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1. Introduction 

For many years, coupled nonlinear oscillators have been a source of growing interest in different 

research fields, ranging from physics, chemistry, and engineering to biology and social sciences [1–

5]. Between these oscillators, two main classes are to be distinguished: the forced and the self-

sustained oscillators, among which are pulse-like self-sustained oscillators. These pulse-like self-

sustained oscillators are of interest in chemistry and biological science. They give some idea on the 

functioning of several systems such as the respiratory system, digestive system, nervous system, etc. 

[6], delay systems [7], biological systems [8], and chemical systems [9], to name just a few examples. 

Because of the special localized shape of the oscillations, they can be used in man-made devices such 

as actuation tasks in industries. For biomimetic applications, they can indicate some ideas on how the 

heart membrane responds to the action of some neuronal activities. They can also give some hints for 
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 Using simulation from analog electronic circuits and from a 

microcontroller, this paper considers the control or synchronization of 

pulse-like self-sustained oscillators described by the equations derived 

from the chemical system known as Brusselator. The attention is focused 

on the effect of proportional control when the Brusselator is subjected to 

disturbances such as pulse-like oscillations and square signals. The analog 

electronic circuits simulation is based on Multisim, while the 

microcontroller simulation uses mikroC software and PIC 18F4550. In 

order to determine the intervals for which the synchronization is effective, 

the equations of the Brusselator are solved numerically using the fourth-

order Runge-Kutta method. As software used for conducting numerical 

simulations, FORTRAN 95 version PLATO is used for numerical 

simulation and MATLAB for plotting curves using the data generated from 

FORTRAN simulations. It has been shown that the control is effective for 

some values of the proportional control parameter. A good qualitative and 

quantitative agreement is found from the results of the numerical 

simulation and those obtained from the analog electronic circuits as well as 

those delivered by the microcontroller. Since the oscillations delivered by 

the heart are pulsed oscillations, this study gives an idea of how to control 

the heart frequency of an individual whose heart is subject to certain 

disturbances related to stress or illness, to name just a few examples. 
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the fabrication of artificial ventricles or in the nowadays research activities for artificial heart design 

[10]. 

The system used in this paper is a chemo-inspired self-sustained oscillator named Brusselator 

oscillator, which is a system known in the context of self-catalytic chemical reactions. It was first 

analyzed by Prigogine and Lefever in 1968 [11]. They proposed a two variables model with periodic 

oscillations that are asymptotically stable. This two variables model was first referred to as the 

"trimolecular model." Subsequently, he substituted that of Brusselator in reference to the town of 

Brussels, where it was discovered. This oscillator permits to study of self-catalyzed chemical reactions 

when stability is verified. In the 1970s, nonlinear oscillations and bifurcations were discovered first 

by modeling and then by experiments for the autocatalytic Brusselators and the Belousov-Zhabotinsky 

(BZ) chemical reactions [12, 13]. The autocatalytic chemical reaction phenomenon plays a vital role 

in the breakdown of the stability of the thermodynamical branch.   

When self-sustained oscillators are subjected to the effect of perturbations, they suffer distortions 

and phase shifts [14]. These disturbances can have consequences in the context of applications when 

there is a need for precision, as the phase shift leads to the change of times at which prescribed actions 

are needed. When this happens, and for the sake of applications, it is of interest to put in place a control 

scheme that will rapidly mitigate the effects of the perturbation. Several control strategies exist: 

moving from using proportional-derivative-integral control to more sophisticated ones such as 

adaptive controls [15-17].  

The goal of this work is to conduct a control of the action of perturbation on the pule-like signals 

generated by the Brusselator oscillator using both an analog electronic circuit and a microcontroller. 

The case of microcontroller simulation is of special interest as it uses embedded technology, which is 

today more reliable than analog electronic circuits [18-26]. The paper is organized as follows. Section 

2 deals with the control in the model with analog electronic components. In Section 3, the control 

based on microcontroller technology is undertaken. Section 4 presents the conclusion. 

2. Control in the Analog Model 

2.1. Description of the Electronic Model of the Brusselator Oscillator 

The set of equations describing the Brusselator oscillator is 

{

𝑑𝑥𝑠
𝑑𝜏

= 𝑎 − 𝑥𝑠
2𝑦𝑠 − (𝑏 + 1)𝑥𝑠

𝑑𝑦𝑠
𝑑𝜏

= −𝑏𝑥𝑠 − 𝑥𝑠
2𝑦𝑠

 (1) 

where 𝑥𝑠 and 𝑦𝑠 are the concentrations of the interacting chemical species. 𝑎 and 𝑏 are externally-

controlled concentrations.  

This set of equations can be transformed into equations deriving from an electronic circuit. Such 

an analog electronic model of the Brusselator oscillator is presented in Fig. 1. It consists of integrator-

summing circuits with operational amplifiers A1 and A2 (all of the LF356 series) whose polarization 

can take values between -15V and 15V. The other components are voltage multipliers M1 and M2 of 

the AD633JN series.  These multipliers operate with a symmetrical power supply of values between 

-18V and 18V. Their average current consumption is 4 mA. 𝐶1 and 𝐶2 are capacitors of ceramic series 

and components referenced by 𝑅𝑘 (1 ≤ k ≤ 5) denote resistors. 

2.2. Modeling Equations of the Brusselator Oscillator 

Let us put 𝑣𝑆, 𝑉1, 𝑉2 and 𝑣𝑆𝑦, the voltages at the output of the first integrator (A1), the output of 

the first multiplier (M1), the output of the second multiplier (M2) and the output of the second 

integrator (A2), respectively. The output voltage of the multiplier used in this manuscript is obtained 

from the following equation as 
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W = 
(𝑥1 − 𝑥2)(𝑦1 − 𝑦2)

𝑉𝑟𝑒𝑓
+ 𝑧1 (2) 

where 𝑥1, 𝑥2, 𝑦1, 𝑦2 are the input voltages of the multiplier; 𝑧1 is an additional input generally 

connected to the ground; 𝑉𝑟𝑒𝑓 is scaling voltage whose value is 10 V. Thus, 𝑉1 and 𝑉2 are expressed 

as follows: 

𝑉1 =
𝑣𝑆
2

10
,  V2 =

𝑉1𝑣𝑆
10

=
𝑣𝑆
2𝑣𝑆𝑦

100
 (3) 

 

 
Fig. 1. The equivalent electrical circuit of the Brusselator oscillator 

Let us also consider 𝐼1, 𝐼2, 𝐼3, 𝐼4, 𝐼5, 𝐼11 and 𝐼22 the current intensities in the resistance of the 

resistors 𝑅1, 𝑅2, 𝑅3, 𝑅4, 𝑅5, the inverting input of the first integrator and the inverting input of the 

second integrator. Their expressions are written as follows: 

𝐼1 =
𝑣𝑆
𝑅1
 ; I2 =

𝑉2
𝑅2
 ; I3 = −

𝑒𝑎
𝑅3
 ; I4 =

𝑣𝑆𝑦

𝑅4
 ; I5 =

𝑉2
𝑅5
 ; I11 = −𝐶1

𝑑𝑣𝑆
𝑑𝑡𝑏

 ; I22 = −𝐶2
𝑑𝑣𝑆𝑦

𝑑𝑡𝑏
 (4) 

Using the nodes law, one obtains  

{
𝐼11 = 𝐼1 + 𝐼2 + 𝐼3
𝐼22 = 𝐼4 + 𝐼5

 (5) 

The equations of the electrical part according to Kirchhoff’s laws are thus given as follows: 

{
 
 

 
 𝑑𝑣𝑆
𝑑𝑡𝑏

= −
𝑣𝑆
𝑅1𝐶1

−
𝑣𝑆
2𝑣𝑆𝑦

100𝑅2𝐶1
+

𝑒𝑎
𝑅3𝐶1

𝑑𝑣𝑆𝑦

𝑑𝑡𝑏
= −

𝑣𝑆
𝑅4𝐶2

−
𝑣𝑆
2𝑣𝑆𝑦

100𝑅5𝐶2

 (6) 

The following dimensionless variables are used: 

𝜏 = 𝜔1𝑡𝑏  ;  𝑣𝑆 = 𝑢0𝑥𝑠   ;  𝑣𝑆𝑦 = 𝑢0𝑦𝑠  ;  𝑒𝑎 = 𝑢0𝐸𝑎 (7) 

where 𝜔1 = 104 Hz is the reference frequency adopted for a good choice of electronic components 

and 𝑢0 = 1 𝑉 is the reference voltage. 

Thus, the dimensionless equations of the Brusselator are given as follows: 

{

𝑑𝑥𝑠
𝑑𝜏

= 𝑎 − 𝑥𝑠
2𝑦𝑠 − (𝑏 + 1)𝑥𝑠

𝑑𝑦𝑠
𝑑𝜏

= −𝑏𝑥𝑠 − 𝑥𝑠
2𝑦𝑠

 (8) 
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with the following dimensionless coefficients: 

𝑎 =
𝐸𝑎

𝑅3𝐶1𝜔1
  ;   

𝑢0
2

100𝑅2𝐶1𝜔1
= 1  ;   𝑏 + 1 =

1

𝑅1𝐶1𝜔1
  ;   𝑏 =

1

𝑅4𝐶2𝜔1
  ;

𝑢0
2

100𝑅5𝐶2𝜔1
= 1 (8) 

Equation (8) is similar to Equation (1). 

2.3. Proportional control of a Brusselator Oscillator Subjected to a Square Disturbance 

When the Brusselator oscillator is subjected to a perturbation, there appears a distortion of its 

output and phase shift. Controlling the distortion and the phase shift means here to force the perturbed 

state of the oscillator to come back to its referenced or prescribed state. This can be understood as 

synchronizing the actual or perturbed Brusselator oscillator to the state of a reference Brusselator.  So, 

we consider in this Section two Brusselator electronic oscillators, one of which is not subjected to any 

disturbance and the other one subjected to a square-type perturbation. Both oscillators are coupled in 

a master-slave configuration, as shown in Fig. 2. 𝑣𝑆 represents the reference oscillator and 𝑣𝑥 the 

perturbed oscillator has to follow the dynamics of the reference oscillator. The controller coefficient 

here is given by the relation 𝑘𝑝 =
𝑅SX

𝑅𝐶
. By introducing this last expression, the system shown in Fig. 2 

can be described by a set of four differential equations as 

{
 
 
 

 
 
 
𝑑𝑥𝑠
𝑑𝜏

= 𝑎 − 𝑥𝑠
2𝑦𝑠 − (𝑏 + 1)𝑥𝑠

𝑑𝑦𝑠
𝑑𝜏

= −𝑏𝑥𝑠 − 𝑥𝑠
2𝑦𝑠

𝑑𝑥

𝑑𝜏
= 𝑎 − 𝑥2𝑦 − (𝑏 + 1)𝑥 + 𝑢 + 𝑝(𝑡)

𝑑𝑦

𝑑𝜏
= −𝑏𝑥 − 𝑥2𝑦

 (9) 

where the master system is described by the parameters 𝑥𝑠 and 𝑦𝑠, and the system slave or actual 

system by the parameters x and y. 𝑝(𝑡) is the square disturbance voltage whose expression is given 

below:  

𝑝(𝑡) =
𝑠𝑖𝑛[𝑤(𝑡 − 𝑡𝑖)]

|𝑠𝑖𝑛[𝑤(𝑡 − 𝑡𝑖)]|
 (10) 

where 𝑤 is the frequency of the square disturbance and 𝑡𝑖 the time when the perturbation is localized. 

The 𝑢 is the controller responsible for mitigating the effects of the disturbance in order to bring 

the system back to its normal motion or to the state of the master system. Here, we first consider 𝑢 a 

linear proportional controller given as follows: 

𝑢 = 𝑘𝑝𝑒 = 𝑘𝑝(𝑥 − 𝑥𝑠) (11) 

The values of the capacitors and resistances used in Fig. 2 are given in Table 1. 

Table 1.  Values of capacitors and resistances used in the overall electronic circuit of Fig. 2. 

Resistances (Ω), capacitors (nF) Master oscillator (j=1) Slave oscillator (j=2) 

𝑅j1 Variable (10000) Variable (10000) 

𝑅j2 100 100 

𝑅j3 Variable (250000) Variable (250000) 

𝑅j4 Variable (10000) Variable (10000) 

𝑅j5 100 100 

𝑅0 180000 180000 

𝑅 40000 4000 

𝐶j1 10 10 

𝐶j2 10 10 
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Fig. 2. The equivalent electrical circuit of two Brusselator oscillators coupled in the master-slave scheme.   

2.3.1. State of the Oscillators in the Absence of Control 

Setting 𝑘𝑝 = 0 (no control), Fig. 3 shows in blue the Brusselator in its normal or reference state 

and in red in its disturbed state, both the numerical simulation (Fig. 3 (a)) and analog simulation results 

(Fig. 3 (b)). We used the fourth-order Runge-Kutta algorithm for the numerical simulations of 

Equation (9) and the Multisim software to simulate the electronic circuits.  

  
(a) (b) 

Fig. 3. The behavior of the Brusselator oscillator was obtained from the numerical simulation (a) and from 

the analog electronic simulation (b) with the parameters 𝑎 = 1 and 𝑏 = 3. 

In Fig. 3 (a), the perturbation is localized at time t = 30. It is observed at this time that the oscillator 

leaves its normal trajectory and moves to a new trajectory with a different amplitude. After the 

perturbation (t ∈ [35,65]), there is a shift of the oscillations, with this time a decrease of the amplitude 

of the disturbed signal with respect to the normal state. When t ≥ 65, the disturbed signal returns to 

its normal amplitude, but a phase shift is observed between the normal state and the perturbed state. 

Fig. 3 (b) shows that at t = 160.30 ms, the perturbation is effective, and the amplitude increases in the 

perturbed signal. After the perturbation, the amplitude returns to the normal state, but again, there is a 

phase shift between the normal state and the perturbed state. The next section is thus to find the 

appropriate values of the control coefficient that will quickly mitigate the effects of the perturbation 

by limiting the amplitude variation and canceling the phase shift.  
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2.3.2. Effectiveness of the control 

We find in this section the values of 𝑘𝑝 for which the control is effective. This is carried out in 

the numerical simulation using the normalized average synchronization error, which is defined as 

𝜎 = √
⟨(𝑥(𝑡) − 𝑥𝑠(𝑡))

2⟩

⟨𝑥(𝑡)2⟩
+
⟨(𝑦(𝑡) − 𝑦𝑠(𝑡))

2⟩

⟨𝑦(𝑡)2⟩
 (12) 

where ⟨. ⟩ denotes the time average. The normalized average synchronization error is a quantitative 

indicator measuring the time-averaged proximity between the reference state 𝑥𝑠 and the actual or 

perturbed state 𝑥. Fig. 4 presents this error versus the control parameter 𝑘𝑝. 

 
Fig. 4. Normalized average synchronization error 𝜎 versus the control coefficient 𝑘𝑝. 

Synchronization or control is effective when 𝜎 is close to zero. Fig. 4 shows that the control is 

effective when 𝑘𝑝 < 0 and good for small values of 𝑘𝑝. The control degrades as 𝑘𝑝 increases (in the 

negative direction) until 𝑘𝑝 = -276.95.  Thus, the interval of 𝑘𝑝 for which the control is effective is 

𝑘𝑝 ∈ [−277; 0]. 

Now considering the analog electronic model and the Multisim simulation, Fig. 5 presents two 

examples where the control is effective: in blue, the reference state 𝑥𝑠 and in red the actual state x of 

the Brusselator oscillator as delivered by the electronic device. Varying the value of  𝑅SX or 𝑅𝐶, one 

arrives at the conclusion that the electronic model leads to effective control for 𝑘𝑝 ∈ [−278; 0]; an 

interval that is similar to the one obtained from the numerical simulation. 

3. Control in the Microcontroller Model 

3.1.  Control of a Brusselator Oscillator Subjected to a Pulse-like Shape Perturbation 

Due to the difficulty of implementing the square signal as a disturbance in the mikroC simulation 

software, we use in this Section a perturbation having a pulse-like shape and mathematically defined 

by  

𝑝(𝑡) =
𝑠1

1 +
[𝑠(𝑡−𝑡𝑖)]

2

2

 (13) 

where 𝑠1 and 𝑠 are, respectively, the amplitude and width of the pulse-like perturbation while 𝑡𝑖 is the 

time corresponding to the highest amplitude of the perturbation. We thus consider the system of 

Equation (9) with the perturbation given by Equation (13). 
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Values of 𝑘𝑝 Temporal trace 

-2 

 
  

-250 

 

Fig. 5. Control situation for many values of 𝑘𝑝.  

3.2. Construction of the Digital Simulator on Microcontroller and Simulation on Proteus 

Software 

We use in this section the normalized equations of the Brusselator given by Equations (9) with 

the parameters 𝑎 = 1 and 𝑏 = 3. With these parameter values, the Brusselator oscillator delivers 

pulse-like outputs. In order to implement the oscillator equations into the microprocessor, we 

discretize the Brusselator equations using the Euler method. The equations resulting from this 

transformation are given as 

{
 
 

 
 𝑥𝑠(𝑘 + 1) = 𝑥𝑠(𝑘) + 𝑡𝑠[𝑎 − 𝑥𝑠(𝑘)

2𝑦𝑠(𝑘) − (𝑏 + 1)𝑥𝑠(𝑘)]

𝑦𝑠(𝑘 + 1) = 𝑦𝑠(𝑘) + 𝑡𝑠[−𝑏𝑥𝑠(𝑘) − 𝑥𝑠(𝑘)
2𝑦𝑠(𝑘)]

𝑥(𝑘 + 1) = 𝑥(𝑘) + 𝑡𝑠[ 𝑎 − 𝑥(𝑘)2𝑦(𝑘) − (𝑏 + 1)𝑥(𝑘) + 𝑘𝑝(𝑥(𝑘) − 𝑥𝑠(𝑘)) + 𝑝(𝑡)]

𝑦(𝑘 + 1) = 𝑦(𝑘) + 𝑡𝑠[−𝑏𝑥(𝑘) − 𝑥2(𝑘)𝑦(𝑘)]

 (14) 

where 𝑡𝑠 = 0.01 is the sampling time. 

Fig. 6 shows the electronic circuit used to implement the Brusselator oscillator. A microcontroller 

PIC 18F4550 from Microchip® was used. The ports B and D of the microcontroller were coupled to 

the R-2R ladder resistors network, which acts as a DAC (digital to analog converter). The 

microcontroller and the R-2R DAC were selected because they are inexpensive and simple to 

configure. The outputs of the DAC were taken from the resistors labeled R16 and R32, and they 

correspond to the outputs 𝑥𝑠(𝑡) and 𝑥(𝑡) of the Brusselator oscillators. Notice that the outputs of the 

systems are in continuous time after the ladder resistors network. But it is also possible to take the 

output in the discrete-time mode. 

To test the implementation, the code shown in Fig. 7 was developed using the mikroC compiler. 

The result of the 𝑥𝑠(𝑘) and 𝑥(𝑘) variables were routed to Ports B and D of the microcontroller and 

converted into analog voltage by the R-2R DAC. Thus, the outputs result 𝑥𝑠(𝑡) and 𝑥(𝑡). The 

instructions TRISB and TRISD are used to configure Ports B and D as digital outputs. After computing 
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the equations, the results were sent to Ports B and D. The output voltages were digitalized through an 

oscilloscope (Tektronics, series 2008). 

 
Fig. 6. The electronic circuit is used to implement the pulse-like self-sustained oscillators in the 

microcontroller.  

3.3. Response in the Absence of Control 

To ascertain the comparison to be made between the results from the numerical simulation and 

those obtained from the simulation through the microcontroller, we plot in Fig. 8 the shape of the 

perturbation given by the numerical plot and the one generated in the microcontroller.   

By taking into account the above perturbation, we obtain Fig. 9 representing in blue the reference 

state and in red the perturbed state. In Fig. 9 (a) and Fig. 9 (b), the perturbation is localized at time t = 

285. As in the preceding section, the perturbation creates a distortion, leading to an increase in the 

amplitude of oscillations at this time and to a slow steep drop thereafter before returning to the 

reference amplitude. After the perturbation, there is a phase shift of the oscillations between the 

reference state and the actual state. 

3.4. Effectiveness of the Control Using a Microcontroller 

We find in this section the values domain of 𝑘𝑝 for which the control is successful in order to 

make a comparison between numerical and microcontroller simulation. Fig. 10 presents the 

normalized synchronization error versus the control parameter. From the numerical simulation, one 

also finds that the control is efficient for 𝑘𝑝 ∈ [−278; 0]. 

The same analysis has been undertaken using the microcontroller simulation. Fig. 11 displays 

some examples of cases leading to the control. As mentioned above, the reference state is in blue, 

while the actual state is in red.  From the microcontroller simulation, the interval of 𝑘𝑝 for which the 

control is effective is 𝑘𝑝 ∈ [−201; 0]. In comparison to the interval obtained from the numerical 

simulation, one notices a large difference. This can be explained by the fact the simulation through 

the microcontroller uses the Euler scheme, which can be a source of lack of precision. 

In comparison to the results of the previous research, remind that Thepi et al. in 2017 presented a 

study based on Microcontroller Control/Synchronization of the Dynamics of Van der Pol Oscillators 

Submitted to Disturbances [14]. They used three control methods, among which the proportional 

control method, for the synchronization of their oscillators. They used the synchronization time to 
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determine the intervals of the proportional coefficient for which control was effective. They 

implemented these values in the microcontroller and found good agreement with the numerical results. 

Regarding our work, we use chemo-inspired oscillators and apply the proportional control method for 

the synchronization of the oscillators. We use the normalized synchronization error to determine the 

intervals of the coefficient for which the control is effective. We implement these values in the analog 

model and the one obtained by microcontroller programming and find a good agreement with the 

numerical results. 

 
Fig. 7. Program code in mikroC used to implement the pulse-like self-sustained or Brusselator oscillator 

1 #pragma config PLLDIV = 5 

2 #pragma config FOSC = HSPLL_HS, FCMEN = OFF, IESO = OFF, CPUDIV = OSC1_PLL2 

3 #pragma config PWRT = ON, BOR = OFF, BORV = 0 

4 #pragma config WDT = OFF, WDTPS = 32768 

5 #pragma config MCLRE = ON, LPT1OSC = OFF, PBADEN = OFF, CCP2MX = OFF 

6 #pragma config STVREN = OFF, LVP = OFF, XINST = OFF, DEBUG = OFF 

7 #pragma config CP0 = ON, CP1 = ON, CP2 = ON 

8 #pragma config CPB = ON, CPD = ON 

9 #pragma config WRT0 = ON, WRT1 = ON, WRT2 = ON 

10 #pragma config WRTB = ON, WRTC = ON, WRTD = ON 

11 #pragma config EBTR0 = ON, EBTR1= ON, EBTR2 = ON 

12 #pragma config EBTRB = ON 

13 #define DA Write RC0 

14  //constants 

15  float a1 = 1.0; 

16  float b = 3.0; 

17  float k0 = -0.; 

18  float k2 = 4.5; // 1.2; 

19  float k1 = 5.0; //5.0; 

20  float TS = 0.01; 

21  float t1 = 285.; 

22 void main(void) 

23 { 

24  //initial conditions 

25  float x1s = .0; 

26  float y1s = .0; 

27  float x1 = 0.; 

28  float y1 = 0.; 

29  float t0 = .0; 

30  float xs, ys, x, y, C2, B2, Ts1 ;//, A2, B2, C2; 

31  TRISB = 0x00; 

32  TRISD = 0x00; 

33  while(1) 

34 { 

35  xs = x1s + Ts*(a1-(x1s*x1s)*y1s-(b+1.0)*x1s ); 

36  ys = y1s + Ts*(-(x1s*x1s)*y1s-(b*x1s)); 

37  y = y1 + Ts*(-(x1*x1)*y1-(b*x1)); 

38  Ts1 = t0 + Ts; 

39  C2= (k2*(Ts1-t1))*(k2*(Ts1-t1))*(k2*(Ts1-t1))*(k2*(Ts1-t1))/1.; 

40  B2= k1/(1.+(k2*(Ts1-t1))*(k2*(Ts1-t1))/2.);//+C2); 

41  x = x1 + Ts*B2 + Ts*(( a1-(x1*x1)*y1-(b+1.0)*x1 )+ k0*(x1-x1s)) ; 

42  //PORTB = (B2+3.)*17.5; 

43  PORTB = (xs+3.)*20;     //2.3 ; 

44  PORTD = (x+3.)*20; 

45  x1s = xs; 

46  y1s = ys; 

47  x1 = x;  

48  y1 = y; 

49  t0 = Ts1; 

50 } 

51 } 
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(a) (b) 

Fig. 8. The shape of the perturbation is obtained numerically (a) and generated by the microcontroller (b). 

  

(a) (b) 

Fig. 9. The reference oscillator (in blue) and the perturbed oscillator (in red) are generated by the numerical 

simulation (a) and the microcontroller (b).    

 
Fig. 10. Normalized average synchronization 𝜎 in the case of a Brusselator oscillator subjected to a pulse-

like perturbation. 
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Values of 𝑘𝑝 Temporal trace 

-15 for numerical 

and -5 for 

microcontroller 

 
  

-150 

 

Fig. 11. Two cases present the effectiveness of the control in numerical simulation and in microcontroller-

based simulation. 

4. Conclusion 

The control of pulse-like self-sustained oscillators subjected to perturbations using analog circuits 

and microcontrollers has been considered in this paper. This has been done using the linear 

proportional control. The implementation of the control has been done using three simulation 

methods: numerical simulation, analog electronic simulation and microcontroller-based simulation. 

The synchronization intervals have been found from the numerical simulation by plotting the 

synchronization time. It has been found that the control degrades as the linear proportional control 

increases and is good for small values. The implementation in the microcontroller uses the software 

mikroC PRO for PIC. The results from the microcontroller simulation have demonstrated that it is an 

efficient way to produce and synchronize self-sustained electric signals that have been generated from 

analog electronic circuits. The synchronization intervals have been determined from the simulation 

based on a microcontroller, and the results obtained are interesting and comparable and indicate the 

interest in using embedded technologies to control the pulse-like oscillator dynamics using 

microcontrollers. Our next investigation will focus on the experimental implementation of the control 

strategies using a microcontroller and the extension of the microcontroller control scheme to other 

dynamical systems.   
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