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ON THE CONTROL OF NUMERICAL RESULTS
IN THE PROBLEMS OF IDENTIFICATION
OF DYNAMIC ENERGY OBJECTS

The article proposes an approach to solving actual problem of the
obtained results’ control in the construction and implementation of al-
gorithms for identifying energy objects based on integral dynamic
models. The considered method based on the use of quadrature algo-
rithms and splines for approximation of the kernel, with the transition
to solving equations with a degenerate kernel using recurrent formulas,
showed sufficiently high efficiency in solving the problems of obtain-
ing high performance at provided control over the accuracy of the inte-
gral dynamic model parameters’ calculation, as well as providing re-
sistance to the experimental data errors. The proposed method makes it
possible to solve the problem of accumulating calculations, which, in
turn, leads the numerical implementation algorithm to a form in which
it is feasible to obtain solutions in real-time. The obtained integrated
models have a sufficient level of adequacy and can be used in integrat-
ed computing control systems for energy objects.

Keywords: Integral models, degenerate kernel, model identifi-
cation, control of identification results.

Introduction. Power energy objects are highly stressed engineering
systems of high complexity, which use advanced scientific achievements
and realize new capabilities of modern technology. A complete mathemati-
cal description of such engineering objects is achieved by complex systems
of partial differential equations with rather difficult boundary conditions.
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The solution of such systems of equations is quite time-consuming and re-
quires significant computer time, which limits the comprehensive analysis of
the object and in practice is reduced to use only for the initial study of the
object’s dynamic properties, as well as for the final verification of the ob-
tained laws and algorithms for modelling and control (and this is in case that
it is generally possible to find stable methods of numerical solution of such
systems, which, as practice shows, is not always possible to achieve) [1]. An
effective method of overcoming these problems is use of non-parametric
models of dynamic objects in the form of integral equations or operators.
Since power energy objects are technically complex objects, obtaining their
models based on experimental data simplifies the identification problem and
provides a possibility to describe objects with concentrated and distributed
parameters without changing the structure of the model. Such a versatility of
integral models leads to the use of the same algorithms for both concentrated
and distributed objects. However, with the numerical implementation of
integral models, there is a problem of accumulating calculations, which, to a
large extent, limits their application in practice. Therefore, the problem of
finding methods that would not have the effect of accumulating calculations
and could provide solutions in real-time remains relevant.

Model approach to solving identification problems. As known [2-
4], in the problem of identification, we are dealing with underdefined ob-
ject-model systems. The difference is that in the problem of identification
model is underrecognized (while the object is considered sufficiently stud-
ied) and efforts of researchers aimed at finalizing the model [5]. Identifica-
tion algorithms, except for the least squares method, have an important
disadvantage that limits their use — the presence of statistical data and the
manipulation of random processes.

Creating formalized models of complex dynamic objects is associat-
ed with the compression of descriptive and factual information. The first
stage in solving the given problem is identification of the research ob-
ject — construction of its mathematical model based on the results of ex-
periments. The problem of identification is formulated as follows: accord-
ing to the results of observations on the input and output variables of the
object, build a model that is optimal in some sense. The practical solution
to the problem of identification is a computational procedure for evaluat-
ing unknown parameters of the mathematical model resulting in establish-
ing regularities of the original object functioning [6, 7].

When solving the problems of dynamic energy objects (DEO) identi-
fication, particularly in the construction and implementation of algorithms
for the identification of energy objects based on integral dynamic models
[8, 9], the actual problem is control of the results obtained, meaning the
solution of the following tasks:
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e providing high-performance control of the accuracy of the integral
dynamic model parameters’ calculation, as well as resistance to errors
in experimental data;

e reducing the numerical implementation algorithm to a form that elimi-
nates the problem of accumulating calculations, which provides real-
time functioning.

Method description. Method of assessing the built DEO model con-
sists in its numerical implementation and comparison of the results ob-
tained with the original data. Thus, the validation phase is a direct task of
analyzing models of a dynamic object. As criteria for the parameters’ cal-
culation accuracy can be accepted the following: relative error, difference
module, standard deviation of the model output signal from the measured
at the object, etc. Consider a case when the DEO model output signal is an
integral equation solution. In this regard, we consider some algorithms for
the numerical solution of Volterra integral equations which is advisable to
assess the accuracy of solving the identification problem.

Quadrature algorithms. Consider quadrature algorithms for solv-

ing Volterra equations of the Il kind with a difference kernel of the
form:

t
y@®) + [K(t-s)y(s)ds = F(t), (1)
0

which describe stationary objects with both concentrated and distributed
parameters.

The basis of the numerical implementation of integral operators and
equations is replacement of integrals with finite sums [10, 11]. In this case,
various quadrature formulas with significant algorithmic features can be
applied. For a wide class of equations, the method of quadrature formulas
in the case of using left and middle rectangles, as well as trapezoids, leads
to effective algorithms. The traditional approximation algebraic expression
for the integral equation (1) has the form

y(6) -2 AK(E —t) = F(), (2)
=1

where j=12,..i, (i :1,_n) — discretization nodes, Ai — quadrature for-
mula coefficients. If the points ti follow each other in increments Ait;,
h=h' =const, then t; = (i—1h. In accordance with dependencies (2), it

is possible to write a calculation expression to find the approximate dis-
crete values of the desired function y(t) :
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y.=F,
i-1 (3)
yi = - A,K,, ——(F +ZA KiY J
where y; = y(). K;; = K(t; —t;), f; = f(ti),l—AiKii #0.

From the expression (3) as the step number of the sampling nodes in-
creases, the number of operations performed at each step of the calcula-
tions increases, and consequently, increases the amount of memory re-
quired and the solution time for computer calculations. The difficulties of
the numerical solution of the considered equation are determined to a large
extent by the type of kernel. The above difficulties can be largely over-
come if the kernels are separable (degenerate), i.e.

K (t— _S k) B (),
(t-s) kZ::lau()ﬁu (s) @

1=0,n-1,

where, in particular,

af (t) =

e 1),ck AL AN = (D'

k=1,n1=0k-1.

In our case, the kernel is separable and given (4), the expression (2)
takes the form

YO =Y at® j Bl (s)y(s)ds + F (). (5)

k=1
Using quadrature formulas, we obtain recurrence expressions for
solving equation (5):
yl = F 1

yi:—m f+Za,,ZA B,Y J] (6)
1- Zallﬂll = =

1=1

where o = (), B = B (4).

Expression (6) is an algorithm that differs from (3) in that the number
of calculations at each step remains unchanged.

Application of the trapezoidal formula with a constant step
h=h; =const in the expression (6) gives the following calculation for-

mulas:
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y(0) = £(0),
m i-1

Yi :+(fi+hzalizAjﬂliryi)lv i=23..,n,  (7)
1-hY: Ay By =

1=1
0,5,when j=1 and j=n
1, when j>1]"

To control the accuracy of the DEO dynamic models’ parameters, the
following computational experiment was performed on the based on the
above algorithm.

We assume that the input and output signals are specified analytically
and, in addition, the initial conditions and order of the model are known.
The initial data are shown in Table 1.

where A ={

Table 1
T F(t) y(t) Co|Ci|C2|C3|Ca|Cs
1 6 sint + cost sint O|—|—|—|—|—
2 3 sint + 2 cost sint o1 |—|—|—|—
3| e'cost(10t—11) +e 'sint(9t—2) | tetcost | O | 1 |-2| —|—|—
4 120(t° + t*+ B+ 12+ 1) t° 0o(0|0]|0|—|—
5 T20(t5+ 5+ t*+ 13+ 12+ 1) t6 0|j0|0|O0]O0]|—
6| 5040 (1T+t5+t5+t*+13+12+1) t7 o|jojo|l0|O0]|O

The results of the calculation are given in Table. 2 and indicate the
acceptable accuracy of the results obtained in the calculation of the dy-
namic model parameters. In Fig. 1. a graph of the residual module function
(in conventional units) against time is presented.

Table 2
y y ly -9l
0 0 0 0
0.1 0.09983 0.09871 0.00112
0.2 0.198669 0.196227 0.00244
0.3 0.29552 0.29341 0.00211
0.4 0.38941 0.38433 0.00508
0.5 0.47942 0.47215 0.00727
0.6 0.56464 0.55684 0.0072
0.7 0.644217 0.63532 0.00889
0.8 0.717356 0.70265 0.014706
0.9 0.783226 0.77124 0.011986
1 0.841470 0.82833 0.01314
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Fig. 1. Plot of the function of the residual modulus against time

Spline method. Let us consider a way to implement integral dynamic
models with an arbitrary kernel by using interpolation cubic splines to ap-
proximate the function K (t), defined by its values K, = K(t;),I =0,N on
the segment [0, 7] [12]. The need for such an implementation arises for a
stationary DEO, when, after restoring the model parameters, the values of
the kernel (apparatus function) are determined at the measurement points.

For this purpose, you can use an approximating expression

t t
Y(t)+ﬂql +0, (t—S)J y(s)ds = _[(t —s) f(s)ds+cqy+Cyt +yCot,
0 0
which we represent in the form of:
K(t) = dyy (t =t)° +dpy (t =ty 4)° + gy (t =) +dyy (=1, ), 8
Ky m,_;hy?
dy SRS 1dy) :ﬂ*da -—— 6
6h, 6h, h )
m;h?
KI -4 -
da :h—ﬁ,t,,l <ts<t, I=LN.
|

Substituting (8) into the original equation (1), at x =x,(1=1,N), we
obtain:

i b
t dy [(t -t S rd, [(t =t ,)—s]
y(.)ﬁi{ ult =)+ 5P+ dy [(6 —t ) = s1° + (10)

+dg [(t =) +s]+dy [(G —t_,) — s]} y(s)ds = f(t;).
50



Cepis: TexHiuHi Hayku. Bunyck 23

As can be seen from (10), the use of splines for approximating the
kernel makes it possible to proceed to solving an equation with a degener-
ate kernel. Using the separability properties of the kernel, we transform
expression (10) into the form:

i 5 5
y(t)+ 2 {dylt —t)° [ y(s)ds+3(t —1)° [ sy(s)ds +

I:1 tI 1 t\ 1

t, t, t
+3(t —t) [ sPy(s)ds + [ s®y(s)ds]+dy[(t —ty)° [ y(s)ds -

t t t

. (11)
t, t, t,
=3(t —tyy) [ S°y(s)ds]+dy [t ~t) [ y(s)ds + [ sy(s)ds]+

i . e

1-1 1-1

[

tI
+dy [ —t5) [ y(s)ds — [ sy(s)ds.
t., t
After replacing the integral in expression (11) with a quadrature for-
mula, we obtain calculation expressions for determining the values of the

sought function at the measurement points: y, = f,,

1-1

-
B.

i+l

£ i 1, g
Yi = (#_z{all[(h -t)° > Ay +3( -t)° 2 ALY+

=1 4=ty 4=ty

t, t, t
3t -t) 2 ATy + 2 AT+ -t 1 3 A -
t =t

t=t, ti=t,

t, t, t,
S3(-t4)% D Ayt 3t —t_) X Aty - > Ay 1+ (12)
t. =t

t=t, =t

t\ t| t|
+dg [t =) D Ay + D0ty 1+dy It +40) D Ay -

=t =t =t

e

- Aityyilp),  7=0,i-1,
where
Bi = Aldy ()% +dy (-, _1)° +dyty —d gy (4 1)1,
A; — quadrature formula coefficients, h — quadrature step.

Characteristic feature of the proposed algorithm is that the number of
operations does not increase from step to step, as in the case of direct ap-
plication of the quadrature method (when the difference kernel is non-
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separable). The solution in the considered case is carried out according to
recurrent formulas that provide high performance when controlling the
accuracy of the integral dynamic model parameters’ calculation.

Example. It is necessary to solve the equation

t
y(t)—‘[K(t—s)y(s)ds =t, te[0, 0.6],
0

for which the kernel is given in Table 3.

Table 3
t 0 0.1 0.2 0.3 0.4 0.5 0.6
K(t) 0 0.01 0.20 0.29 0.39 0.48 0.56

These values are obtained based on the function K(t)=sint, for

3
. . . . t
which the exact solution of the considered example is y =t + R

In the case under consideration, the grid of nodes of the function K(t) is
uniform, h = 0,1 and the number of nodes is | = 11. Let us reduce the equation
to be solved to the form (12), considering that f(tj) = ti. For each I-th interval
[t-1, t] its own set of coefficients d,;,d,;,d3;,d,;is calculated using formu-
las (9). The values m,_;, m, are determined from the algebraic system. The
calculated values of the coefficients d,;,d,;,d;;,d,; are given in Table 4.

Table 4

[t 8] J d; dy; dy; dyj

0.0-0.1 1 0.000 —0.376 0.998 1.990
0.1-0.2 2 —0.376 —0.481 1.990 2.960
0.2-0.3 3 -0.481 —0.653 2.960 3.900
0.3-0.4 4 —0.653 -0.799 3.900 4,802
0.4-0.5 5 —0.799 —0,942 4,802 5.655
0.5-0.6 6 —0.942 —-1.074 5.655 6.452

The results of calculations using the quadrature formula with a con-
stant step h = 0.05 are shown in Table 5, and the graph of the function of
the discrepancy modulus against time in fig. 2.

Table 5
t y y ly -9l
0.00 0.000 0.000 0.000
0.05 0.050 0.050 0.000
0.10 0.100 0.099 0.001
0.15 0.150 0.148 0.002
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Continuation of Table 5

0.20 0.201 0.198 0.003
0.25 0.252 0.247 0.005
0.30 0.304 0.298 0.006
0.35 0.357 0.350 0.007
0.40 0.411 0.403 0.008
0.45 0.465 0.459 0.006
0.50 0.521 0.517 0.004
0.55 0.577 0.577 0.000
0.60 0.636 0.641 0.005

x40

[v-3

4 1 I 1 I I
o 01 o2 03 04 0.5 06
t

Fig. 2. Plot of the function of the discrepancy modulus in time

Conclusions. Thus, the considered algorithm provides an opportunity
to assess the accuracy of the dynamic object models’ parameters and make
a conclusion about the adequacy of the model. The proposed method for
quick solution of integral equations, based on using cubic spline approxi-
mation of the kernel, shows a few useful features for digital implementa-
tion, particularly small and constant number of operations.

The considered algorithms confirm the above theoretical conclusions,
are quite effective in terms of the accuracy of the integral dynamic model
parameters’ and resistance to experimental data errors, eliminate the prob-
lem of accumulating calculations, provide real-time operation, and can be
proposed for the implementation of algorithms for identifying energy ob-
jects based on integral dynamic models.
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MPO KOHTPOJIb YACJIOBUX PE3YILTATIB
B SAOAYAX IDEHTU®IKALII AMHAMIYHUX OB'EKTIB
EHEPFETUYHOIO NPU3HAYEHHSA

VY cTaTTi 3alpONOHOBAHO MiJIXiZ 10 BUPIIICHHS aKTyalbHOI 3a/1a4i KO-
HTPOJIIO OTPUMAHUX Pe3yJbTATiB MPH MOOYIOBI Ta pearizamii alropuTMiB
ineHTUdiKanii eHepreTHYHNX 00'€KTIB Ha OCHOBI IHTErpajJbHUX IUHAMIY-
HUX Mojienieid. Po3risiHy THiIT MeTO/, 3aCHOBaHHI Ha BUKOPUCTaHHI aJIropH-
TMIB KBaJpaTypd 1 CIUIAiHIB JUIA alpOKCHMAIN sIpa, 3 MEepeXoaoM J0
PO3B’sI3yBaHHs PIBHSIHB 3 BHPOKEHHM SIIPOM 32 PEKypEeHTHHMH (HOpMy-
JIaMH, MOKa3aB JOCTATHIO e(eKTHBHICTH MpU PO3B’sI3yBaHHI 3a1adi OTpH-
MaHHSI BUCOKOI LIBU/KOAIT IIPY HASBHOCTI KOHTPOJIIO TOYHOCTI PO3paxyH-
Ky MapaMeTpiB iHTerpasbHOI TUHAMIYHOI MOJEN, a TaKOXK 3a0e3MeueHHs
CTIMKOCTI 1O OXHOOK EKCIIEPUMEHTANBHUX JaHUX. 3alpONOHOBAHUNA Me-
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TOJ O3BOJISIE BUPILIUTH MPOGIIeMY HAKOITHMYCHHS OOYHCIICHSD, 1110, B CBOIO
4epry, HPHUBOAWTH AJITOPHTM YHCEIBHOI pealizalii 10 Takoro BHIIISIY,
IpH SIKOMY MOXKJIMBE OTPHMAaHHs PO3B’S3KiB B PEXKHMI PEaTbHOTO dacy.
OtpuMaHi iHTerpaibHi MOJIEIi BOJIOAIIOTh JOCTATHIM PiBHEM aJJeKBaTHOCTI
Ta MOXXYTh BUKOPHCTOBYBATHCH B {HTETPOBaHUX OOYHCITIOBAIBHUX CHCTE-
MaX KepyBaHHs 00 €KTiB €HepreTHIHOrO PU3HAYCHHSL.

KawuoBi cnoBa: inmezpanvui modeni, supodsicene s0po, ioenmui-
Kayis MoOei, KOHMPOab Pe3yIbmamie i0eHmugpikayii.
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OOCNIIMKEHHA BNACTUBOCTEWN KOE®ILIIEHTIB

AONCKPETHOIO KOCUHYCHOIO NEPETBOPEHHSA

AK OCHOBA METOOA BUABJIEHHA NOPYLUEHHA
UITICHOCTI LW®POBOIO 30BPAXEHHSA

OnHuM 3 HalMOMIMPEHININX NPeACTaBIeHb iHdOopMariil Choro/iHi
€ ¢ posi 300paxenns (113), HecaHKITIOHOBaHI 3MiHU SIKHX MOXYTh
HPHUBOJMTH J0 HETATUBHHUX HACIIJKIB SIK JUIS OKPEMO] JIFOJIMHH, yC-
TaHOBH, (PipMH, TaK i A JEP’KaBU B LLIOMY, 110 POOHUTH 3a1a4y BH-
SIBJICHHSI TIOpYLIEHHsI 1inicHocTi [[3 oHOI0 3 HallakTyanpHIIIMX 3a-
Jay iHpopMariitHoi 6e3mexr. OCHOBHUM HEJIONIIKOM ICHYFOUHMX €KC-
MEPTHUX METOMIB € iX OpI€EHTOBaHICTh HA BHSBIICHHS PE3YJIbTATIB
KOHKpeTHO1 30ypHOi fii, ajie Ha MPaKTHIIi eKCIIEPT YacTO HE BOJOJIE
iHdopMmariro npo KOHKpeTHKy ataku Ha L3, mpu oMy Habip itoro
3ac00iB 3aBXKIHM € 0OMEXEHUM, [II0 MOXKE MIPUBECTH JI0 CUTYaIlii, KO-
1 pocnipkysane 113 mommikoBo OyTH BH3HaHE OpHTiHANEHUM. [le-
PILUM «EIICJIOHOM OOOPOHM» TYT MOBHHHI OyTH METOIH, eeKTHBHI
HE3aJIeXKHO BiJ Buxy 30ypHOi 1ii — yHiBepcanbHi. Ha tenepimmiii
4ac B BIIKPUTHUX JDKepesIax MpeJcTaBlIeHa Ty)ke He3HAUHA KUIBKICTh
TaKMX METOZIB, Kl HE € BUILHUMH BiJ] HEJOJIKIB, TOJOBHUM 3 SIKHX €
CYTT€BE 3HIDKEHHS €()EKTHBHOCTI B YMOBaX He3HAUHMX 30ypHHX Hild.
Meroto poOoTH € po3poOKka TEOPETHIHOTO Oa3ucy s eheKTUBHOTO
YHIBEpCaJIbHOrO METO/ly BUSBIICHHS TOpYLISHHs wjiiicHocTi 113, 30-
KpeMa, B yMOBax He3HauyHoi 30ypHoi Aii. B Xoai JocsrHeHHs1 MeTH B
poboTi: 00rpyHTOBaHA JOLUIBEHICTH BUKOPUCTAHHS OJIOKOBOTO IIif-
X0y TIpH OpraHizalii ekcreptusu niticaocti 13; obmacte auckper-
Horo kocuHycHoro neperBopenss (IKII) Gmoky oOpana six obmactb

© A. A. KoGo3zesa, IT. A. Maescokuii, O. M. CumonoBa, 2022
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