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Abstract—A modified Model-Free Sliding Mode 

Controller (MF-SMC) scheme, which based on the 

Biogeography-Based Optimization (BBO) algorithm is 

suggested, to regulate the heart rate since it is difficult to 

derive a suitable model for the control algorithm, 

therefore the traditional control algorithm cannot perform 

efficiently. Also, a smoothing boundary layer is used to 

eliminate the chattering in the MF-SMC control signal. 

Results of simulation effort show that overshoot less and 

fast performance is achieved with stable convergence for 

the tracking regardless of the heart rate model to be 

controlled. 

 

Index Terms—Model free controller, SMC controller, 

BBO algorithm, heart rate (HR), pacemaker. 
 

I.  INTRODUCTION 

The human heart is the muscle organ which 

responsible for the operation of the rest organs in the 

body, by pumping the blood inside the vessels out of 

rhythmic and frequent contractions [1]. The heart 

muscle's contractions primarily determined by electrical 

signals coming from the upper cells of the right atrial 

chamber of the Sinoatrial (SA) node, that generates a 

regular heartbeat, and considered as a natural pacemaker 

[2]. The human's Heart Rate (HR) diverged usually in the 

range of (60-100) bpm. HR around 72 bpm is the normal 

case, and for the old age it decreases to about 60 bpm. 

The HR can be increased or decreased, in order to 

provide oxygen according to physical requirements [3]. If 

there is any problem with the heart's conduction system 

shown in Fig. 1, several treatments, including an artificial  

 

pacemaker, are used. The pacemaker fires an electrical 

impulse if it detected any abnormality in the HR, which 

may occur due to changes in the electrical activity of the 

heart [4].  

 

 

Fig.1. Electrical conduction system of the human heart [5]. 

Since the pumping speed is related to the HR, it is 

difficult to derive a suitable model for the control 

algorithm, therefore the traditional control algorithm 

cannot perform efficiently. The MF-SMC based on the 

BBO algorithm, to optimize its parameter, is used in this 

paper for heart rate regulation. The model-free solely 

depends on input and output data of the controlled plant. 

The rest of this paper is organized as follows: Section 2 

presents information about the pacemaker device. Section 

3 explains the mathematical model of the heart. Section 4 

describes the MF-SMC details, while Section 5 illustrates 

the BBO algorithm. Section 6 addresses the simulation 

results and analysis of the proposed controller, and 

Section 7 provides the final conclusions. 
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II.  PACEMAKER 

The pacemaker is a medical device that regulates the 

rhythmic work of the heart using electrical pulses. These 

pulses are delivered by the electrodes which are in 

contact with the heart muscles [6].  

The pacemaker has two main parts: an electronic 

pulse-generating unit and a pulse-driven lead to the heart. 

Generally, there are two functional units of the 

pacemaker, the first is sensing the human resources of the 

patient by the sensor circuit, and the second is sending 

electrical signals to the heart muscles by the output circuit 

[4]. This electrical signal is used to control the HR of the 

patient. If the HR becomes too slow or fast, the 

pacemaker senses the abnormal signal and begins to send 

regular signals to the heart muscles, which push the heart 

to shrink at a rate appropriate to the normal rhythm of the 

patient's heart. During arrhythmias, the heart is not able 

to pump the right amount of blood, to meet the body 

demand of oxygen. Therefore, the primary goal of the 

pacemaker is to treat anomalies of the rhythmic in the 

heart to resume a normal lifestyle. 

Practically, there are two main types of pacemaker [3]: 

 

 Internal-pacemaker: It is a permanent device 

because of the inability of the heart to perform its 

functions naturally due to disrupt. 

 External-pacemaker: This device is used in 

emergencies when a heart blockage occurs during 

heart surgery operations and used for a short period 

of time. 

 

Fig. 2 shows an internal pacemaker for the heart, which 

is in focus here. 

 

 

Fig.2. Internal pacemaker for the heart. 

 

III.  MATHEMATICAL MODEL OF HEART RATE AND 

PACEMAKER 

There are different mathematical models that represent 

the human heart, such as Nobel model [7] which 

represents the Purkinje fiber cell's action potential. 

McAllister, Noble, and Tsien (MNT) model offers an 

improved model for the Purkinje fiber's action potential 

[8]. Beeler and Reuter present the first model of 

ventricular myocardial cell's electrical behavior [9]. The 

YNI model is one of the earliest models of Sino Atrial 

(SA) nodal cell's action potential behavior [10,11,12]. All 

these models are of Hodgkin–Huxley (HH) type, which 

expressed in terms of ionic currents and conductance. 

In this paper, the SA model is used to represent the 

human’s heart mathematical model. The YNI model can 

simulate the heart's action potentials accurately. YNI 

model is an HH type, which based on voltage clamp data, 

where the relationship between voltage and current is 

considered, and simulates the spontaneous action 

potential. The YNI model has four types of time-

dependent currents (delayed inward current activated by 

hyperpolarization Ih, slow inward current Is, potassium 

current Ik, and sodium current INa), and one time-

independent current is the leakage current Il. Fig. 3 

presents the equivalent electrical circuit model of a cell 

membrane. The unit of the trans-membrane current is 

μA/cm2 [12]. 

 

 
Fig.3. Cell Membrane’s electrical circuit model [12]. 

 

 𝐶𝑚
𝑑𝑉

dt
+ 𝐼ℎ + 𝐼𝑠 + 𝐼𝑙 + 𝐼𝑘 + 𝐼𝑁𝑎 = 𝐼𝑎𝑝𝑝    (1) 

 

where Cm is a constant ( μF/cm2) refers to the cell 

membrane capacitance, Iapp represents the external 

applied current. The equation above can be simplified as: 

 

 𝐶𝑚
𝑑𝑉

dt
+ 𝐼𝑖𝑜𝑛 = 𝐶𝑚

𝑑𝑉

dt
+ 𝐶𝑚

𝑉

𝑅𝑚
= 𝐼𝑎𝑝𝑝     (2) 

 

where Rm and Cm represent the resistance and the 

capacitance of the cell membrane respectively. Fig. 4 

shows the simplest block model to control the human HR 

by using the improved controller and pacemaker. 
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Fig.4. The general block diagram of HR controller with a pacemaker. 

The input and output of the block diagram, X(s) and 

Y(s) represent the desired and actual heart rate 

respectively, while Gp(s) represents the pacemaker’s 

transfer function as shown in (3), Since it is considered a 

low pass system and Gh(s) denotes the heart transfer 

function as shown in (4), where the simulated 

mathematical model of the heart can be designed as an 

underdamped system of the second order [13]. 

 

              𝐺𝑃(𝑠) =
8

(𝑠+8)
  (3) 

 

            𝐺ℎ(𝑠) =
169

𝑠2+20.8𝑠
  (4) 

 

IV.  MODEL FREE SLIDING MODE AND THE PROPOSED 

CONTROLLER  

The MF-SMC solely depends on the input and output 

data of the controlled plant, and for systems with Single 

Input Single Output (SISO) this algorithm provides a 

good performances [14]. For an SISO system, the 

following approximation can be made: 

 

     𝑀(𝑡) ≈ 𝑀(𝑡) + 𝑢(𝑡) − 𝑢(𝑡−1) (5) 

 

where M represents the system to be controlled, 𝑢 is the 

controller output, and 𝑢t−1 is the previous value of the 

controller output [15]. The SMC is a nonlinear controller 

which is able to control nonlinear, complex and high-

order systems under certain and uncertain variation of 

parameters and external disturbance. The SMC control 

action is used to force the system’s state trajectory to go 

towards the sliding surface, then forces the state's 

trajectory of the system to ''slide" along the switching 

surface until it reaches the origin [15]. The sliding surface 

for an SISO system can be defined as:  

 

        𝑠(𝑡) = (
𝑑

𝑑𝑡
+ 𝜆) 𝑒(𝑡) (6) 

 

where 𝜆 is the slope of the sliding surface or the 

bandwidth of the closed loop system, it is constant with a 

positive value, e(𝑡)=Y(𝑡)−X(𝑡). The main advantages of 

the SMC control technique are the inherent robustness 

with respect to matched internal and external 

uncertainties, and disturbances and the simplicity in both 

design and [16]. The SMC method is based on 

Lyapunov’s direct method, which provides a stability 

analysis approach for nonlinear type systems. 

To ensure no movement is allowed of the state 

trajectories in the state-plane, once the trajectories reach 

the sliding surface, the derivative of the sliding surface 

shown in (6) is set to zero, and substituting the 

approximation of the system model shown in (5) into (6), 

then solving for the current value of the update control 

effort, the result is:  

 

 �̃�𝑡 = (
𝑑

𝑑𝑡
+ 𝜆) 𝑒(𝑡) − 𝑢𝑡−1                     (7) 

 

The control effort shown above represents the best 

approximation of the effort, since the system model is 

imperfect and represents only an approximation as shown 

in (5). Since the system contains uncertainties, a 

discontinuous term is added to the control law, in order to 

drive the system trajectories onto the sliding surface in 

the presence of modeling error. The control law is then 

given by [15]: 

 

          �̃�𝑡 = −(𝜆𝑒(𝑡) + �̇�(𝑡)) + 𝑢𝑡−1 − 𝑘 𝑠𝑔𝑛(𝑠) (8) 

 

where k is a positive constant (switching gain) which 

must be determined, to ensure the stability of the closed-

loop system in the Lyapunov sense during the reaching 

phase, and sgn(s) is the signum function of the sliding 

surfaces. The control effort yet still suffers from 

chattering, to eliminate the chattering a time-varying 

smoothing boundary layer must be applied to the 

controller form. In order to satisfy this new addition, the 

term 𝑘 𝑠𝑔𝑛(𝑠)  is replaced by (𝑘 − ∅) 𝑠𝑎𝑡(𝑠/∅)  where 

“sat” is a saturation function. 

The controller effort then becomes:  

 

  �̃�𝑡 = −(𝜆𝑒(𝑡) + �̇�(𝑡)) + 𝑢𝑡−1 − (𝑘 − ∅) 𝑠𝑎𝑡 (
𝑠

∅
)  (9) 

 

where:  

 

                  ∅̇ = −𝜆∅ + 𝑘  (10) 

 

In this paper, the following form is suggested to 

modify the control law of (8): 

 

         �̃�𝑡 = (𝜆𝑒(𝑡) + �̇�(𝑡)) − 𝑢𝑡−1 + 𝑘 𝑠𝑔𝑛(𝑠𝑡−1) (11) 

 

Fig. 5 illustrates the block diagram of the suggested 

controller with Heart-pacemaker system. 

 

 

Heart model 
Gh(s) 

 Pacemaker 
Gp(s)   + 

− 

𝑌(𝑠) 𝑋(𝑠) 
 Proposed 

controller 
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Fig.5. The suggested controller with Heart-pacemaker block diagram. 

Although the control signal produces good result, some 

chattering still exists. To eliminate the chattering, a time-

varying smoothing boundary layer must be applied to the 

controller form, therefore the term 𝑘 𝑠𝑔𝑛(𝑠𝑡−1)  is 

replaced by (∅ − 𝑘) 𝑠𝑎𝑡 (
𝑠𝑡−1

∅𝑡−1
)  

The controller signal of (11) becomes as:  

 

�̃�𝑡 = (𝜆𝑒(𝑡) + 𝑒(𝑡)̇ ) − 𝑢𝑡−1 + (∅ − 𝑘) 𝑠𝑎𝑡 (
𝑠𝑡−1

∅𝑡−1
) (12) 

 

The BBO algorithm is used to determine the optimal 

value for λ and k. Fig. 6 illustrates the block diagram of 

the suggested controller with Heart-pacemaker system 

after boundary addition. 

 

 

Fig.6. The controller with Heart-pacemaker block diagram after boundary addition. 

V.  BBO ALGORITHM 

BBO is a random optimization method derived from 

the migration systems in nature, It is developed by D. 

Simon in 2008 [17]. The BBO algorithm uses a special 

vocabulary like that in biogeography, where a habitat 

(island) denotes a candidate solution of the problem, 

Suitability-Index-Variables (SIV) represent the features 

of the solution (SIV refers to the number of tuned 

parameters, in MF-SMC it is λ and k), and all solutions 

are evaluated and its quality represent the Habitat-

Suitability-Index (HSI) which is similar to the fitness or 

cost in other population-based optimization algorithms 

[18]. BBO includes two steps: migration (information 

sharing) and mutation [19]. 

 Migration 

The best habitat for living species, is the one with the 

highest HSI. Therefore, the species migration among 

habitats happens when the habitats have low HSI or if 

there are a more species in the high HSI habitats. This 

operation is called emigration. Immigration occurs when 

the species go to the habitat of few species and high HSI. 

Both emigration and immigration of species from/to a 

habitat, are named migration [20]. Migration process is 

used to alter a solution Hi by sharing the characteristics 

from another solution Hj, and can be defined by: 

 

          𝐻𝑖(𝑆𝐼𝑉𝑘) ← 𝐻𝑗(𝑆𝐼𝑉𝑘)  (13) 

 

A solution Hi may be determined for emigrate or 

immigrate depending on its emigration rate μi and 

immigration rate λj, which in turn related to the number of 

species existing in the habitat [18], the rates (μ and λ) 

take a different value in each habitat and are calculated 

by (14) and (15), respectively. 

 

                    𝜇𝑖 = 𝐸
𝑘𝑖

𝑛
  (14) 

 

                 𝜆𝑖 = 𝐼 (1 −
𝑘𝑖

𝑛
)  (15) 

 

where I represents the maximum bound of the 

immigration rate λ, n refers to the population size, ki is the 

Gh(s) 
− Y(s) 

X(s) 

Gp(s) 

1

𝑧
 

+ 
+ 
- 1

𝑧
 k 

λ   
+ 

Sgn(s) 

u (s) + 

𝑑

𝑑𝑡
 

Y(s) − 

X(s) 
λ   

+ 

+ 

𝑑

𝑑𝑡
 

Gh(s) Gp(s) 

1

𝑧
 

+ 
+ 
- 

1

𝑧
 sat(s) 

u (s) 

× 
÷ 

  
+ 

k λ 

  
+ 

k 1

𝑠
 

− − 

∅̇ ∅ 



 Design of Model Free Sliding Mode Controller based on BBO Algorithm for Heart Rate Pacemaker 35 

Copyright © 2019 MECS                                                    I.J. Modern Education and Computer Science, 2019, 3, 31-37 

rank of habitat Hi after evaluation, and E represents the 

maximum bound of emigration rate μ. 

 Mutation 

Mutation is a probabilistic factor used to increase the 

population diversity, and add new features by modifying 

one or more of the SIV of a randomly chosen solution, 

based on its pre-existent existence of Pi [17]. (16) shows 

the probability that the 𝑖𝑡ℎ habitat is subject to mutation. 

 

            M𝑖 = 𝑚𝑚𝑎𝑥 (1 −
𝑃𝑖

𝑃𝑚𝑎𝑥
)  (16) 

 

where mmax is the mutation coefficient which is defined 

by the user, and Pi is the probability of existence of 

habitat Hi. 

The BBO algorithm steps are described by Fig. 7. 

 

VI.  SIMULATION RESULTS AND ANALYSIS 

This section presents the simulation results of the heart 

rate model described in Eq. (4) with the pacemaker in Eq. 

(3), and the suggested MF-SMC based on the BBO 

algorithm for the heart rate of 70 bpm (normal adult). The 

results after adding disturbance are also investigated to 

improve the performance of the controller.  The output 

response of the heart-pacemaker model without controller 

are shown in Fig. 8. 

 

 

Fig.7. The BBO flowchart. 

 

Fig.8. The heart-pacemaker response for heart rate (HR)=70 bpm. 

The BBO algorithm parameters are considered here as 

in Table 1.  

Table 1. BBO algorithm parameters. 

BBO parameters value 

Number of Generation 10 

SIV 2 

n (Population size or Habitats) 15 

Mutation Probability 0.06 

E 1 

I 1 

Min Domain 0 

Max Domain 10 

 

By applying the BBO algorithm, the optimal 

parameters of the suggested controller with and without 

disturbance, are listed in Table 2. 

Table 2. optimal controller parameters. 

Controller λ k 

Without 

disturbance 

MF-SMC without 

boundary 

9.7419 9.9039 

MF-SMC with 

boundary 

9.7861 0.29182 

With 

disturbance 

MF-SMC without 

boundary 

9.0541 8.5757 

MF-SMC with 

boundary 

9.9603 2.7247 
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Fig.9 shows the Heart-pacemaker response after 

regulated by the suggested controllers according to the 

controller parameters in Table 3.  

 

 

Fig.9. The Heart-pacemaker response. 

Table 3 addresses the control parameters of simulation 

results without disturbance. 

Table 3. The evaluation parameters of simulation results without 

disturbance for HR=70 bpm. 

Controller MP% tr (sec) ts (sec) e.s.s 

MF-SMC without 

boundary 
0.0251 0.2401 0.4354 0.25 

MF-SMC with 

boundary 
0.0128 0.244 0.455 0.0268 

 

As noticed from Fig. 9 and Table 3, cardiac system 

output with MF-SMC with boundary follows the desired 

heart rate in best and smooth response with small 

overshoot Mp, study state error (e.s.s), rise time (tr), and 

settling time (ts), (Mp =0.0128%, e.s.s =0.0268, tr =0.244 

sec and ts =0.455 sec), which satisfies the design 

requirement. While the MF-SMC without boundary also 

produces a good response, but suffers from small 

chattering. Fig. 10 illustrates the output response of the 

controllers after adding (-20) step disturbance in the time 

(2 sec) to evaluate the robustness of the controller, 

according to the parameters in Table 3,  the controller 

overcomes the disturbance effectively  in both cases. 

 

 

Fig.10. The Heart-pacemaker response with added disturbance. 

VII.  CONCLUSION 

In this paper, two modified Model-Free Sliding Mode 

Controller MF-SMC scheme is proposed to regulate the 

heart rate with a pacemaker. BBO algorithm is used here 

to obtain the optimal parameter's value for the proposed 

controller, and hence to improve the performance of the 

HR model with the pacemaker. The different simulation 

results show that the MF-SMC with boundary gives the 

best response as compare to MF-SMC without boundary 

layer. To strengthen the work of the proposed controllers 

a disturbance was added and the response was fast and 

perfect in both controllers. 
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