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Conditions for «deterministic chaos» phenomenon occurrence
in a non-linear rl-diode electric circuit of sinusoid current

In this work, the phenomenon of «deterministic chaos» in a nonlinear RL-diode electrical circuit of a sinusoi-
dal current was investigated. The diode is represented by an equivalent circuit, which in the general
case includes a nonlinear resistor and two nonlinear capacitances — barrier and diffusion. With certain ratios
of the frequency of the current and the parameters of the circuit, the transition process for the period
of oscillation of the input voltage hasn’t time to finish. In this case, at the beginning of each period there is a
residual voltage on the capacitances, that is, each new cycle of the transition process has non-zero initial con-
ditions. It is noted that the residual voltage in each period is different; therefore, the current in the circuit in
each period is also different. Thus, in this case, a continuous transition occurs, the parameters of which are
chaotic. The simulation of the phenomenon of «deterministic chaos» was carried out in the environment of
the MicroCap circuit simulation program. During the simulation for each type of diode, the set of circuit pa-
rameters f, R, L (frequency, load resistance, inductance) was divided into two subsets — a subset for which the
transition process during the oscillation period of the input voltage has time to finish (the residual voltage on
the capacitance is almost zero) and the mode of operation of the circuit can be considered deterministic, and a
subset for which the transient process during the oscillation period of the input voltage doesn't attenuate
(the residual voltage on the capacitance is significantly different from zero) and the mode of operation of the
circuit can be considered chaotic. As a result, the recommended sets of parameters of the circuit for designing
the generators of chaotic oscillations were determined.

Key words: deterministic chaos, barrier capacitance, diffusion capacitance, residual stress, initial conditions,
oscillation generator.

Introduction

When creating parametric resistive transducers that would allow for required metrological characteris-
tics (particularly, resolution), one should quite frequently transform extremely insignificant changes in out-
put resistance, for instance, during tensiometric measurements.

This in turn results in random interferences’ amplification at a desired signal, as a consequence of
which a random measurement error grows [1, 2]. That is why raising the sensitivity of resistive transducers
while ensuring a low level of random noises comprises a crucial task.

One of the methods to solve this task consists in the use of RL-diode generators of chaotic oscilla-
tions [3-6].

The paper [7] presented the analysis of the reasons for chaotic oscillations in RL-diode circuits with re-
quired calculations carried out.

The objective of this paper is to devise the algorithm for determination of circuit parameters in order to
devise the generators of chaotic oscillations.

Results of previous studies

It was noted above that detailed analysis of the reasons for chaotic oscillations’ emergence in RL-diode
circuits was carried out in paper [7]. In this sub-section, we are only setting forth the basic concepts of this
analysis.

The simplest diagram chaotic oscillations’ generator is presented by a quadrupole, at the output of
which a resistor is switched on (Fig. 1).
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Figure 1. The simplest diagram of chaotic oscillations’ generator

According to [8], the diode equivalent circuit in a small signal mode (in the most common case) is
shown in Figure 2.

Figure 2. Diode equivalent circuit in a small signal mode

According to this circuit, a diode represents a parallel connection between non-linear resistor R, and two
non-linear capacities — a barrier C; and a diffusion C;, one.
The barrier capacity is determined using the formula:

=1, ()
v
Up
where C; — barrier capacity at the diode’s zero voltage; U — the diode’s current voltage; Up — the diode’s

diffusion voltage; n — the technological coefficient ranging within (%. . % ).

The diffusion capacity is determined as:
U

Cy =l i @
mUr
where /¢— the diode’s thermal current; 75— the lifetime of minority charge carriers; U — the diode’s current
voltage; Ur — the diode’s thermal stress; m — emission factor.
Please note that in the direct voltage mode, given that U 2Uj, the barrier capacity may be disregarded.

In the back voltage mode, the diffusion capacity may be disregarded.
The equivalent circuit of the simplest generator of chaotic oscillations is shown in Figure 3.
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Figure 3. Equivalent circuit of chaotic oscillations’ generator

This circuit contains three non-linear elements at once: resistor Ry, barrier capacity C; and diffusion ca-
pacity C,. Please note that both resistor resistance and capacities depend on the diode voltage.
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It’s as if the current flowing through resistor R, is #(z), the one flowing along capacity C; being i (t),
and the one flowing along capacity C, is i3(t). Since the voltage at the capacities and at resistor R, 1is the
same, we designate it as uc(t).

Let us compose an equation system under Kirchhoff's laws for the equivalent circuit (Fig. 3).

i(t) =iy ()+ iy (1) +i5(t)

L8 Ri)+ Ry e O )=

Ryuc (0))ir (1) = uc (1) 3)

)= C uc(0) 2

(0= C, lucl) )

since ()= and )= e €t 6. the seris o lgebraic

transformations may be followed by the record:

d*uc(t)
(L€ O+ LC luc ) =55+

o —LE L RC(uelt)+ RC,(u duC(t)+
RO Rl @

Uc t dt
R

{m +1Juc(t) =ut).

The resultant expression for non-linear second-order differential equation, to which the circuit operation
mode corresponds (Fig. 3), with due account for expressions (1) and (2), looks as follows

uc(t)

I CjO +LTBIS emUT d21/lc(t)+
[1_uc<z)J" mlp | ar
Up
uc(t)
Ry(uc(0)) | () mUy dt
Up

Let us solve this differential equation using the operator method in general terms.
The operator equation of Kirchhoff's law II for this circuit looks as follows:

1
Ry(uc)
1(s) R+sL+ 1 SCj(uCzSCd(uC)l TR ©
Rd(uC)sC](uc) (uC’st(uc) SC,(MC)SCd(uc)

Cepusi «dunsukay. Ne 3(95)/2019 45



V.V. Kukharchuk, V.Y. Kucheruk et all

Then the operator presentation of circuit voltage is defined as follows:

1(s)= Es) . 7
Rd(”C) Cl( )Cl( )
sCiluc)sCyluc
R+SL+R (o) +R,(u - - !
e SC_;‘(”C) ¢ C/Scd(“c) SCj(“c)SCd(“C)

It is evident that, as a consequence of a considerable non-linearity of this expression, it is impossible to
obtain the original of circuit current i(t) in general terms.

Considering the fact that diode parameters do significantly differ from direct and inverse voltage, it
would be advisable to analyze the circuit mode using a modified method of lump-linear approximation using
transient characteristics and Duhamel's integral.

Iteration algorithm of calculation may be formulated as follows:

1. Let us divide the curve of input sinusoid voltage into equal time intervals, and match each of them

with particular sections of BAX diode (i.e. R, (i) and particular values (uc) and Cy (uc).
2. For each linearized section of BAX and C,(u.) and C, (uc) values, the operator presentation of the

circuit’s transient characteristics in relation to its current is defined as follows:

1
hi(s): 1 =

1
R (u )
4 C,SCj(uC)SCd(uC)

\ 1 1 1 (8)
R P AR o o M o ey

_ Ry (e )Cygluc)+sRy(ue )C;(uc)+1
s(st (uC)Cd (uc )R +sR; (uc )Cj (uc )R +R +s2LRd (uC)Cd (uc)+s2LRd (uc )Cj (uc )+SL+ R, (uc ))

3. Let us find out the original of transient characteristic 4;(¢) using the decomposition theorem, for
which purpose the denominator’s root should be determined in the first place:

S| R+sL+

Ry (”c)

S[Sz (LRd (ue)Cylue)+ LR, (uc )C (uc ))+ S(Rd (ue)Cylue )R+ Ry (uc )C (e )R+ L)+ R+Ry(uc )]: 0. ©)
Equation (9) has three roots:

—b+\b? —4ac
2a
where — a = (LRd (e )Cq e )+ LRy (uc )Cj (uc ))’ b= (Rd (uc)Cqlue )R+ Ry (uc )Cj (uc )R+ L)’ CZRJFRd(“C) .

Denominator derivative:

Sl :0, S2,3 =

b

[S ’ (LRd (e )Cgluc)+ LR (e )C i (uc ))+S ? (Rd (ue)Caluc )R+ Ry (ue )C j (uc)R +L)+ s(R+Ry(uc ))] =
3s° (LRd (uc)Cylue )+ LR, (e )C; (uc ))"‘ 2s (Rd (e )Cylue )R+ Ry (ue )C, (e )R+ L)"‘ (R+Ry(uc)).

Therefore, the original of the transient characteristic:

sy
. 53R (e )Caluc )+ 53Ry (e )Cluc)+1 o2 4 (10)
353 (LRd (ue)Cqluc)+ LRy (uc)C, (”c))+2sz (Rd (e )Caluc )R+ Ry (e )C; (e )R +L)+ (R+ R, (uc))
S3Rd(“c)Cd(“c)+S3Rd(”c)Cj (e )+1 it

e
3532 (LRd (uc)Cyluc )+ LR, (uC)Cj (uc ))"‘253 (Rd (e )Cylue )R+ Ry (ue )C; (”c)R+L)+(R+Rd (uc))
4. Let us find out the value of current at the end of each time interval with the aid of Duhamel's inte-
gral using the formula:
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I
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k-1 4
5. Let us determine the diode voltage using the approximation formula:
i(t,)-ilt,y)
U :”(tkl)_(LM"’l(tk)RJ’ (12)
Ik =l

after which R, (), C,(uc), C,(uc ) parameters should be updated.

6. Let us go back to the algorithm’s station 2 and repeat the calculation until u, value has almost no dif-
ference from the previous iteration.

Based on the above algorithm, paper [7] presented a cycle of numeric calculations in MathCAD envi-
ronment. These calculations proved that, under particular correlations of frequency and circuit parameters,
the period of input voltage fluctuations will not be enough for the transient process to come to its end, that is
why residual voltage is available at capacities in the beginning of each period, meaning that each new cycle
of transient process has non-zero initial conditions. Such being the case, an undamped transient process takes
place, with the parameters of this process being of chaotic nature.

It has also been established that transition from a deterministic process to a chaotic one takes place
gradually rather than in a leap, meaning that, with the input voltage frequency growth, the residual voltage at
capacities will increase quite slowly.

Hence, the triggering event for a chaotic transient process may be formulated as follows:

—in the beginning of each (except for the first one) oscillation cycle, non-zero voltage is present at ca-

pacities;

— in the beginning of any two different oscillation cycles, capacity voltages differ from one another.

At the same time, numeric calculations (even in MathCAD environment) are quite a labor-consuming
procedure.

Since this paper’s objective is determination of the circuit’s total recommended parameters for design-
ing of chaotic oscillations’ generators, which requires a large volume of calculations, a much quicker simula-
tion of «deterministic chaos» was carried out in the circuit (Fig. 3) using MicroCap general-circuit simula-
tion software.

Results of «deterministic chaosy simulation in a non-linear
rl-diode electric circuit of sinusoid current

Such presentation of circuit model (Fig. 3) is shown in Fig. 4.

D1
fES_EﬂST:_ H
L1 1M457
100m
hy R1
1l 1k

L

Figure 4. Model of chaotic oscillations’ generator

Let us simulate the dependence between the output and input voltage, i.e. in MicroCap environment we
obtain u,(t)=(i(¢)) function for different values of output voltage frequency f with circuit parameters

L1=100 mH, R1=1 kOhm and diode type 1N457. Please note that u,(t)=Rit).
The diagrams of this dependency are shown in Figures 5-7.

Cepusa «dusmka». Ne 3(95)/2019 47



V.V. Kukharchuk, V.Y. Kucheruk et all

Figure 7. Diagram of function u, (t)= l//(ul (t)) at 10 kHz frequency

It follows from diagram (Fig. 5) that, with the input voltage frequency of 100 Hz, the circuit’s transient
process almost fades, and functionu, ()= !//(ul (£)) may be deemed deterministic.

With the input voltage frequency of 1 kHz (Fig. 6), the circuit’s transient process stops fading, and
function u,(¢)=w(y(¢)) behaves in a chaotic manner. At the same time, the amplitude of chaotic oscillations
is insignificant.
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Much better result was obtained with the frequency of 10 kHz (Fig. 7), where the amplitude of chaotic
oscillations is already significant.

Simulated in the paper were numerous options of circuits of chaotic oscillations’ generator with various
types of diodes and circuit parameters’ values.

At first, simulations were made for generator operation modes with widespread diode types and equal
circuit parameters (L1=100 mH, R1=1 kOhm) with recommended generator frequencies determined, under
which the amplitude of chaotic oscillations is significant (Fig. 7). Simulation results are summarized
in Table 1.

Table 1
Dependence between the generator’s recommended frequency and diode types

Diode ¢ IN456 — | IN625— | IN658 — | IN746— | IN750— | IN755—
ode types IN486 | 1IN629 | 1N661 1N749 IN754 | 1N759
Recommended frequency, kHz 10 25 140 100 120 150

It follows from Table 1 that, with equal circuit parameters, significant amplitude of chaotic oscillations
may be reached at the lowest frequency of 10 kHz for diode types 1N456 — IN486 only.

Hereinafter, these diodes and this frequency underwent studies, during which determined were the
ranges of the generator’s optimal parameters that ensure an acceptable amplitude of chaotic oscillations.
Study results are summarized in Table 2.

Table 2
Optimal generator parameters

Inductance L1, mH 10-100 150 - 300 350 - 500
Resistor R1, kOhm 0,01-04 0,6-2 2-4
Conclusions

1. This is a non-linear RL-diode electric circuit of sinusoid current, where an unfading transient process
takes place, which, under given relationship between the input voltage frequency and circuit parameters may
be deemed having a chaotic nature.

2. The transition from a deterministic process to a chaotic one takes place gradually rather than in a
leap, that is why chaotic oscillations’ generators require a significant amplitude (for a number of technical
purposes, the amplitude of a chaotic component must exceed a deterministic one).

3. When designing such generators, it is advisable to use diodes of 1N456 — 1N486 types, since they en-
sure the lowest frequency (about 10 kHz), at which acceptable amplitude of chaotic oscillations is present.
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B.B. Kyxapuyk, B.}O.Ky4epyxk, C.111. Karpis,
B.®. I'pansik, [1.2K. Kapabekosa, A.K. Xacenos

CuHyconaanabl TOKThIH ChI3BIKTHI €MeC IM03JIEKTPJIIK Ti30erinae
«1eTepPMHUHMPJIEHI €H Xa0C» KYObLIbICHIHBIH Naiiaa 00y apTTapbl

Makanaza CHHYCOMIANbl TOKTBIH ChI3BIKTHI eMec RL-muonaThl anekTp Ti30erinzaeri «I1eTepMUHUPIICHICH
Xa0c» KYOBUIBICH 3epTTenai. JAnoJ alIMacTeIpy cXeMachIMEH OepiireH, O YK XKaFraaiiia CHI3BIKTH eMec
pe3ucrop xoHe Oapbepiik kKoHe AUPQY3UIBIK — EKiCBI3BIKTHI €MeC CBHIMBIMIBUIBIKTEI KaMTHABL. Tok
JKULTITIHIH KoHe Ti30ek mapameTpiepiHiH Oenrimi Gip apakaTbIHackl Ke3iHAe Kipic KepHEYiHIH TepOemic
KE3CHIH/IC OTIeNI MpPOIECTiH AasKTalybl icKe acmaiipl. bynm karmaiina opOip Ke3eHHIH OachlHzIa
CHIMBIMABLIBIKTAP/a KAJIABIK KepHey Oonafbl, SFHU OTHEN MPOLECTIH opOip jkaHa LUKIIHIH HOJIIK eMec
Gacrarnkpl Jxaraaitiapsl 6ap. Op Ke3eHIeri KajlIblK KepHEeY opTYpIii, COHIBIKTAH 9p Ke3eHAeri Ti30eKTeri Tok
ta Oacka. Ocbuiaiiia, Oy JKarmaiaa mapaMeTpiepi XaoCThIK CHIATTa OOJIAThIH OIINEUTIH OTIHeNI mpoLece
Oomampl. «JleTepMUHHUpIIEHIeH Xaoc» KYObUIBICHIH Mozenblaey MicroCap CXeMOTEXHHKAJIBbIK MOJENIBACY
GarqapraMachIHBIH OpTachIHAA KYprizingi. Juontsix apbip Typi yuin moxensaey kesiuge F, R, L (kuinik,
JKYKTEMe Keeprici, ”HIYKTUBTLIIK) Ti30€KTepiHiH KeNTereH mapaMeTpiepi eKi ilki xkubaFa OeiHi — Kipic
KepHEeYiHiH TepOeic Ke3eHIHE OTIeNi MPOIECcC asKTAIATBIH IMIKi KWHAKTa (SFHH CBHIABIMIBUTBIKTApPIAaFbI
KaIIBIK KepHEY ic )KY31HIe HOIIIK OOJBIN TaObUIagb), all TI30EKTiH )KYMBIC PEXKUMI AETEPMUHUPIICHTCH Jem
caHayFra 0OJIa/Ibl )KOHE 1IIKi )KHWHAKKA OJI YIIIH OTIeN Ipolecc Kipic KepHeyiHiH TepOeric Ke3eHIHe ommen i
(SIFHM  CHIMBIMIBUIBIKTAPAAFEl KANIBIK KEPHEY HONACH aWTapibIKTail e3reine) jKOHE Ti30SKTiH YKYMBIC
PEeXKHMMIH XaOCTHIK Jien caHayra Oonazasl. Ocbuiaiiiia, XaoCThIK TepOetic reHepaTopiiapblH KypacThIpy YLIiH
Ti30eK mapaMeTpiepiHiH YChIHbUIFAH )KUBIHTBIFbI aHBIKTJIIbI.

Kinm ce30ep: neTepMHHUPIICHICH Xaoc, 0apbepilik ChIMBIMIBUIBIK, AH(GY3USIIBIK ChIABIMIBUIBIK, KaJIbIK
KepHey, 0acTaIlkel MapTTap, Tepoesic TeHepaTOpHhL.

B.B. Kyxapuyk, B.1O. Kyuepyk, C.11I. KaupIs,
B.®. I'pansxk, JI.2K. Kapa6ekosa, A.K. XaceHos

YciaoBus BOBHUKHOBEHHA SIBJEHHUS ((I[eTepMHHHpOBaHHbIﬁ Xaoc»
B HeJIMHEHHOM I[HOI[BJICKTqueCKOﬁ e CHHYCONJIAJIBHOI'0 TOKA

B cratbe uccnenoBaoch sIBIEHUE «I€TEPMUHUPOBAHHBIN Xa0C» B HENUHENHON RL-11oaHO0 3nekTpuyeckon
LENTH CHHYCOUAIbHOTO TOKa. JIMO/ MpecTaBIeH CXeMOi 3aMeleH s, KoTopas B 00IIeM CiTydae BKIIIOUAeT B
ce0st HeNMMHEHHBINH PEe3UCTOp U BE HelMHeHHbIe MKOCTH — OaprepHyto U nuddy3nonnyro. [Ipu onpenenen-
HBIX COOTHOLIEHHSAX YaCTOThI TOKA U NTapaMeTPOB LIETHU MEePEXO0IHBIN MpoIlece 3a Nepros KojaeOaHuit BXOAHO-
ro HaIpsDKEHUS HE YCIIEBAeT 3aKOHUUThCA. B 3TOM ciaydae B Hadase KaXJI0ro nepuoja Ha EMKOCTAX IPHCYT-
CTBYET OCTATOYHOE HANpPSDKEHHE, TO €CTh KaXblii HOBBIA ITUKII NEPEXOJHOr0 IPOLIECCa UMEET HEHYJEBLIC
HayalbHble yCnoBUA. OTMETHM, UTO OCTATOYHOE HALIPSKCHUE B KaXKI0M HEPUOJE Pa3HOE, IOITOMY TOK B Iie-
I B KOKIOM IepHoJe Takxke pasHblif. TakuM oOpa3oM, B 9TOM Cllydae NPOHCXOJUT HE3aTyXaloluil mepe-
XOJIHBIH Mpolece, MapaMeTpbl KOTOPOT0 HOCAT XaOTHUECKUH XapakTep. MoenpoBaHie sIBICHUS «I€TePMH-
HHMPOBAHHBIH Xa0C» MPOBOAMIIOCH B CPEIE NPOrPaMMbI CXeMOTEXHHYECKoro Mojenauposanus MicroCap. Bo
BpeMsI MOJIEIIMPOBAHMS JUISl KaXO0T0 THIIA AMO/a MHOXKeCTBO napamerpos nend f, R, L (dacrora, conpoTus-
JIEHHe Harpys3Kd, HHIYKTHBHOCTb) Pa3JIesaaoch Ha JBa MOJAMHOXKECTBA — HA MOJMHOXKECTBO, /sl KOTOPOTO
TIepeXOHBIH IpoLece 3a Mepuoj KojaeOaHui BXOJHOTO HAIPSDKEHNUS YCIIeBAeT 3aKOHYUTECS (T.€. OCTATOYHOE
HalnpspDKeHHe Ha EMKOCTSX SBJISIETCS MPAaKTUYECKH HYJEBBIM), a PEKUM PabOTHI ST MOXKHO CUHUTATh AETep-
MHHUPOBAHHBIM, U Ha MOJIMHOXKECTBO, JUII KOTOPOT'O IEPEXOIHBII IPOIece 3a NepHo | KoJIeOaHHH BXOIHOTO
HaInpspDKeHHs He 3aTyXaeT (T.e. OCTaTOYHOE HaNpshKeHHE Ha EMKOCTSX CYIIECTBEHHO OTIIMYACTCS OT HYJS) U
pexuM paboTHI IENH MOXKHO CUMTATh XaOTHYECKHM. TakuM 00pa3oM, ObUIH ONpeaeneHbl peKOMEHI0OBaHHBIE
COBOKYITHOCTH ITApaMETPOB LETH ISl KOHCTPYHPOBAHUSI TEHEPATOPOB XaOTHYECKUX KOJIEOaHUH.

Kniouesvie cnosa: NeTepMHUHUPOBAHHBIH Xaoc, OapbepHas eMKOCTb, AU(Gdy3HOHHAS €MKOCTb, OCTATOYHbIC
HaIpsKEHNs], HA4aJIbHBIE YCIOBUS, TeHEPATOp KoJIeOaHHIA.
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