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Abstract. The paper proposes an analytical tool in the form of a point interpolation method that
allows describing transition processes in nonlinear objects taking into account the shape of the signals and
the minimum number of discrete samples (minimizes the number of terms in the general expression
describing the behavior of the signal in its domain). In addition, the proposed method of describing the
signals provides their compression, which is important in the transmission of signals and their storage. The
gain in the sampling interval, compared with polynomial approximation, is shown when providing a given
error of signal reproduction by discrete values. A mathematical apparatus for determining the error of the
proposed interpolation is developed. The error of the proposed interpolation is compared with the known
polynomial ones. A classification of signals at the output of the simulated nonlinear object is proposed and a
mathematical apparatus for calculating the error of modeling and reproduction of each type of signals in this
classification is developed. The proposed method allows describing analytically the response of the
investigated nonlinear object to the produced effect on the numerical values of the ordinates of this response
in modeling of information transmission systems. This ensures acceptable accuracy by increasing the
sampling interval and reducing the number of discrete samples. The proposed method of analytical
description of signal can be used not only in modeling nonlinear object, but also in signal recovery from
discrete samples in the case where the signal is stored as discrete samples, as well as when reproducing
the signal by an information receiver in the case, when in the form of discrete counts, a signal is transmitted
over the communication channel.

Key words: information transmission, information transmission systems, modeling, signals,
discretization, interpolation, approximation, nonlinear objects, modeling of nonlinear objects.
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AHoTauis. B poboTi NponoHyeTbca aHaniTMYHWIA anapaT y BUIMSAAi MeToay TOYKOBOI iHTepnonsii,
LLIO [O3BOISIE ONMCYBaTU MEPEXIfHI NPOLEeCH B HEMiHIMHMX 06'ekTax 3 ypaxyBaHHAM (hOpMKU curHarie Ta 3a
MiHIManbHOK KiMNbKICTIO OUCKPETHUX BiAmnikiB (MiHIMI3yeTbCS KiNbKICTb AOAaHKIB y 3ararnbHOMY Bupasi, Lo
Oonucye NOBELIHKY CUrHany Ha horo obnacTi Bu3HayeHHs). Kpim Toro, npornoHoOBaHWIA METOL ONUCY CUrHanis
3abe3neyvye iX CTUCHEHHS, LLO € BaXNMBMM NpW nepefadi curHanie i ix 30epiraHHi. MNMokaszaHo Burpawl B
iHTepBani guckpeTuaalii Nnpy 3abe3neyveHHi 3agaHoi NOXMOKN BIATBOPEHHSA CUrHANY AWCKPETHUM 3HAYEHHAM,
MOPIBHAHO 3 MOMiHOMianbHOK arnpokcumadieto. Po3pobneHo MaTemaTuyHui anapaTt ansd BM3HAYEeHHS
NMoxmOKn 3anponoHoOBaHOI iHTepnonsuii. MNpoBegeHo NOPIBHAHHA MOXMOKM 3anpOnOHOBaHOI iHTepnonsuii 3
BiJOMMMM MoniHOMIanbHMMK. 3anponoHoBaHa Knacudikauis curHaniB Ha BMXo4i HeniHinHoro ob'ekTa, Lo
MOOENIOETECA, Ta po3poOneHo MaTemaTuyHWiA anapaTt Aansa nigpaxyHKy MOXMOKM MOLENOBaHHSA |
BIATBOPEHHS KOXHOrO BWAYy CUrHamniB B AaHin knacudikauii. 3anponoHOBaHWA Cnocié A03BONsiEe MNpu
MOZEMNBaHHI cUCTeM nepefadi iHopmaLil aHaniTM4HO OnMMCyBaTW BIAryK OOCMiIAXKYBAHOrO HEMiHINHOro
ob'ekTa Ha BMPOONEHMI BNMMB 32 YUCENBHUMWU 3HAYEHHAMU OpAMHAT UbOoro Biaryky. [pu ubomy
3abe3neyvyeTbca NPUAHATHA TOYHICTE MpU 30iMbLUEHHI iHTepBany OUCKpeTu3aLii i CKOPOYEHHi KinbKOCTi
OVNCKpEeTHUX BignikiB. 3anponoHoBaHWi cnocib aHaniTMYHOro onucy curHamy Moxe OyTU BUKOPUCTaHUM He
TiNbKM MpU MOLENIOBaHHI HEeniHiMHOro ob'ekTa, ane TakoX i MpU BiOTBOPEHHI CUrHanmy Mo AUCKPETHMX
BigNikax y BMNaAKy, KONWM curHan 30epiraetbca y BUMMAAi OUCKPETHUX BiAnikiB, a TakoX Npu BigTBOPEHHI
curHany npuvimadeM iHpopmadii y pasi, Konm y BUrnagi AMCKpeTHUX Bignikis curHan nepefaetbes no kaHany
3B'A3KY.

KnrouvoBi cnoBa: nepegaya iHgopmadii, cuctemn nepegadi iHdopmadii, MoOAentoBaHHsA, curHanu,
ANCKpeTM3aLid, iIHTepnonsuisi, anpokcumadisi, HeniHiHi 06'ekTn, MoaentoBaHHS HENiHIMHMX 00'eKTIB.

AHHOTauusa. B pa60Te npennaraeTcd aHannTU4eCKnin annapat B Buae MeToaa TOYEYHOWN
nHTEpNnonAunn, No3BONSIOLWNIA ONUCLIBATb nepexoaHblie npoueccbl B HEeNUHEeNHbIX obObekTax C y4yeToM
(bOprI CurHanos " NnNo MMHMUMarlbHOMy KOJMYeCTBY OUCKPETHbIX OTCHETOB (MI/IHI/IMI/I3VIpyeTCF| KOnn4ecTBo
cnaraembix B obLieM Bblpa>XeHnn, onucbiBarolLleEM MNoBeAdEHNE CUrHamna Ha ero obnactu OI'IpeD,eJ'IeHI/Iﬂ).
Kpome TOro, npe,u,naraeMbu?l METO[ OnucaHus curHanoB obecrneynmBaeT MUX CxaTue, YTO SABNSAETCH BaXXHbIM
npu nepegadye cUurHaroB N X XpaHeHnu. MokaszaH BbIUIPbILL B UHTEpBare ANcKpetTmnlauun npu obecneyeHnn
3aaHHON NOorpeLwHoOCTn BOCNpon3BeaeEHNA CuUrHana nno JUCKPEeTHbIM 3Ha4YeHuAM, Nno CpaBHEHUIO C
NOSIMHOMUANbHOMN annpOchmau,Meﬂ. Pa3pa60TaH MaTtemaTU4eCcKun annapat agna onpepgeneHus
NorpeLwHoCcTn npep,nox(eHHoﬁ MHTEPNonAunn. I'IpOBep,eHo CpaBHEHNE TMOrpeLuHoCcTn npennox(eHHon
nHTEpnoNnAuMn C U3BECTHbIMU NMONMMHOMMAIIbHbIMW. I'Ipep,nomeHa KﬂaCCI/I(bl/IKaLI,I/Iﬂ CcurHarioB Ha BbiXxoae
mogenmpyemoro HenuHenmHoro obbekTa Wu pa3pa60TaH MaTemaTU4eCKunin annapatr paha nogacyerta
NOrpeLwHoCT MoaennmpoBaHnAaA U BOCMPOU3BEOEHNA KaXOOro svmaa CUrHasnoB B OaHHON KJ'IaCCM(bVIKaLI,I/II/I.
npe,D,ﬂO)KeHHbIVI cnocob nossonsieT npn mMogenmpoBaHMM CUCTEM Nnepenadu VIH(*)OpMaLI,I/II/I aHannMTn4eckKn
onnucbiBaTb OTKITUK UCCiegyemMoro HenuHenHoro obbekTa Ha npon3seageHHoe BO34ENCTBUE NO YNCIEHHbIM
3Ha4YeHnAM opauHaT 3TOro OTKIIMKA. npl/l aTom obecneymBaeTcs npunemMmnemasa TO4HOCTb Npu yBeJriM4eHun
MHTEpPBalla AUCKpeTu3aunm mn COKpalweHUN KornmyectBa AUCKPETHbIX OTCHEeTOB. npep,J'IO)KeHHbIIZ cnocob
aHanuUTU4YeCcKoro OnuncaHns curHamna MoXeT ObiTb WUCNONb30BaH He TOSbKO npn MoagenmpoBaHUn
HENUHENHOro obbekTa, HO Takke U npn BocnpounsseneHnn curHana no OUCKpeTHbIM OTCHEeTaM B Cliydae,
Korga curHarn XpaHuUTcAa B BMAe ANCKPETHbLIX OTCHETOB, a TakXe npu Bocnpon3segeHnn curHana npnemMHunKom
I/IHC*)OpMaLI,I/II/I B Clly4dae, Korga B Buae OUCKPETHbIX OTCHETOB CUrHall nepeaaeTcad no KaHany cBA3N.

KnioueBble cnoBa: nepenaya VIHd)OpMaLI,I/IVI, CUCTEMbI nepegadn VIH(*)OpMaLI,I/II/I, mMogennpoBaHue,
CurHarnbl, AWCKPEeTU3auunda, HunHTepnonduund, annpokcnmauud, HenuHenHble O00BLEKTHI, mMmoaennpoBaHune
HENUHENHbIX 0O bEKTOB.

Modern information transmission systems are complex nonlinear systems. Such a system is
a set of different nonlinear objects. To select an effective control action on these objects, it is
advisable to simulate them. In turn, modeling requires a mathematical description of both input and
output signals of the object.

The description of a nonlinear object, or its macromodel in modeling, is determined by the
function describing the response deviation from the action. The greatest difficulty is finding an
analytical description of the response of the object under study to the impact, as a researcher has
only numerical values of response ordinates. This task can be attributed to the class of interpolation
tasks, and it is to find the discrete signal counts approximating function that provides the best
approximation to the signal.

According to [1, 2], interpolation methods can be classified into two large groups. The first
is the analytical method. It is finding an analytical function defined on the entire domain of the
signal passing through all of the reference counts (interpolation nodes). Finding such a function,
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describing the whole transition process, would be the best solution to the problem. However, firstly,
it is extremely difficult to find such a function and, secondly, the method is not universal, since
because of any change in response (at least in one ordinate) the entire interpolating function must be
determined anew. More appropriate is the method conventionally called piecewise interpolation. It
boils down to splitting the signal definition area into sub-domains, on each of which the signal is
described by its interpolating function, and then these "pieces" are stitched into one general
interpolating function, which constitutes a sum of "pieces", each of which is defined only on its own
sub-domain definition. Of the methods of this group, the simplest are the methods of point
interpolation [3], which consist in constructing an approximating function on a sampling interval by
reference counts so that the values of the approximating function at the boundaries of sampling
intervals coincide with the values of the signal. Optimization of the analytical description of the
signal by this method comes down to a decrease in the number of "pieces", that is, a decrease of the
number of terms in the general expression describing the function in the entire domain of definition
(in this regard, it is necessary to solve the problem of increasing the sampling intervals, that is,
reducing the number of reference samples used in the description of the signal — data compression),
and taking into account the shape of the described signal.

The purpose of the article. The purpose of this article is to develop an analytical apparatus
for describing transition processes in nonlinear objects while simulating information transmission
systems for a minimum number of discrete samples, taking into account the signal shape.

The paper proposes an analytical tool in the form of a point interpolation method that allows
describing the transition processes in nonlinear objects taking into account the shape of the signals
and with the minimum number of discrete samples (the number of terms in the general expression
describing the behavior of the signal in its domain minimizes). In addition, the proposed method of
describing signals provides their compression, which is important in the transmission of signals and
their storage.

The main material of the study. The signals at the outputs of nonlinear objects have an
oscillatory form, are limited in time and are not limited in spectrum. In general, such a signal can be
represented as a smooth nonmonotonic function:

U(e) = (U, (t) +U, (), vt € [0;T,];

o vt & [0;T,]
where U, (t) is the «constant» component; U, () is the dynamic component; ¢ is current time; T, is
signal monitoring end time. Here |U,(t)|,.. < |U; (t)],

Q

. naxs Ug(t) is an alternating smooth
function having at least two local extrema on [0;T..]. On each interval between local of extrema the
signal can be written in the form:

U(t) =U,(t) + f(t)coswt,t € [A,A, + T/l (1)
where f(t) is a monotone, continuously differentiable on the interval [A,, &, = T/, ] function; 4, is
the distance of the "left" from the i-th pair of neighboring local extrema from the reference point on
the ¢ axis; 7/,,°"" AT is the interval between neighboring local extrema. The parameters U, (1),
f(t) and @ can take different values at each interval between a new pair of local extrema. A signal
of the form (1) at each interval between neighboring local extrema will be approximated by a
trigonometric spline of the form:

v=(A,+4,)/2 + [(A;—A4,)/2 ] cos(mt/AT), 2)
where A4 u A,— neighboring local extrema of the signal;
te [A:'A: T .TLJ]
Algorithm of the description of a signal in this approach comes down to finding its local
extrema and the restoration of the signal according to formula (2) at each of the sites [, 4; = T/,,]
between neighboring local extrema A, and A,.
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It can be shown that the maximum error of signal reconstruction of form (1) by the function
of form (2) on an arbitrary region between local extrema [, A, + T/,,] is equal to:
E=(If(a)—fla; + T/wD/2. 3)
To compare the error of the cosine restora‘uon with the errors of polynomial approximations,
let us explore the applicability of the proposed approach to the class of functions given in Fig. 1.
According to the general provisions of the approximation theory [4], the maximum error € of the
proposed reconstruction for these functions can be expressed by means of the maximum value of
the derivative module |f’| on the interval 7/, = AT:
E AT |f'] anl2 . (4)

max
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Figure 1 — Classification of functions of form (1)

Using the dependences of approximation errors given in [5, p. 87, Table 2-1] and formula
(4), it can be shown that the gain of cos- approximation in the interval of discretization, in
comparison with the n-th degree polynomial approximation, depending on the permissible error € is

provided when the following condition is satisfied:
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where ¥; is the permissible relative error; € is a constant determined according to the degree of the

Max 2

basic polynomial approximation [5].
Fig. 2 shows an example of application of the proposed approach to the analytical
description of the signal at the output of the simulated nonlinear circuit. Using the cos-
approximation by the local extrema for the given signal we receive:
(0+15,32)/2+ ((0—15,32)/2)cos (mt/5),
(15,32 + 3,80)/2 + ((15,32 — 3,80)/2)cos (t/5),
(3,80 + 13,16)/2+ ((3,80 — 13,16)/2)cos (7t/5),
(13,16 + 5,81)/2+ ((13,16 — 5,81)/2)cos (t/5),
( )
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5,81+ 11,93)/2+ ((5,81 — 11,93)/2)cos (7t/5),
11,93 + 7,64)/2+ ((11,93 — 7,64)/2)cos (7t/5),
7,64 +10,58)/2+ ((7,64 — 10,58)/2)cos (7t/5), ;
\(10,58 + 8,42)/2 + ((10,58 — 8,42)/2)cos (7t/5), 35; 40[.

The error for this description of the signal determined by formula (3) does not exceed 11%,
Wthh is conﬁrmed by experlmental data (Flg 2).
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Thus, the proposed approach allows to describe analytically the responses of nonlinear

objects in constructing of their models. The result of the analytical description reproduces the shape
of the described signal well.

REFERENCES:

. Polovko, A. M. Interpolation. Methods and computer technologies of their realization. Moscow:

BHVPetersburg, 2016.

. Ginzburg S. A., Lyubarsky Yu. Ya. Functional converters with analog representation of information.

Moscow: Energy, 1973.

. Dyadyunov A. N., Onishchenko, Y. A., Senin A. |. Adaptive systems of collection and transmission of

analog information. Fundamentals of theory. Moscow: Mechanical Engineering, 1988.

. Olkhovskiy Y. B., Novoselov O. N., Manovtsev A.P. Compression of the data during the

telemetry.Moscow: Soviet radio, 1971.

5.Temnikov F. Y., Afonin V. A., Dmitriev V. |. Theoretical foundations of information technics.

Moscow: Energy, 1971.

JITEPATYPA:

Monosko A.M. UHTepnonauusa. MeTtoabl 1 KOMMbIOTEPHbIE TEXHOMNOrMM nx peanusauun. — M: BXB-
MeTtepbypr. — 2016. — 320 c.

M'H36ypr C.A. ®yHKLMOHaNbHbIE Npeobpa3oBaTenu ¢ aHanoroBbIM NpeacTaBneHnem nHdgopmaumm /
'vH3bypr C.A., JTiobapckuii KO.A. — M: SHeprusa. — 1973. — 104 c.

OsanoHoB A.H. ApanTmBHble cucTemMbl cbopa M nepepayn aHanoroBon uHdopmaumnm. OCHOBbI
Teopuu / OaatoHoB A.H., OHuweHko HO.A., CeHnH AW, — M.: MawwmHocTpoeHue. — 1988. — 288 c.
OnbxoBckun HO.b. Cxatne gaHHbIX npu Teneuamepernusax/ Onbxosckui HO.B., HoBocenos O.H.,
MaHoBues A.lNM. — M: Cos. paguo. —1971. — 304 c.

TemHukoB @.E. TeopeTnyeckme oCHOBbI MHGOPMaLMOHHOW TexHUKM / TemHukoB @.E., AdoHurH B.A.,
Omutpues B.N. — M: QHeprusi. — 1971. — 424 c.

DOI 10.33243/2518-7139-2019-1-1-135-140

140

Pichugin Y.D.,Trofymenko T.G.

Analytical description of nonlinear object when modeling systems of information transfer



