suction and regurgita-
tion can be detected on the basis of non-negative GPI
estimates and are corrected by the controller. The
output PI* of the gradient controller is the refer-
ence signal for the inner control loop (Fig. 8). A
predictive controller was designed using the Internal
Model Control (IMC) scheme. The plant in (6) may be

written
A(gH)y(t)=g®B(g™) u(t) (8)
with the polynomials A{(g™?) = l+a;q '+ --+amq " and

B(g ') =bjg '+ ++by,g ™. The transfer function can be de-

rived from Eqg. 8

~d -1
B
G(q~')=9——(_‘{—)-. (9)
Alg™)
The closed-loop poles P contain the poles of the
plant A and the auxiliary poles Py:

P(gh)=A(g ") Py(gt). (10)

Polynomial T is used to design the tracking dynamics.
Polynomials T and P, were properly tuned to yield ro-
bust stability and performance for varying plant

gains (i.e. varying GPI).

The behavior of the entire control loop was tested in
simulations for various combinations of physiological

parameters. Unless otherwise stated, a typical pa-
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rameter set was used as a standard for all following
simulations: Ep,x = 1 mmHg/ml, AoP = 85 mmHg, Pyen = 4
mmHg and heart rate = 90 bpm.

Simulations were carried out for both modes of opera-
tion. Fig. 9 shows the transition from mode FA to PA
to demonstrate the performance of the outer control
loop for GPI control. The GPI changes from -11 mmHg
min to the required -3 mmHg - min within 500 s.
Within the same time, PI rises from 12 mmHg to 22
mmHg, @ decreases from 7700 rpm to 6400 rpm and PF
decreases from 5.0 1/min to 3.5 1/min. Note that the
reduction of PF in a patient would force pye, to rise,
causing a recovery of PF at the expense of a higher
left-ventricular volume (LVV) and higher LAP. In the
simulation, however, pven has been kept constant. Fig.
10 shows the transition back to FA. GPI, PI, w and PF
revert to their original values. This transition
takes roughly 1000 s. In both operating modes, the
gradient control loop was stable. The oscillations of
PI, o and PF are caused by the sinusoidal excitation
for ESC. In FA mode, the level of PF was high enough
to keep the LVV in a range where the LVP stays well
below the aortic pressure (Fig. 11, left). In PA
mode, the LVP briefly reaches the level of AoP which
allows the AoV to open (Fig. 11, right). The peak LVP
oscillates periodically due to the sinusoidal excita-

tion.

The reaction of the inner control loop to sudden
changes in venous return is simulated by a stepwise
decrease of Ppyen from 6 mmHg to 4 mmHg (Fig. 12). FA
mode is the more demanding test case because the
safety margin to the suction point is smaller than in
PA mode. The pulse amplitude of the Ap signal drops
to zero within 2 heart beats. One suction spike oc-
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curs before w is rapidly reduced and further suction
spikes can be avoided. The PI recovers within 10 s
and increases to above the initial value. After an-
other 15 s (not shown in Fig.12), the PI returns to
the initial value. The pump speed decreases from 9660
rpm to 7375 rpm. In PA mode (not shown), no suction

spikes occur during a step decrease of pPyen.

Preload-based control of RBP is the most common con-
trol method used for clinically available pumps as
well as for investigational devices. Preload is re-
flected in the pulsatility of the PF, Ap or motor
current signal, provided that the LV demonstrates
some residual contractility. Methods based on main-
taining a predetermined PI reference level demon-
strated a lack of adaptation to changing physiologi-
cal variables such as contractility or afterload
since the level of PI is affected by these variables.
Consequently, the adjusted reference value for the PI
is optimal only for one particular parameter set. If
contractility increases, for instance, the PI would
have to be increased too. There are several ap-
proaches to address this problem. It may be possible
to propose a manipulation of the pump speed to verify
whether some characteristics as PI, pump flow and
power consumption behave as expected. As a result of
the speed changes, the reference value for PI is in-
creased when there is an imminent risk of suction, or
otherwise decreased. Our proposed control method is
also based on the application of speed variations for
evaluating the reaction of the system. We continu-
ously obtain an estimate of the GPI which can be used
to fulfil different control purposes by simply con-
trolling the GPI in an appropriate way.

Several proposed control methods aim to adaptively
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operate the pump at a point where the flow rate is
maximal. It may be possible to increase the pump
speed until the point of suction is detected and sub-
sequently decrease the pump speed. This approach has
been further investigated by the same group. A method
based on ESC has been proposed to maximize either the
mean PF or the PF during diastole. Consequently, the
pump is operated near the collapse point of the LV.
To increase the safety margin to the suction point,
slope-seeking control, as a special case of ESC, has
been proposed in order to operate the pump at a
slightly higher degree of LVV. Similarly, it might be
tried to use own nor pressure pulsatility on its own
as a control variable, but rather the quotient of
these two parameters. This index will decrease at in-
duction of suction and can thus discriminate between
pulsatility caused by LV contraction and suction. All
these methods have in common that the pump is oper-
ated near the onset of suction. Occasional occurrence
of suction is even tolerated. It is our opinion, how-
ever, that suction has to be avoided under all cir-
cumstances. Unlike the strategies outlined above, we
propose to operate the pump in FA mode at a speed
where ventricular collapse is unlikely due to the
larger safety margin towards suction. It is not nec-
essary to test for the onset of suction and suction

can therefore be avoided.

In contrast to the high-flow operating point, with
our PA mode, we additionally propose a method which
can operate the pump at a point where the degree of
unloading is not maximal, but where the LV filling is
more physiological and ventricular washout is opti-
mized due to better LV wall movement. We defined this
point to be in the transition region between the

point where the aortic valve opens and that point
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where it is permanently closed. This operating point
is often selected manually by the physician, either
with echocardiographic guidance or by interpreting
the pressure difference waveform. This region can be
detected quite precisely using the gradient informa-
tion of PI with respect to pump speed (GPI), provided
that the residual contractility of the LV is high
enough at all to enable ejection through the AoV at
low pump speeds. However, the GPI is not readily
available when the pump is operated at one specific
speed. It can be estimated with parameter estimation
methods based on observation of input-output data
over a certain time interval. For proper excitation
of the system, an auxiliary signal (DRBS) has to be
added to the input. The resulting speed changes are
not expected to be perceived by the patient. We ap-
plied ESC to control the GPI. ESC also needs an aux-
iliary signal which has a much lower frequency but a
higher amplitude than the DRBS. The resulting low-
frequency oscillation might be a drawback of this
method, but has the positive side effect that in PA
mode the AoV will open during low-speed phases and
stay closed during high-speed phases. The rather long
response time of the ESC is based on the recursive
estimation time. The gradient control loop determines
the proper reference signal for control of PI. This
reference point has to be modified according to the
changing physiological parameters. Changes Of Epax Ye-
quire the largest corrections of the reference point
(see Fig. 4), followed by changes of AoP (see Fig.
5). As the contractility is not expected to change
suddenly, the adaptation velocity of the controller
is believed to be adequate. Changes in AoP caused by
changes of the systemic vascular resistance (SVR) are
usually ramp-like changes. If, for example, the AoP
decreases too fast for the PI* to follow suit when in
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PA mode, pump speed will temporarily decrease until
the controller reacts by decreasing PI*. The fastest
changes are expected for pyen. However, PI* can be

kept almost constant for altering pven (see Fig. 3).

Sudden changes in pyv.n, are handled instead by the in-
ner control loop. The applied IMC scheme, as a spe-
cial case of pole placement strategy, is a simple
control structure which has the advantage of an easy
design of the closed-loop poles to achieve fast regu-
lation dynamics without overshoot. If the closed-loop
dynamics are not faster than the open loop dynamics,
the IMC scheme inherently offers a convenient way to
ensure predictable behavior in the presence of input
constraints (speed limits of the pump). The response
to output disturbances is fast enough to avoid col-
lapse of the LV. In FA mode, only one suction spike
occurs when the venous return is suddenly reduced.
Such a fast transient has not been observed in any
patient according to the INCOR patient data base.
Generally, the pulse amplitude does not drop to zero
any faster than within 5 consecutive heart beats.
Hence, the simulated reduction within 2 heart beats
can be regarded as being the worst case. Almost no
overshoot has been observed, neither for reference
nor for output step responses at different values for
GPI. The fast dynamics of the IMC had to be traded
against a slow reaction during arrhythmias. Although
good robustness against arrhythmias is anticipated
due to the use of time-averaging algorithms rather
than pattern recognition methods, tests with various

forms of arrhythmia still have to be carried out.

The physician is given the option of selecting be-
tween full assist and partial assist. The reduction

to just two distinct options may seem draconic, but
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the objective is to relieve the physician from having

to make decisions on to many poorly-known variables.

For a deeper understanding of the invention's rota-
tional pump, Fig. 13 shows a schematic view of a ro-

tational pump.

Fig. 14 shows this pump connected to a human heart.
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Claims

Rotational pump capable of running at a rota-
tional speed (n) having a system for direct or
indirect measurement of pressure difference or
flow rate across the pump, wherein a control
system is designed to calculate an index of pul-
satility (PI) of the pressure difference or flow
rate, estimating the gradient of PI with respect
to the rotational speed (dPI/dn) and regulating
the dPI/dn to a pre-defined set-point or regu-
lating the pump in a way that the dPI/dn is min-

imal.

Pump according to claim 1, wherein the gradient
dPI/dn is extracted from the system dynamics
which is identified by an on-line parameter es-

timation method.

Pump according to claim 1, wherein the set-point
of dPI/dn is selected in such a way that the
pump operates in the transition region between
an opening and a closed aortic valve, this re-
gion being at the transition point between par-

tial and total assist.

Pump according to claim 1, wherein the dPI/dn is
regulated to the set-point by a cascaded con-

troller with an inner and an outer loop.

Pump according to claim 4, wherein the outer
loop comprises a feedback control loop that
keeps the dPI/dn to its set-point and whose out-

put is a reference value for the PI.
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Pump according to claims 4 and 5, wherein an in-
ner feedback control loop keeps the actual PI
close to the reference value for PI by calculat-

ing a reference value for the rotational speed.

Pump according to claims 1 and 3, wherein the
rotational speed is reduced temporarily from the
operating point by a fixed value to allow the
aortic valve (or pulmonary valve respectively)

to open in systole.

Pump according to claim 1, wherein the minimum
of dPI/dn is maintained by a cascaded controller

with an inner and an outer loop.

Pump according to claim 8, wherein the outer
loop comprises a feedback control loop that
keeps the dPI/dn to its minimum value and whose

output is a reference value for the PI.

Pump according to claims 8 and 9, wherein an in-
ner feedback control loop of the controller

keeps the actual PI close to the reference value
for PI by calculating a reference value for the

rotational speed.

Pump according to claims 1 through 10, wherein
the parameters of the inner feedback control
loop are adapted to the estimated system dynam-

ics.

A method to control a rotational blood pump,
characterized by direct or indirect measurement
of the pressure difference or flow rate across
the pump, calculating an index of pulsatility
(PI) of the pressure difference or flow rate,
estimating the gradient of PI with respect to
rotational speed (n) dPI/dn and regulating the
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dPI/dn to a pre-defined set-point or regulating
the pump in a way that the dPI/dn is minimal.

A method according to claim 12, wherein the gra-
dient dPI/dn is extracted from the system dynam-
ics which is identified by an on-line parameter

estimation method.

A method according to claim 12, wherein the set-
point of dPI/dn is selected in such a way that
the pump operates in the transition region be-
tween an opening and a closed aortic valve, this
region being at the transition point between

partial and total assist.

A method according to claim 12, wherein the
dPI/dn is regulated to the set-point by a cas-
caded controller with an inner and an outer

loop.

A method according to claim 15, wherein the
outer loop comprises a feedback control loop
that keeps the dPI/dn to its set-point and whose

output is a reference value for the PI.

A method according to claims 15 and 16, wherein
an inner feedback control loop keeps the actual
PI close to the reference value for PI by calcu-
lating a reference value for the rotational

speed.

A method according to claims 12 and 14, wherein
the rotational speed is reduced temporarily from
the operating point by a fixed value to allow
the aortic valve (or pulmonary valve respec-

tively) to open in systole.

A method according to claim 18, wherein the
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minimum of dPI/dn is maintained by a cascaded

controller.

A method according to claim 19, wherein the
outer loop comprises a feedback control loop
that keeps the dPI/dn to its minimum value and

whose output is a reference value for the PI.

A method according to claims 19 and 20, wherein
an inner feedback control loop keeps the actual
PI close to the reference value for PI by calcu-
lating a reference value for the rotational

speed.

A method according to claims 1 through 12,
wherein the parameters of the inner feedback
control loop are adapted to the estimated system

dynamics.
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