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This study aimed at the implementation and synchronization control of cardiac circuit. First,
the MATLAB-Simulink was used to simulate the dynamic behavior of cardiac chaotic circuit,
and simple electronic modules were used to implement the cardiac system. Then the Particle
Swarm Optimization (PSO) was used to seek for the proportional, integral, and derivative gains
of optimal PID controller, and the PID controller which could synchronize the slave cardiac circuit
and the master cardiac circuit was obtained, in order to synchronize the master/slave chaotic
cardiac circuits. This method can be provided for cardiac doctors to diagnose and medicate cardiac
abnormality.

1. Introduction

The mortality from coronary artery disease is always high in Taiwan or abroad. There are
many causes for coronary artery disease, such as age, gender, family heredity, diabetes
history, hypertension, and hyperlipemia [1, 2]. Many developed countries have exerted
considerable efforts on studies of prevention and treatment of coronary artery diseases,
especially with the present developed biomedical engineering. Many studies and methods
have obvious treatment effect. It is difficult to control the nonlinear behavior of coronary
artery, because it involves hemodynamics, constriction of wall, and the kinestate of muscles.
From the angle of medicine, the cardiac chaotic behaviors must be synchronized, so as to
improve the pathological change in cardiovascular system.

The theory and application of synchronization of chaotic systems have become
popular research subjects in recent years, because many problems in daily life are usually
concerned with synchronization of chaotic systems, for example, the traffic flow control on
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freeways during peak hours, the traffic stream on the freeway is the primary system, and the
upstream and downstream on each interchange are the secondary system. If the primary
system and the secondary system are synchronized, namely, the traffic flow and rate are
controlled, there will be no traffic jam. In the sea, how to connect large ships to small ships
in the fluctuant waves smoothly for oiling and transferring goods can be solved by such a
concept of ”synchronization.” Even in the field of medicine, it can be used to adjust the heart
rhythm regulator, so as to stabilize the heart beat frequency within the safety limit with the
physical state to avoid heart attack. However, it is difficult to synchronize two nonlinear
systems, and the selection of control mode is one of the factors. The two synchronous
chaotic systems are called master system and slave system, respectively. In the generation
of chaotic system, the slight difference in the initial values may result in voltage fluctuation
and tremendous changes, occurring in a short or long duration, so the control mode of
chaotic synchronization is the key point of this paper. Many recent studies have proposed
different control modes based on chaotic synchronization. Lin et al. proposed synchronization
control of time delay of complicated system dynamics based on adaptive robust observer-
based approach [3]. Dismassi and Lorı́a proposed synchronization control of the security of
communication signals based on adaptive control [4]. However, all controllers require control
parameters, so the search of parameters becomes another problem that must be overcome. In
recent years, with the development of artificial intelligence, many studies have searched for
the optimal parametric solution based on artificial intelligence. Sun et al. proposed a Neural
Network based on PSO (particle swarm optimization) to predict and control the chaotic
dynamic system for adaptive optimal control. The research result showed when the chaotic
dynamic system is defined by the self-regulating function, the system could be stabilized [5].
Kao et al. proposed an adaptive dynamic neural network control to synchronize the chaotic
gyros [6]. According to the previous research methods, using artificial intelligence to search
for parameters and predict parameters can realize effective control and prediction. Therefore,
this study uses PSO to seek for kp, ki, kd parameter solution of PID controller.

The particle swarm optimization (PSO) was proposed by Fernandez-Martinez and
Garcia-Gonzalo Eberhart (2011), an optimization algorithm derived from “social psychol-
ogy” and “Evolutional Computation” [7]. The social psychology discusses the interactive
relationship between individual behavior and the society in the social situation, such as
social adaptation, communication ability, and so forth. It is an interpersonal interaction-
oriented psychology. The behavior of individual interacts with others and then interacts with
the whole society. The animals with social behavior in the nature, such as bird flocks, fish
schools, and insects, transfer messages to each other to attain the goals of individual and
colonies, such as food finding and gathering. The PSO was originally intended to simulate a
simplified social behavior, such as the flight lineup of a bird flock or the gathering of a fish
school. A swarm of particles are scattered in the search space, and each particle simulates a
real organism, providing a mechanism for mutual communication and information exchange
among particles in the swarm in the concept of information sharing in the biosociety. This
is similar to social behavior of human and the behavior of other social organisms, so that
these particles can search for approximate solution more effectively. In recent years, the PSO
algorithm has been successfully applied to many research and application domains, and
many research results have shown that the PSO algorithm can find the required optimal
solution faster, because the PSO algorithm only needs parameter adjustment before it is
widely used in multiple domains. The PSO is also widely used in biomedical engineering.
Hedeshi and Abadeh proposed the medical image registration algorithm based on PSO as the
method for coronary artery disease diagnosis, and the accuracy rate was as high as 94.37% [8].
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Hedeshi and Abadeh proposed the coronary artery disease diagnosis expert system based on
PSO again, with medical diagnostic data, and compared it with 14 expert systems including
neural network and fuzzy expert system. The results showed that the diagnosis rate of the
PSO-based expert diagnosis system is as high as 92.59%, and then the neural network expert
system is 89.01% [9].

Many experts and scholars have proposed various control models for the synchro-
nization control of cardiac chaos. Brandt and Chen proposed the self-tuning feedback
control for controlling arrhythmia, and the experiment showed that the lagging feedback
of arrhythmia time was improved promptly [10]. Gong et al. proposed the synchronization
control based on backstepping for controlling myocardial infarction and vasospasm and
proved that the backstepping synchronization control could synchronize the spasmodic and
normal cardiovascular systems for treatment [11]. Li and Yuan proposed the nonlinear and
chaotic characteristics based on heart sounds to control the time series of splitting of heart
sounds mitral insufficiency and aortic constriction abnormity. The control theory used fractal
dimensions and Lyapunov exponents. The results showed that the healthy cardiac chaos has
more obvious chaotic motion than the abnormal cardiac chaos [12]. Li proposed the self-
adaptive robust control tracking chaotic coronary artery system, and the simulation results
showed that the chaotic coronary artery system enters the normal orbit [13].

This study used the simple PID controller first as the control mode for suppressing
pathological heartbeat, so that the cardiac chaotic behavior would reach master/slave
synchronization. The proportional, derivative, and integral kp, ki, kd gains of PID controller
must be very precise, so as to synchronize the pathological heart and the healthy heart
perfectly and to reduce the incidence of myocardial infarction. This study used PSO to seek
for the optimal solution for proportional, differential, and integral gains. According to the
simulation results of this experiment, using the controller parameters obtained using PSO in
the PID controller can synchronize cardiac chaotic system effectively, meaning that the control
signal u(t) can suppress pathological heart effectively from the angle of medicine, u(t) is the
medicine for treating cardiac pathological changes, such as nitrates and calcium ion blocking
agent. The pathological heart can be controlled and the incidence can be reduced easily as
long as u(t) is controlled appropriately.

2. Cardiac Chaos Phenomenon

In cardiodynamics, the cardiac motion of human has a certain chaos, and the disappearance
of pathological chaos phenomenon is the symptom of some heart diseases on the contrary. In
this case, this chaos phenomenon should be maintained or enhanced to maintain the normal
function of heart. About 400,000 people died of heart disease in the USA yearly and most of
them died of irregular physiological reaction caused by ventricular fibrosis. A single throb
in this reaction can change the heartthrob from regular contraction into spasmic and fatal
spasm. This chaotic irregular heartbeat phenomenon is cardiac chaos.

Amathematical model can be obtained from cardiodynamics to simulate cardiac chaos
phenomenon, and the equation is expressed as [13]

ẋ = −bx − cy,

ẏ = −(λ + bλ)x − (λ + cλ)y + λx3 + E cos(ω t) + u.
(2.1)
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Figure 1: (a) Time simulation response diagram of x, (b) time simulation response diagram of y, and (c)
simulation plan view of x and y.

when parameters b = 0.15, c = −1.7, λ = −0.65, E = 0.3, ω = 1, and u = 0 are substituted in
(2.1) we obtain

ẋ = −0.15x + 1.7y,

ẏ = 0.7475x − 0.455y + 0.65x3 + 0.3 cos(t).
(2.2)

The initial condition of (2.2) is set as 0, and then the cardiac chaotic behavior can be
simulated by MATLAB. Figure 1(a) is the time simulation response diagram of x, Figure 1(b)
is the time simulation response diagram of y, and Figure 1(c) is the simulated plan view of x
and y.

Equation (2.2) is used in PSpice simulation software to draw the cardiac circuit
diagram. Simple electronic modules are used to make the simulated heart model, and the
oscillograph is used to observe the chaotic behaviors of x and y. Figure 2(a) shows the PSpice
cardiac chaotic circuit diagram, Figure 2(b) the time response diagram of simulated cardiac
chaos, Figure 2(c), the time response diagram of simulated cardiac chaos y, and Figure 2(d),
the plan view of x and y of simulated cardiac chaotic circuit.

3. Cardiac Chaos Synchronization

A master and a slave must be defined for cardiac chaos synchronization, and the chaotic
behavior can be changed by changing the initial value of slave cardiac system. The chaotic
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Figure 2: (a) PSpice cardiac chaotic circuit diagram, (b) oscillograph time response diagram of simulated
cardiac chaos state x, (c) oscillograph time response diagram of simulated cardiac chaos state y, and (d)
oscillograph plan view of simulated cardiac chaotic circuit states x and y.
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behavior of this slave cardiac chaotic behavior is like the pathological heart, and then the
control signal of u(t) is added to the slave cardiac system as the signal output of PID
controller; the master and slave equations are (3.1) and (3.2).

Coronary artery master system:

ẋM = −0.15xM + 1.7yM,

ẏM = 0.7475xM − 0.455yM + 0.65xM
3 + 0.3 cos(t).

(3.1)

Coronary artery slave system:

ẋS = −0.15xM + 1.7ys,

ẏS = 0.7475xs − 0.455ys + 0.65xs
3 + 0.3 cos (t) + u(t),

(3.2)

where u(t) is the control signal, as shown in (3.3), for impelling the slave system to track the
master system for synchronization. The controller u(t) is defined as

u(t) = f
(
yS − yM

)
. (3.3)

The controller u(t) is changed into the standard form of PID controller, then the
equation is expressed as [14]

u(t) = kp
[
yS(t) − yM (t)

]
+ ki

∫ t

0

[
yS(t) − yM (t)

]
dt + kd

d
[
yS(t) − yM (t)

]

dt
. (3.4)

In general cases, the adjustment of PID controller is how to select proper parameters
Kp, Ki, Kd to ensure the system with better control performance, and the performance
standard (objective function) can be defined according to the required specifications. There
are two performance indexes, Integrated Squared Error (ISE) and Integrated Absolute Error
(IAE). Their mathematical definitions are shown below:

ISE =
∫∞

0
e2(τ)dτ. (3.5)

IAE =
∫∞

0
|e(τ)|dτ. (3.6)

This paper uses IAE as the objective function (OF), and the error state vector is E(t) =
[xS − xM, yS − yM]. Therefore, (3.6) is changed to the following equation:

OF = IAE =
∫∞

0
|‖E(τ)‖|dτ. (3.7)

According to PSO algorithm, an ideal gain parameter adjustment method for PID
controller is determined to minimize the objective function.
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4. Introduction to Particle Swarm Optimization

4.1. Outline of Particle Swarm Optimization

The PSO is a global optimal solution search algorithm based on the population concept. The
whole process is like simulating real organisms, such as flight of bird flocks or gathering of
fish schools, and it has common characteristics of Evolutional Computation concept, such
as evaluation of adaptability. Compared with GA, PSO regards many search solutions as a
simulated organism population and uses random number to initialize the whole population
at the beginning. Whether the particles move towards individual optimal experience or
population optimal experience is also similar to the concept of ”crossover” operator of GA.
However, the particle in PSO, that is, each possible potential solution, has velocity and
”flies” in the whole search space; meanwhile, the particles and particle swarm have ability to
memorize. These behaviors and abilities are completely different from GA.

4.2. Principle of PSO

The PSO algorithm is based on population. The individuals of the population are moved
to good regions according to the adaptability to the environment. However, it does not
use evolution operator for individuals, but regards each individual as a volumeless particle
(point) in D-dimensional search space, flying at a certain velocity in the search space.
This velocity is adjusted dynamically according to its flight experience and others’ flight
experience. The ith particle is expressed as Xi = (xi1, xi2, . . . , xiD). The best position it has
passed through has the best adaptive value, expressed as Pi = (pi1, pi2, . . . , piD), also known as
pbest. The index number of the best position passed through by all particles in the population
is expressed as symbol g, that is, Pg , also known as gbest. The velocity of particle i is expressed
as Vi = (vi1, vi2, . . . , viD). The dimension d (1 ≤ d ≤ D) of each generation is changed
according to

vid = w × vid + c1 × Rand( ) × (
pid − xid

)
+ c2 × Rand( ) × (

pgd − xid

)
. (4.1)

xid = xid + vid. (4.2)

Equation (4.1) is velocity renewal function, while (4.2) is renewal position function,
where vid is the velocity of each particle in dimension d, i the number of particle, d the
dimension, w the inertia weight, c1, c2 the learning constants, Rand( ) the random number
between 0 and 1, Pid the optimum position of each particle up to now, Pgd the optimum
position of all particles up to now, xid and the present position of each particle.

The particles move according to (4.1) and (4.2), and then the corresponding
adaptability is evaluated. The best position solutions met by each particle and whole particle
swarm are recorded. When proper termination criteria are met, the recorded best position
solution of particle swarm is the final optimal solution. Figure 3 shows the flow of PSO; the
main procedure of PSO is described below [16].

(a) Determine swarm size and initialize position and velocity of each particle with
random numbers.

(b) Evaluate the adaptability (OF) of potential solution for each, and update if the
adaptability of this solution is better than the solution in individual memory.
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Figure 4: (a) Simulated time response diagram of xm and xs without PID control signal u(t) and (b)
simulated time response diagram of ym and ys without PID control signal u(t).

(c) Find out the new best position solution in the whole swarm, and update if the
adaptability of this solution is better than the solution in previous swarm memory.

(d) Finish PSO if the termination criteria are met.

(e) Equations (4.1) and (4.2) are used to update the velocity and position of each
particle. Return to Step ( 2).

5. Simulation Results

The simulation software is MATLAB-Simulink and the mathematical expressions of (3.1) and
(3.2) are used. The master system is healthy cardiac chaos phenomenon and the initial values
of master system are set as xM(0) = 0 and yM(0) = 0. The slave system is pathological cardiac
chaos, and the initial values of slave system are set as xS(0) = 1 and yS(0) = 1. The cardiac
chaos master and slave systems without PID control signal u(t) are used in PSO algorithm
to search for the optimal kp, ki, kd parameter solution of PID controller. Figure 4(a) is the
simulated time response diagram of xM and xS without PID control signal (t), and (b) is the
simulated time response diagram of yM and yS without PID control signal u(t). The PSO
iterative search number is 50. Figure 5 is the convergence map of PSO searching for kp, ki,
kd parameters. The IAE converges to a fixed value 0.461 after 10 iterations as calculated by
PSO algorithm, as shown in Figure 6. According to Figure 5, after 10 iterations using PSO, kp,
ki, kd parameter values are horizontal, meaning that PSO almost finds the optimal solution
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of kp, ki, kd parameters after 10 iterations. This simulation used the parameters of the 50th
iteration, kp = 16.52, ki = 13.75, kd = 3.18.

The kp, ki, kd parameters obtained by PSO are used in PID controller of cardiac chaotic
system. The control signal u(t) is added in at the 40th second. The numerical simulations
of cardiac chaotic synchronization system with PID controller are shown in Figure 7. From
Figure 7(c), the error states of master-slave cardiac chaotic synchronization system converge
to 0 rapidly when the control signal u(t) is added in at 40 sec. This PID controller can suppress
pathological changes effectively for master-slave synchronization.

6. Experimental Result

The simulated cardiac chaotic circuit was used in the experiment, and the MATLAB-
dSpace was used to design digital PID controller, the digital PID controller implemented
synchronization control of the simulated cardiac chaotic circuit, and the PID controller
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Figure 7: (a) Simulated time response diagram of xm and xs with PID control signal u(t) at 40 sec, (b)
simulated time response diagram of ym and ys with PID control signal u(t) at 40 sec, (c) steady-state error
convergence simulation curve of x and y, and (d) simulated time response diagram of control signal u(t).

parameters were simulated parameters, kp = 16.52, ki = 13.75, kd = 3.18. The PID
control signal u(t) was added in at 40 sec. The experimental result is shown in Figure 8(a):
implemented time response diagram of xM and xS with PID control signal u(t) at 40 sec,
(b) implemented time response diagram of yM and yS with PID control signal u(t) at 40
sec, (c) steady-state error convergence curve of x and y, (d) implemented time response
diagram of synchronous xM and xS of simulated heart, and (e) implemented time response
diagram of synchronous yM and yS of simulated heart. According to the above experimental
results, when the digital PID controller is added in the simulated cardiac chaotic circuit, the
slave system becomes synchronous to the master system gradually. It proves that using the
proportional, integral and differential gain parameters obtained by PSO in the PID controller
can reach cardiac chaos synchronization control.

7. Conclusion

This study discussed the synchronization control of cardiac chaotic system based on a simple
digital PID controller. The PSO was used to find the optimal solution of parameters kp, ki, kd
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Figure 8: (a) Implemented time response diagram of xm and xs with PID control signal u(t) at 40 sec, (b)
implemented time response diagram of ym and ys with PID control signal u(t) at 40 sec, (c) steady-state
error convergence curve of x and y, (d) oscillograph time response diagram of synchronous xm and xs of
simulated heart, and (e) oscillograph time response diagram of synchronous ym and ys of simulated heart.
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of PID controller to optimize the PID controller. According to the simulation results, the PID
controller parameters obtained by PSO can realize synchronization control of cardiac chaotic
system effectively and accurately. It also proved the feasibility of optimal PID controller. The
PSO simulated parameters were used in the experiment, and the digital PID controller was
used for synchronization control of the simulated cardiac chaotic system. According to the
experimental results, when the controller triggers the control signal u(t) at 40 sec, the slave
system can be synchronous to the master system promptly, thus proving the optimization
of digital PID. In other words, a simple PID controller also can suppress pathological
heart effectively. The pathological slave system with control signal u(t) is like human body
absorbing medicine, the blood vessel is expanded, more blood is supplied to cardiac muscle,
and the angina pectoris symptom is relieved or eliminated for treatment. This experiment
proved the optimization of digital PID controller, and it can be provided for doctors to
suppress cardiovascular disease.
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