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magnetic impulse were obtained and the computer analysis of the ponderomo-
tive force, the temperature and the radial and circular stresses was done. The re-
sults of the analysis are illustrated by the graphs of time dependence of deter-
mining functions in the considered cylinder with a thin conductive coating.
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SIGNALS OF NONLINEAR DYNAMIC OBJECTS THAT
DETERMINED BY INTEGRO-POWER VOLTERRA SERIES

The article offers a regularization method for solving the poly-
nomial integral Volterra equations of the first kind while solving the
problem of restoration of the input signal of a nonlinear dynamic ob-
ject determined by the integro-power Volterra series. The use of in-
tegro-power Volterra series makes it possible to simplify the primary
nonlinear mathematical models of nonlinear dynamic objects turning
them into quasi-linear ones. Polynomial Volterra equations of the
first kind are solved by introducing the additional differential regu-
larization operator. It is offered to solve the obtained integro-
differential equations using quadrature algorithms by iterative meth-
ods. This approach allows makes it possible to increase the efficiency
of the process of signals restoration on the input of nonlinear dynam-
ic objects if there is noise. The efficiency of the offered algorithm is
verified for the restoration of input signal of a nonlinear dynamic ob-
ject given in the form of a sequential connection of linear and non-
linear parts. At the same time, the linear part is represented by an in-
ertial joint, while the nonlinear is represented by polynomial depend-
ence of the second kind. There are presented the results of solving of
polynomial Volterra integral equations of the first kind in the pres-
ence of different noises on the input dependencies. Based on the de-
scribed method, in Matlab / Simulink, there are created simulation
models and software-based methods for solving inverse problems of
signal restoration on the input of nonlinear dynamic objects. The re-
sults of computational experiments demonstrated that the offered
regularization method for solving the polynomial Volterra integral
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equations of the first kind may be effectively used to restore the input
signals of nonlinear dynamical systems being described by the in-
tegro-power Volterra series.

Keywords: input signals restoration, polynomial Volterra integral
equation of the first kind, differential regularization operator, Matlab.

Introduction. When solving the problem of the input signal of nonlinear
dynamic systems restoration, as well as the problems of control, monitoring
and diagnostics, serving as examples of ill-posed problem, usually it is neces-
sary to solve the Volterra nonlinear equations of the first kind being more
complex problems. The use of regularization methods is the most common
approach to solving such ill-posed problems. A promising direction in solving
such complex problems is the use of integro-power Volterra series, simplify-
ing primary nonlinear mathematical models by transforming them into quasi-
linear ones. The use of tools of the integro-power Volterra series and regulari-
zation methods determines the need of creation of new and more effective
mathematical methods and corresponding software-based means for solving
inverse problems for nonlinear dynamic objects.

The universal mathematical model of nonlinear dynamical systems of
the black box type is the integro-power Volterra series [3]:

t tt
y(t) :_[Kl(t,s)x(s)ds+”Kz(t,sl,sz)x(sl)x(sz)dsldsz +.., )
0 00

where x(t), y(t) — is the input and output signals of the object, accord-
ingly, t — transition process time, K;(t,,---,t;) — Volterra kernel.

The solution of inverse problems leads to the polynomial integral Volter-
ra equations of the first kind (1). No effective methods and means exist to
solve this class of equations, that is why it is crucial to improve and develop
new methods for solving integral \Volterra equations of the first kind.

The purpose of this paper is to develop a method for solving the in-
verse problems of the dynamics of nonlinear objects by solving the poly-
nomial integral Volterra equations of the first kind.

Main part. It is offered to solve the problem by replacing the inte-
grals in (1) to quadrature formulas, providing many advantages simpler
implementation and high stability of computational algorithms thanks to
the regularizing properties of the quadrature step [1].

The application of this method is considered while solving the poly-
nomial Volterra integral equation of the second kind:
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t
Y(t) = [ Kyt s)x(8)ds + [ [ Ky (t,s,8)X(s)X(s)dsyds,.  (2)
0 00

Solving the posed problems of restoration of the signals passing
through nonlinear dynamic signals is incorrect and the application of clas-
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sical methods, with input signals with noises, fails to provide the required
accuracy solutions. It is offered to use the first kind differential regulariza-
tion operator. In such a case solving the polynomial Volterra equation is
reduced to the solving of the following equation:

tt

a—+jK (t, s)x(s)ds+”K (t,s1,5,)X(5,)X(s,)ds,ds, = y(t), (3)

where o — regularlzatlon parameter.
Having applied to (3) the trapezoid method [4] difference formula of
the first order we will obtain:

yit) = XD T ZhKl( Jx(t)+

+§hKl<ti,to>x(tO)+Zh2K2<ti,to,to>x(to>x<to>+
+%h2§(K2(tl,to, )+ Ko (6t ))x(to)x(tj)+ @
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1,2 1
+Eh2jZ::1(K2(ti,tiy,tj)+ KZ(ti,tjy,ti))x(tj)x(ti)+Zh2K2(ti,ti',ti)x(ti)x(ti),
where i=1.n, h =t —t,_, . Let’s rewrite (4) having grouped addends for
desired x(t;):
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Ai:%thZ(ti'ti,’ti)l (6)

5 :%hz(Kz (ti it + Ko (.19, 8) ) X () +
g U]
1 i-1 1 [24
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C :IihKl(ti,tj)x(tj)+%hK1(ti,t0)x(to)+%h2K2(ti,to,to)x(to)x(t0)+
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+h2§§Kz(ti,tj’,tg)x(tj)x(tg)—%x(ti)—y(ti).
j=lg=1
Then (5) considering (6)—(8) will be:
Aixi2+Bixi+Ci=0 9)

n square equations (9) are solved sequentially based on the iterative method,
the root of the previous equation is taken as the initial approximation.

Generally, we should search for the roots of a polynomial of some
kind. For the computer implementation of the algorithms for solving the
polynomial equation, it is offered to use the MATLAB — fzero. But, there
it is necessary to separate the real and complex roots that may be solved by
the roots function [2].

The essence of the roots function is that the roots of the polynomial
equation

p(x)=ax" +a,x" " +..+a,x+a,, (10)

are the numbers of the so-called companion matrix being determined for
the given polynomial (10) as follows:

e ] @& _Gna
Q & a a
-1 0 0
C=
0 -1
0 0 -1 0

Computational experiments. The effectiveness of this approach
was studied while the signal restoration that passes through the system
given in Fig. 1, where LPM is the linear part model. In this system, the
nonlinearity of the second kind is considered.
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Fig. 1. Structure diagram of the nonlinear dynamic system

There have been considered the cases when the linear part is deter-
mined by different types of models inertial joint. In this case, we will have
the following model:

t tt

dx(t) + Ie’sx(t —s)ds +”e’(51+52)x(t —s)x(t—s,)ds,ds, = y(t).

0 00

The results of computational experiments are given in the figures be-
low. The input signal has the form given in Fig. 2. Simulation step in ex-
periments — 0.1. Fig. 3 demonstrates the signal based on which the input
signal is restored while applying 1% noise, Fig. 4 — restored signal, fig.
5 — the accuracy of recovery. Fig. 6 demonstrates the signal based on
which the input signal is restored while applying 10% noise, Fig. 7 — the
restored signal, Fig. 8 — the accuracy of recovery.
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Fig. 3. Signal on the output of the nonlinear system (the case when the linear part
is determined by the inertial joint) applying 1% noise
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Fig. 4. Restored signal — accurate and approximate
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Fig. 5. The accuracy of recovery
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Fig. 6. Signal on the output of the nonlinear system (the case when the linear
part is determined by the inertial joint) applying 10% noise
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Fig. 7. Restored signal — accurate and approximate
4 T
3 - .
1 - 4
O Il
0 5 10 15 20
t, s

Fig. 8. The accuracy of recovery

Conclusion. There has been developed the regularization method for
solving polynomial Volterra integral equations of the first kind based on
the introduction of the differential regularization operator making it possi-
ble to improve the efficiency of the process of restoring signals on the in-
put of nonlinear dynamic objects if there is noise.
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PEI'VJ'IHPVI3AL|I!7IHVII7I METOA BIAHOBJIEHHA CUTHANIB HA
BXoAl HENHIMHUX OUHAMIYHUX OB'EKTIB, LLIO 3AOAHI

140

IHTErPO-CTENEHEBUMU PAOAMU BOJIbTEPPU.

VY CTaTTi NPOMOHYETHCS PETYIIAPU3ALIIHIA METOA pO3B’sI3yBaHHs MOJIi-
HOMIaJIbHUX IHTErPaJbHUX PIBHAHD BomsTeppu [-ro poay mpu po3s’s3yBaHHI
3a7avi BiJIHOBJICHHS BXiJHOTO CHUTHAJy HENIHIHHOTO THMHAMIYHOTO 00’€KTa,
0 TOJaHMH 1HTErpo-CTeNeHeBUM psiioM Bonbreppu. 3acTocyBaHHS iHTET-
pO-CTeTIeHeBHX psAiB Bonbreppy tae 3Mory CrpOCTUTH NEPBHHHI HENiHiHHI
MaTeMaTH4YHi MOfeli HeNiHIHHUX TUHAMIYHUX 00’€KTIB MEepeTBOPUBLIM X
JI0 KBa3iliHiiiHOrO BHUIJISAy. PO3B’sI3yBaHHS MONIHOMIaIbHHUX IHTErPATbHUAX
piBHsiHBb Bonbreppu I-T0 pomy 3MiCHIOETHCS IUIIXOM BBEACHHS JOAATKOBO-
ro mudepeHniaabHOr0 perymsipu3aniiinoro onepatopa. Otpumani iHTerpo-
nubepeHIianbHi PIBHSIHHS IPOIOHYETHCS PO3B’S3yBaTH 32 J0IOMOIOK0 KBa-
NpaTypHHUX aJNTOPUTMIB MUITXOM BHKOPHCTAHHS iTepamiiiHuX meTtoniB. Ta-
KU TJIXi7 TO3BOJISE TiBUIATH ¢(DEKTUBHICTD MPOIECY BiTHOBICHHS CHT-
HaJiB Ha BXOJi HENIHIHUX AWHAMIYHHUX 00’€KTIB IPH HASBHOCTI NIyMOBHX
3aBaj. EdekTHBHICTH 3aNPOMOHOBAHOIO ANTOPUTMY, IIEPEBIPEHO LIS BiTHO-
BJICHHSI BXiZIHOTO CHT'HAly HENiHIHHOrO JMHAMIYHOTO 00 €KTY, L0 MOJaHHMIl
y BUIVISAI TOCTIOBHOTO 3’€JHAHHS JIHIMHOI Ta HemiHiifHOi wactuH. Ilpu
BOMY JIiHIf{Ha YacTHHA IMpE/ICTaBIICHA 1HEPIIHHOIO JTAHKOIO, a HeNliHIiHA —
HOJIIHOMIaJIBHOIO 3aJIEXKHICTIO IPYroro nopsiaky. IlpencraBieHo pesyabTaTu
PO3B’sI3yBaHHs TOJIIHOMIAIBHUX IHTErpabHUX piBHSHBb BonbTeppu I-ro po-
Iy TIpH HasIBHOCTI IIIyMOBHX 3aBaJl PI3HOTO XapaKTepy Y BXIIHMX 3aJIe)KHOC-
Tx. Ha OCHOBiI oOmmcaHoro Meroiy, CTBOpPeHO y cepemoBuini Matlab /
Simulink imiTauiiiHi Mozemni Ta mporpaMHi 3aco0M pO3B’s3yBaHHs OOepHE-
HUX 3a7a4 BiJHOBJIEHHS CUTHAJXIB Ha BXOJI HEMHIMHMX JUHAMIYHHX
00’ekTiB. Pe3ynpraT 00YMCIIOBAIBHUX EKCHEPUMEHTIB TMOKa3alH, II0 3a-
MIPOTIOHOBAHUI PeTyIIpU3alifHAil METO PO3B’SA3yBaHHS MOJIHOMIAIBHUX
iHTerpabHUX piBHAHD BosibTeppn I-ro pomy Moxe edexkTHBHO BHKOPHCTO-
BYBATHCH JUIS BIJIHOBJICHHS BXiJJHUX CHTHAJIB HENHIHHUX JHHAMIYHIX CHC-
TeM, SIKI OIIMCYIOTBCS IHTETPO-CTEIIEHEBUM psitoM BombTreppn.

Ki1r04oBi ¢10Ba: i0H061eHHA 6XIOHUX CUSHANIB, NOJIIHOMIAIbHE [HmMe-
epanvHe pisuanna Boavmeppu I-20 pody, oupepenyianvhuil peeyiapusa-
yitinuti onepamop, Matlab.
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