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ADVANCES IN BIOMEDICAL RESEARCH

Simulation and Control of Heart Rhythm Dynamics

M. J. LOPEZ, A. CONSEGLIERE, L. GARCIA, J. LORENZO
Departamento de Ingenieria de Sistemas y Automatica
Universidad de Cadiz
Escuela Superior de Ingenieria
SPAIN
{manueljesus.lopez, agustin.consegliere, luis.garcia, jose.lorenzo}@uca.es
http://www?2.uca.es/dept/isa-tee/

Abstract: -In this paper we propose a method for controlling heart rhythm behavior. A control law based on the

electrocardiogram signal is used. Controller algorithm is based on two parameters, the controller gain and the
L~ norm of tracking error signal. The objective is to take out the heart rhythm dynamics from a non desirable
situation (cardio-pathology) to a normal specified behavior, which is given by a signal generated by the reference
system. System chaotification and synchronization of two chaotic systems are also considered. All these issue
are interpreted as a tracking problem of a variable set-point signal, or by means of systems synchronization
Simulations are carried out using a mathematical model composed with six differential delayed equations, which
provides different dynamical behaviors related with cardio-pathologies. By means of the proposed control law
application, the heart rhythm is conduced to the specified behavior and satisfactory results are obtained ir
numerical simulations.

Key-Words: -control law, heartbeat control, simulation, chaotic behavior, synchronization.

1 Introduction dynamics [4, 5, 6, 7, 8]. Synchronization of two

Heartbeat dynamics control must be carried out inSYStém can be seen as a particular problem of control,
some heart pathologies, which can be detected byvhere the reference signal is generated by the drive
means of the electrocardiogram (ECG). The System, and the controlled process porrespor!ds to the
electrocardiogram is a time-varying signal reflecting éSponse system. Control engineering techniques, as
the ionic current flow which causes the cardiac fibersWell as specific methods based on special properties
to contract and subsequently relax. The surface EC@®f chaotic systems, have been applied to the
is obtained by recording the potential difference Synchronization problem[4, 5, 6, 7, 8, 9, 10,11].
between two electrodes placed on the surface of the N this paper we set out the problem of the
skin. A single normal cycle of the ECG represents theheartbeat control where the reference signal is
successive atrial depolarization/polarization and9denerated following a response patron or set-point.
ventricular depolarization/polarization which occurs T0 carry out the proposed method the ECG signal is
with every heartbeat. These can be approximatelwsed' and a mathematlc_:al model for heartbeat br?lsed
associated with the peaks and troughs of the EC@N three VdP type oscillators are employed, which
waveform labeled P, Q, R, S and T. Maximum peakcaptures'the general beh_awor of the heart rhythm
of wave is named R-peak, and the RR-interval is the’eproducing normal behavior and some heart disease
time between successive R-peaks. The inverse of RRGASES. _ _ _ _
interval gives the instantaneous heart rate. The The rest of this paper is organized as follows: in
normal cardiac rhythm is generated by a specializeoGeCt'On two cont_rol and synchronlzr_:\tloq probl_ems are
aggregate of cells in the right atrium called sino-atrial S€t out. Dynamical models used in simulations are
(SA) node, which is considered the normal described in section three. S!mulanon res_ults are
pacemaker. In addition, there is another pacemakerp’)resentec_l in se(':tlon' four, and finally conclusions are
the atrio-ventricular (AV) node [1, 2, 3]. resumed in section five.

Controlling irregular and chaotic heartbeats is a
key issue in cardiology, underlying the experimental
and clinical use of artificial pacemakers. There are2 Control and synchronization
different strategies of control, based on either in theSynchronization and control are two equivalent
use of external sources of periodic or quasi-periodicterms, that nevertheless are used in different
signals, as well as the use of small perturbations taontexts. The term control is mainly used in relation
stabilize periodic orbits embedded in the chaoticwith automatic control systems in engineering
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[9,10,11], while the term synchronization is mainly

used in the context of chaotic systems dynamicsln case of unidirectional drive, the response system

[4,5,6,7,8]. results modified to become a new system with its
Since the seminar paper by Pecora and Carroll [4Hynamics given by

on synchronization of chaotic systems, many

attention and applications have been dedicated on this x! = G(x,x/)

issue. Two basic situations are typical, the first

corresponds to the case when the drive system angith G(x,x) verifying the condition @&,x’) = F(x),

the response system have the same mathematicghr x'=x. This means that a signal made of the
model except that parameters are lightly different,yariables of the drive system, acts on the response
and the second case outlines the situation when thgystem, which does not act on the drive system. This
drive system and the response system are differengoupling describes a variety of practical situations,
The  experimental configuration ~known as and two particular schemes are usedcditinuous

unidirectional  coupling supposes two chaotic control method, as for example if it is employed
oscillators, which are assumed to be identical, or

nearly identical. In this case, the drive system and the G(x,x) = F(x) + Kp(x — x) 2)
response system correspond to systems of the same '

nature, i.e. the two have the same physical structurg pare Kp is a constant square matrix, and 2)
(dynamical model) and the model parameters takereplacement of variables oreplacement method,
very similar values. Other practical situations \ynich has a particular implementation known as
correspond to when the response system parametetg psystem decomposition due to the fact that the

are very different to the corresponding parameters of o.tor fieldF is decomposed in two components
the drive, and when the nature of the two systems i

different, i.e. the systems are structurally different.
Depending on case, several types of synchronizatioflecompose ax = [xq Xp]'. In this case, the
are considered, such as: complete (CS), lag (LS)dynamics of the whole system is given by:
phase (PS), rhythm (RS), frequency (FS) andThe drive or reference system:
generalized (GS) [4,5,6,7,8].
If an autonomous nonlinear dynamical system is X, = Fa(xa,xp)
considered, its dynamics can be expressed by a set of %, = Fp(Xa,Xp)
n ordinary differential equations

ﬁ: = [Fa Fp]", and likewise the state vector is

The response system:
x=F(x) (1)

. . . . X/a = F, (X/CH X/b)
where its dynamical state, or state vector, is given by
a n-dimensional vectox € R" andF(x) is a vector
field of the same dimension. In case of chaos

behavior it is assumed that the system parameters ant Identical synchtronlzatg)r:h(lsd) s achlf[aved bhetwizﬁn
initial condition are such that the steady evolution of € response system and the drive system when there

the system occurs in a chaotic attracA € R". In are sets of initial conditionYp C R" for the drive
' 5 n
case of the vector fiel depends explicitly on time, system anctyz C R™ for the response system, such

/
or if an external signzu() (scalar or vector) is used thatfor allx(0) € Ap and for allx'(0) € Xr

xy, = Fy(x4,%)

for control, .
limy o0 ||/ (8) — x(8)]] = 0
x =F(x,1) . :
. where ||.|]|] represents the Euclidean norm. This
x=F(x,u) (2 definition is still valid in case of using the
replacement method named subsystem

then the system is considered as non-autonomousiecomposition, if the initial condition of the response
This occurs when control or synchronization betweensystem is restricted tYz C R™, and it is used the
two systems are considered. A particular casedifference||xj () — xp(t)|| instead of||x'(t) — x ()|
corresponds to when the response system (indicategh the previous definition.

with prime) has the same structure than the drive Generalized synchronization (GS) is considered

system given in (1), when the equations of the response system are
x' = F(x/)
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different from the drive system. In this case a b =
condition for GS is given by Csfi
9 = ———[x1 + fi(z2) + R(xe + 24)]
limy oo [/ () — @ (x(1))]| = 0 2 Lt
T3 = Ty

whereV (x(t)) is a vector function depending on x wal'

From the point of view of control engineering, a 1= —p st fa(wa) + Rlws + 24)]

control law as given in (2) corresponds to linear state

feedback with proportional gain matrix Kp. If state \yhere the parameterCs ., Lsa,Cav, Ly, R are

vector variables are not available, then arglated with physiological properties of the heart

measurement variable (scalar magnityylecan be  gnduction system, and can be obtained

used, experimentally. The functionf; and f, are voltage

y=H(x) sources depending on currezjsandzxs respectively.

o ) ) Other approach to characterize the cardiac

It can be found in literature many design teChn'quespacemaker is based on the Van de Pol (VdP) ordinary

based on a model of the process to control, such agjtferential equation (ODE), which is frequently

optimal control, predictive control or robust control \,sed in theoretical models for modeling relaxation

among others methods [9,10,11]. oscillators. The general expression of the VdP ODE
In this paper we employ a control strategy for has the form

heartbeat with pathological behavior. In first place

we use a reference signal generated by a reference or §+a(l —by2)y +cy = £(t)

drive system with the same structure than the ' o

response system (MS1 in section three) and theyhere a, b, andc are parameters anfit) is an
model parameters take very similar values (it can beaxternal forcing signal.

associated with identical synchronization problem). The vdP system is a useful phenomenological
In second place, the reference signal is generated by @odel, due to it displays characteristic behaviors
SyStem with different structure (MSZ In section three)observed in physiological Systems such as limit
or the response system has the same structure than tagcles, complex periodicity, synchronization and
drive system (MS1) but its parameters are Verychaotic dynamics [5,8]. Although in this case no
different; and therefore it can be interpreted as agirect biophysical relation is taken with the
generalized synchronization problem. In both casesjynamical variables of the VdP equation, it may be
we outline the synchronization between systems as @elated the dynamical variable with the action
control problem using the continuous control method, potentials in the heart cells. Basically, an action
where the control law is based on the measurement giotential is generated when the cell membrane is

the ECG signal. excited high enough to reach the threshold potential
_ and activate the ion channels. Activated channels
3. Dynamical model allow ionic currents to flow into or out the cell, thus

The cardiac conduction system is considered to be &hanging its potential and resulting in the generation

network of self-excitatory pacemakers, with sinoatrial on an action potential [15]. A modified VdP equation

(SA) node having the highest intrinsic rate, and whereused in practice for improved modeling of cardiac

the SA node is the dominant pacemaker of the heartpacemakers is given by [ref Grudzinski-Zebrowski]

Others pacemakers with slower excitation frequencies

are located in the atrioventricular (AV) node and the §+a(y—v1)(y—v2)y+y(y+d)(y+e)/(ed) = f(t)

His-Purkinje system (HP). A candidate for

simulations is a mathematical model with where parameters(a,v;,v2,d,e) are obtained

correspondence to the physiology of the heartexperimentally.

conduction system [12,13,14], where two-coupled |n order to describe the interaction between the

nonlinear oscillators are used: rhythms generated by the SA and AV nodes, a set of
two modified VdP equations are used [16], written in
the general form of a pair of Lienard equations as
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Ty = @9 In simulations, as parameters values the suggested by

iy = K(vy—w)(x) — wo)rs — by + ci(x3 — 1) [15,16,17] are used in simulations, with some
+ay sin(wt) modifications for magnitude/5) and time scalinge)

83 = Za that we have included. The following parameters are

b4 = K(rs—wi)(xs — wa)Ts — bows + ca(w1 — 3) used to simulate the normal heart functioning:

where the pairs of variablegz;,22) and (23, z4) asa =3, wsa1 = 0.2, wsa2 = —1.9, dsy =3
refer to the SA and AV nodes respectively, and
model parameters K, wy, ws, b1, bo, a1, c1,c2) are
obtained experimentally. dav =3, eav =3, agp =5, wgp1 =1
Usually, two oscillators are considered
representing the SA and AV nodes, however, it is
observed that these two oscillators are not enough topay =0, pgp =0, Tysa—ay = Tgav—gp =0
reproduce the ECG signal. This motivates the
inclusion of a third oscillator that represents the pulse Taav—-sa =08, Tugp—av = 0.1
propagation through the ventricles, and it is included
to take into account the His-Purkinje (HP) complex.
If time delays in signals transmission are considered, £sa-av =0, Ksa—pgp =0, Kav_s4 =5
the following system of delay differential equations
(DDE) is obtained. This model has been adapted form
from [17], due to it has been included a control signal wsA = way = wgp = 70 bpm
u=[u; uy us]?, and also that in original equations
the coupling terms are summing instead of
subtracting,

esa =4.5, aay =3, wayr = 0.1, ways = —0.1

ap2 =—L1, dup =3, egp =7, psa =0

Tasa—gp =0, Tqygp-54 =10
Kav_gp =0, Kgp_s54 =0, Kgp_av =20

a1 = 0.1, a3 = 0.05, a5 = 04

with scaling factorgs = (1.15/1.5) andr = 16.

B o= a9 The model MS1 is used in order to simulate some
heart pathologies identified from ECG, such as: 1)
ventricular flutter (eliminating the coupling between
- first and second oscillatorK 41-_g4 = 0, a chaotic-
~Ksa_av(ay — x35474Y) like response is obtained), 2jnus bradycardia
—Ksa—pp(ar — as477P) 4y (obtained withK g p_ 41, = 0, regular behavior with

lower oscillation frequency), 3) ventricular

Ty = —agara(r1 —wsar)(r1 — wsa2)

—x1(x1 +dsa)(w1 +esa) + psasin(wsat)

%13 i i fibrillation (chaotic-like signal is suggested). In our

@4 = —aavaa(rs — wavi)(@s — wavz) . study we use this model (MS1) as process to control
—x3(x3 4 day)(x3+ eav) + pav sin(wayt) when an anomalous heart rhythm behavior is given.
—Kay_ga(ws — x194V=54) MS1 is also used for generating normal heartbeat and

in this case MS1 is employed as reference system.

) In order to dispose another method for generating a

Ts = e reference signal, corresponding to a different

i = —appre(rs —wpp1)(xs —whp2) dynamical system, we employ the mathematical
—25(x5 +dup)(xs +exp) + prpsin(wypt) model given by [18]. This model (MS2) generates

. Tuay—
—IXAV_HP(.TI,g — X5 LAV HP) + U9

—I\'Hp_s/x(a'r—:de”P’S") typicg! (normal) hume_\n ECG, signal with q—pr?qri
: 7 1T . specified characteristics of heart rate variability.
—Kpp-av(xs — 23" ") + ug Equations of MS2 are given by:
where z] = z;(t — 7), and 7 represents the time z = ar—wy
delay. With this mathematical model (named as MS1y = ay+wx
from now on) composed by three coupled oscillators, —AH?
the ECG signal is built from the composition of * = — >, aldiexp (‘ 2;);;'_) — (2 = %)

signals as follows (wher is a magnitude scaling i€{PQ.RST}

factor that we have added for this work): where

ECG = (g + a1y + azxs + azxs)
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a=1- 2242 We propose in this work to use as set-point (SP) or
reference signal the electrocardiogram signal

Af; = rem((6—0;),2m), 6 = atan2(y,z) generated by the reference system (ECGr), and as
process variable (PV) or controlled variable (CV)

zo = Asin(27 fot), A=0.15mV signal the ECG produced by the heart to be

controlled, which it is obtained by experimental
and f, is the respiratory frequency. The aim of this measurement. ~We have studied by simulation
model is to provide a standard realistic ECG sigaal ( different options for applying a control signal given
in the previous ODEs system) with known by
characteristics, which can be generated with specific
statistics such as the mean and standard deviation of u; = Kp,(ECGr — ECG)
the heart rate and frequency-domain characteristics of
heart rate variability (HRV). Although authors [18] and we have concluded thauifis applied as a input
do not study possible chaotic performance of thesignal acting on equation ¢, as it appears in the
system for determined parameters values, it would bevS1, better results are obtained than other options
interesting for synchronization and control analysis ofwith scalar control signal are adopted. Therefore,

chaotic systems. In our work we use this modelcontrol vector components in MS1 are given by:
(MS2) as reference system which generates a signal

to follow by the closed-loop heart rhythm dynamics. u =0, up =0, uz =K,(ECGr—ECG)
p Q R S T The controller proportional gairkp, is adjusted to
t; (sec) | -0.2 |-0.05| 0 | 0.05 | 0.3 achieve a tracking error signal sufficiently small
0; (rad) | —7/3 | 7m/12| O | xw/12 | w/2
a; 12 | -5 |30 -75 |0.75 le()]loc <7, t>to
b; 0.25 0.1 |0.1| 0.1 0.4

wheret, is taken one half second after to connect the
controller, the tracking error is given by
e(t) = ECGr(t) — ECG(t), and theL., norm of a
scalar signaé(t) is defined as

Table 1. Parameters for the EC% gignal) model
specified a priori.

4 Simulation results le(®)lloc = sup [e(t)]

As process to control it is used the model MS1 (with telto,o0)

non desirable behavior or pathology), and as _ _
reference system it is employed the model MS1 or Adjusted values oy and Kp are used as tuning
the model MS2 to generate an specified referencd@rameters for obtaining more precise tracking.
signal. Three types of simulation experiments (SE)Simulation data presented in Fig. 1 to 6 have been
are considered: SE1, SE2 and SE3. In SE1 th&arried using: i) Kp =800 ary = 0.1 in case of the
objective is to take out the heart rhythm dynamicsreference signal is generated by MS2, and ii) Kp =
from a non desirable situation (cardio-pathology) to a2500 andy = 0.1 in case of the reference signal is
normal specified behavior, which is given by the generated by MS2. For simulation results obtained in
reference system. This is interpreted as a trackind™19- 8 it is used Kp = 3000, and for Fig. 9 and 10 it is
problem of a variable set-point signal. In SE2 the useéd Kp= 6000. These values have been obtained
problem of synchronization of two chaotic systems €xperimentally in an iterative simulation procedure.
are considered, this is to say: the drive (reference) The following control problems have been carried
system has a like-wise chaotic behavior (ventricularout in simulations: _ _
flutter) and the response system has also an irregulak) SE1 where the reference system is MS1 with
behavior which seems to be chaotic (ventricularheartbeat normal behavior, and the process to be
fibrillation or ventricular flutter with initial condition ~ controlled corresponds also to MS1, but with u=0 and
different to the drive system). In SE3 the responsedifferent parameters values for three dynamical
system presents a normal functioning and driveSituations:  1.a)  ventricular flutter, 1.b) sinus
system has a like-wise chaotic behavior (ventricularPradycardia, 1.c) ventricular fibrillation.

flutter), and therefore a chaotification problem is 2) SE1 where the reference system is MS2 with
established. normal heartbeat properties specified a priori, and

the process to be controlled is MS1 in different
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dynamical situations: 1.a) ventricular flutter, 1.b) after controller is turned on. The reference signal
sinus bradycardia, 1.c) ventricular fibrillation. (ECGr) is generated with MS1 in ventricular flutter

3) SE2 where the reference system acts as drivescillation. In this case, synchronization of two

system in a synchronization problem of two like-wise systems with chaotic behavior are obtained. The
chaotic systems. ECG signal shows ventricular fibrillation before

4) SE3 where a chaaotification problem is considered. controller is activated in t = 10 sec.

In case of using as reference (or drive) signal the Fig. 10 shows a chaotification experiment. It can
generated by means of MS2, heart rate mean = 70e seen the tracking error signal, before an after
bpm and heart rate std = 1 bpm have been employedtontroller on. In this case, the reference signal
For that, it is used the functiecgsyn.nfor Matlab (ECGr) has been generated with MS1 in ventricular
given by [18,19]. flutter oscillation (like=wise chaotic). The ECG

In order to obtain satisfactory results (signal signal shows normal heartbeat before controller is
magnitude and time response) in the ECG signalactivated int =5 sec, and after a chaotification of the
generated with the DDEs given previously (MS1), it systems is achieved. The results showed in Fig. 8 and
is necessary introduce a time scaling in the DDE9 are used to demonstrate how it is carried out
equations with scale factev, and an adequate value synchronization between two oscillators with chaotic
for 3 in equation of ECG signal. Experimentally, we behavior; and the experiment showed in Fig. 10 has
have obtained that these values are respectivelypeen carried out to show how chaotification of the
o =16, [ =1.15/1.5. As initial condition it is  sSystem response is obtained.
usedxg =[0 0.7 0 0.2 0 7]T.

For ‘ventricular fluttef simulation (irregular
characteristic and higher frequency rhythm when
compared with the normal ECG), it is employed
K 4v_s4 = 0 (elimination of coupling between first
and second oscillators, which corresponds to
communication interruption in the heart electric
system). A chaotic-like response is obtained in this
case, although to verify chaotic nature specific data ,
analysis must be carried out for chaos testing, such as ’ Time (sec)
the maximal Lyapunov exponent or other techniquesFig- 1. Reference signal (ECGr) generated with MS1.
to distinguish between regular and chaotic dynamicsThe ECG signal shows ventricular flutter before
in deterministic time series data [5,20,21]. In Fig. 1 it controller is activated in t = 5 sec.
is shown as controller avoids the irregular behavior
when it is connected. In Fig. 2 it is shown the
tracking error obtained when MS1 and MS2 are
respectively used as reference system.

In order to obtairi'sinus bradycardia” (regular
behavior presenting a lower frequency rhythm), two
parameters are changea =8 and Kyp_ 4y = 11.

Fig. 4 and 5 show simulation results when MS1 and
MS2 are respectively used as reference system.

Simulation of“ventricular fibrillation” (irregular
response which seems to be chaotic) is carried out
modifying the following parameters:

. esa= 6, psa = _20* pav = 5 pup =20 Fig. 2. Reference signal (ECGr) generated with MS2.
Fig. 6 and 7 sho_w simulation results when MS1 andThe ECG (mV) signal shows ventricular flutter
MS2 are respectlvely used as reference system. before controller is activated int = 5 sec.

Synchronization results of two systems whose
behaviors have almost chaotic aspects are shown in
Fig. 8, 9 and 10. In Fig. 8 the reference signal (ECGr)
is generated for MS1 in ventricular flutter oscillation
with initial state vector lightly different to the
response system onxg = [0 0.71 0 0.21 0 71]%.

In Fig. 9, the tracking error signal is shown, before an
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Fig. 3. Tracking error obtained with Kp=800 when
the reference system is MS1, and with Kp=2500
when the reference signal is MS2, v = 0.1.
Previous to t=5 sec., uncontrolled system has a
ventricular flutter behavior.
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Fig. 4. Reference signal (ECGr) generated with MS1.

The ECG signal shows sinus bradycardia before

controller is activated int = 5 sec.
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Fig. 5. Reference signal (ECGr) generated with MS2.
The ECG (mV) signal shows sinus bradycardia
before controller is activated int =5 sec.
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Fig. 6. Reference signal (ECGr) generated with MS1.
The ECG signal shows fibrillation ventricular before
controller is activated int =5 sec.

Time (sec.)

Fig. 7. Reference signal (ECGr) generated with MS2.
The ECG (mV) signal shows fibrillation ventricular
before controller is activated int =5 sec.
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Fig. 8. Tracking error signal, before an after
controller on. Reference signal (ECGr) generated
with MS1 in ventricular flutter oscillation (like=wise
chaotic) with initial state vector [0.1 0.71 0.1 0.21 0.1
0.71]. The ECG signal also shows ventricular flutter
(obtained with other initial sate vector [0 0.7 0 0.2 0
0.7] before controller is activated in t = 10 sec.
Controller parameters are Kp=30y = 0.1.
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Fig. 9. Tracking error signal, before an after
controller on. Reference signal (ECGr) generated
with MS1 in ventricular flutter oscillation (like=wise
chaotic). The ECG signal shows ventricular
fibrillation before controller is activated int = 10 sec.
Controller parameters are Kp=60y = 0.1.
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