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Abstract: Presented a schematic diagram of developed voltage regulator with electronic switching element with
a hysteresis and also its replacement scheme. Obtained a mathematical model of equivalent circuit of voltage
regulator in the as a system of differential equations the 4th order. Based on the use of numerical methods
software developed and studied dynamic regimes encountered in the resulting mathematical model. Studied
implemented physical model of the voltage regulator. Shown the results of the research of dynamic modes of
mathematical and physical models in the time domain and in the phase space: the periodic oscillations, quasi-
periodic oscillation and chaotic dynamics of the movement or the so-called "strange attractor."
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INTRODUCTION

Relay systems are an important class of nonlinear
automatic systems that are widely used in various
industries [1-4]. The main mode of stable operation of
relay systems - the mode of oscillations with constant
amplitude and constant frequency that is, supported by
not periodic external action, but determined by the
properties of the system [5]. At the same time,
experimental and computer modeling detected more
complex modes, including a quasi-periodic and random
variations. Furthermore, for multidimensional relay
systems typical situation where a wide range of
parameters coexist multiple attractors different dynamic
characteristics. Under these conditions, the influence of
external noise even arbitrarily small, may lead to a sudden
transition from one dynamic state to another. As a result,
perhaps not only a significant increases dynamic errors
and deterioration of quality indicators, but also the
sudden failures of process equipment [5, 6].

Main: To obtain a nonlinear dynamical system with
chaotic dynamics (order of the system n > 3), developed
a physical model of the voltage regulator with the control

element in the form of an electronic relay with hysteresis
circuit diagram is shown in Fig. 1. Relay systems of this
type are widely used to control the pulse-modulation
energy converters process automation systems and
energy-saving technologies [1].

Realized voltage regulator consists of the following
main parts: the input RLC filter, the semiconductor voltage
converter, output RLC filter, electronic relay with
hysteresis, which also acts as a comparator element.
Relay hysteresis implemented on the basis of two
comparators and DA1.1 DA1.2, defining upper and lower
thresholds of the relay switch element (hysteresis) and
the RS-flip-flop used for stabilization the current value of
the relay output.

For certain values of the parameters (Us - the supply
voltage, U, - reference voltage, [chi] - the width of the
hysteresis band, Rl - the resistance of the load resistor,
R1,Cl1,L1 and R2, C2, L2 - parameters of input and output
RLC-filters, respectively) system shows chaotic motion,
which is typical nonlinear dynamic systems described by
differential equations of the third and the higher orders.

Fig. 2 shows the equivalent circuit for the voltage
regulator designed based on which was obtained a
simplified mathematical model of the system [7,8].
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Fig. 1: Schematic diagra'm of the voltage regulator with electronic relay element

of Kirchhoff:

F_. .
describe the equivalent circuit of the stabilizer (Fig. 2) in U= U, K =1 j=d2 K=
the form of the following differential equations [6, 8]:
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Fig. 2: The equivalent circuit for the voltage regulator
Based on the known postulate Papaleksi-Mandelstam G & +vi=i;Cy & + Uy =iy;
for capacitance and inductance and the 1st and 2nd laws dt dr R 2)

di) . diy .
Li—+Ri+U,=Ugq;L,—=+ Ryi, +U, =U,
ldt 14 1 N Zdt 20 2

~4Uc
dt

diy
dt

=ic; =U;; @] where

F _q.
L 3)

0, K =—1; 0, K =—1;
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Here [epsilon] - signal applied to the input of the
electronic relay element, K” - the output relay signal.

Then the system of differential equations describing
the simplified nonlinear system under study, will look like
this:

dii _ R 1. U

=-Lj ——U +=5;
a” L L

du; 1. 1+K"(e)

T AW

& q 20, )
. F

dy K@, B, 1y,

2L, L2 1,

o, 1, 1y,

& G GR,

Introduce the following notations:

xl :Rlil’ xz :UI,X3 :R1i2>x4 :U2'

Then the system of differential equations can be written
as:

dX

at G(X), X = (x,%5,3,%4 )7, G = (g1,22.83.84)" ,

where
|
g1 =N(=x—x+Q); g, =7(x —E(HKif(e))xa);
BOEKE@) A(ﬁ_x_étj;
2 a B

KE =KL sign(x + (~)Ve e (X)), K =—1;
1-sign(Kf Ki )

Nk =Nk—l+ ,N0=0,k=1,2...;
8(X)=U — K, xy4;
1 R
n=Soovgy=—lopu=R
L1 GiRy Ly
R2 }l— ,ﬁle,Ocle,
Ly G

where K, - transfer efficiency of voltage the load resistor
R.

In matrix form, the system will be as follows:
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Fig. 3: The results of the study at U, = 8V a - graph of
Uc,® ; b - phase portrait of the representative
point Uc, (Uc,)

X AX+B;

dt
-n -n 0 0
y 0 Ya+kFE) o no
2 0
A ,B= ;
o Larkfe) v U 0
0
0 0 Ao A
o B
(7

K§ = KE sign(x + (DN e(X)), K =1

1-sign(K{ K })

Ny =N, + No=0k=12..;

eX)=U, -UX;U;=(0,0,0,K, ).

To solve the system of differential equations with
discontinuous right-hand side of (6) was created the
software, based on numerical integration of Runge-Kutta
4th order.

In research have chosen the following parameters

of the system: R, = 047 Ohm, L, = 0,709.10~ H,
C, = 0478.10~° F, R, = 2,2 Ohm, L, = 3,440.10~ H,
L,=0,97.10F, R,= 100 Ohm, U. = 5V, [chi] = 0,05 V,

U,=17...15V - variable parameter.
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Fig. 4: The results of the study at U, = 8,5 V: a - graph of Uc,® ; b - phase portrait of the representative point Ug(U,,)
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Fig. 5: The results of the study at U, = 10,5V a - graph of Uc, () ; b - phase portrait of the representative point Ug,(U,,)

@ (b)

Fig. 6: The results of research on the physical model of the system with U, = 8V: a - oscillogram of Uc,® ;

b - oscillogram of the representative point in the plane U,(U,)

@ (b)

Fig. 7: The results of research on the physical model of the system with U, = 8,5V: a - oscillogram of Uc,® ; b -

oscillogram of the representative point in the plane U.,(U,)

As can be seen from Fig. 3 - Fig. 5, in the studied In addition to research received a simplified

system, depending on the varied parameter - U, appear
three types of motion: periodic oscillations (Fig. 3), quasi-
periodic oscillations (Fig. 4) and the random motion
(Fig. 5) or the movement of the so-called "strange
attractor".

mathematical model was also performed an analysis of the
dynamics of the implemented physical model, resulting in
a waveform (Fig. 6 - Fig. 8) showing the three types of
moving at the values varied parameter Us, used in the
software research of mathematical model system.
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(a)

Fig. 8: The results of research on the physical model of the system with U, = 10,5V a - oscillogram of Uc,® ; b -

(b)

oscillogram of the representative point in the plane U,(U,)

CONCLUSION

Thus, designed and implemented a nonlinear dynamic
system - a voltage regulator with electronic switching
element with hysteresis. Obtain a simplified mathematical
model of the system. In theory, based on the obtained
mathematical model and experimentally, using a physical
model, investigated the dynamics of the system and
obtained illustrate the periodic, quasi-periodic and chaotic
regimes of motion.

Consequence: As a result of theoretical and experimental
research of the dynamic properties of the voltage
regulator with electronic switching element with
hysteresis, identified three types of motion: periodic
oscillations, quasi-periodic oscillations and the motion by
the "strange attractor." Thus, the results show that the
commonly used system [7 - 11], described by differential
equations of the third and the older orders, demonstrate
the presence of complex dynamic modes of operation
(random oscillations) and require a qualitative theoretical
analysis in the development or use of devices, damping
the chaotic dynamics.
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