NMpubopocTtpoeHue, meTponorusa

U UHPOPMALUMOHHO-U3MepUTESibHbIe NPUOOPLI U CUCTEMBI
Instrument engineering, metrology

and information and measuring devices and systems

Original article
DOI: 10.14529/ctcr240405

A METHOD FOR THE NONLINEAR APPROXIMATION
OF COMPLEX SHAPED CONVERSION FUNCTIONS

M.M. Isaev"?, mezahir@bk.ru, https.//orcid.org/0000-0003-0515-5725

M.H. Qurbanov', majidgurbanov@gmail.com, https://orcid.org/0009-0007-3792-218X

L.S. Makhmudbeyli, leyla.shakaralieva@gmail.com, https://orcid.org/0009-0007-1218-3443
S.A. Iskenderova®, isgandarova91@gmail.com, https://orcid.org/0009-0006-4718-3512

A.l. Quliyeva®, quliyeva.aide.57@mail.ru

" Institute of Control Systems, Baku, Azerbaijan

2Azerbaijan University of Architecture and Civil Engineering, Baku, Azerbaijan
8 National Aviation Academ y, Bina, Azerbaijan

4 Sumgait State University, Sumagait, Azerbaijan

Abstract. The aim of the study is to investigate the possibility of using the method and technique of
piecewise nonlinear approximation for a highly accurate description (recognition) of the characteristics
of the transformation of primary measuring devices (sensors), the transformation function (CF) of which has
a rather complex form and a difficult to describe mathematical model. Materials and methods. The highly
accurate description of this type of converter features provides for the division into nonlinear intervals over
the entire measurement range. Each approximation interval forms a sequence falling between the extremum
points of the considered CF and completely covers it. Besides, the third point between adjacent extremum
points should be determined since it is the largest CF bending or turning point and allows expressing this
approximation interval in the form of two different polynomials. Thus, each approximation interval is ex-
pressed in the form of two nonlinear functions — quadratic trinomials or cubic equations and is very close
to the values of the real CF in this interval accurately describing the real CF. Results. The paper presents
a developed hybrid test and structural measurement methods, as well as a relevant algorithm for implement-
ting these measurement procedures. Test measurement methods use simple additive and multiplicative tests,
as well as combinations of these tests — hybrid test measurements. Errors are automatically corrected or
compensated to ensure high measurement accuracy. Conclusion. Unlike the known approximation methods,
this approach accurately identifies the current states of the primary measuring instrument of the FP ensuring
automatic calibration, and most effectively — the drift of the FP. Measurements at any time period are made
relative to the value in which the sensor conversion feature is determined, which significantly improves
measurement accuracy due to the intelligent information and measuring system based on structural and
algorithmic-test measurement methods and its intelligent information support.
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3 HauyuonanbHas asuauuoHHas akademus, buHa, AsepbalidxaH

4 Cymeaumckuli 2ocydapcmeeHHbIlU yHusepcumem, Cymeaum, AsepbatidxaH

Annomayus. leabio Mccjie0BaHNUSA SBIICTCS U3YYEHHUE BO3MOXHOCTH IPUMEHEHUS METOAA U METO-
JUKU KyCOYHO-HEJNMHEHHON alMpoOKCUMAalUU JJI1 BEICOKOTOYHOTO ONMCaHUsA (paclo3HaBaHUS) XapaKTe-
PUCTHK NpeoOpa30BaHUs NEPBUYHBIX N3MEPUTEIBHBIX NPUOOPOB (AATYMKOB), QYHKIHUS MIPeoOpa3oBaHUs
(@II) KOTOPHIX MMEET JOCTATOYHO CJIOKHBIM BHA M TPYAHOOINHCHIBAEMYIO MAaT€MaTHYECKYI0 MOJEIb.
Marepuajbl 4 MeToJibl. UTOOBI ¢ BBICOKOW TOYHOCTBIO ONMUCHIBATH TAKOW THUIT XapaKTEPUCTUK Mpeobdpa-
30BaTeNsl, HAaJO0 pa30OWTh Ha HEJIMHEHHBIC MHTEPBAJbl BECh IWAla3oH M3MepeHui. Kaxnaplii mHTEepBan
anMpoKCUMAIMK 00pa3yeT MOCIe0BaTEeIbHOCTD, PACHIONATAsACh MEXKIY TOYKAMHU SKCTPEMyMa paccMaTpH-
BaeMoi @II, ¥ MONHOCTBIO MOKPBIBAET €ro. Takxke BaXKHO ONPEAEIUTh TPETHIO TOUKY MEXAY COCEIHHUMHU
TOYKaMH 3KCTPEMyMa, ITOTOMY YTO 3Ta TOYKa SIBJISIETCS] caMol OOJbION TOUKO n3ruba uiam noBopora X
U MO3BOJISIET BBIPA3UTh 3TOT MHTEPBAl alNPOKCHMAIUK B BUJE ABYX MOIMHOMOB, OTIMYAIOLINXCS APYT OT
npyra. TakuM 00pa3oM, KaXIblii HHTEpBaJl AalNPOKCHUMAIIMN BBIPayKaeTCsl B BUJE ABYX HEJIMHEHHBIX (QyHK-
UM — KBaJpaTHBIX TPEXWICHOB WM KyOMYECKHUX YpaBHEHHH — M OYeHb OJIM30K K 3HAUCHUSM PEaTbHOTO
@II B 3TOM HMHTepBaie, onuchBas peanbHblil PII ¢ 6oipmIoN TOYHOCTRIO. Pe3yabTaThl. s peanu3anin
BBIIIICH3II0KEHHOTO CO3/1aHbl THOPHIHBIE TECTOBBIC U CTPYKTYPHBIE METO/BI H3MEPEHHMH, a TaKXKE COOTBET-
CTBYIOUIMH alrOPUTM pealu3allié 3TUX MpoIenyp u3MepeHui. IIpu TecTOBBIX METOAax M3MEpeHHs HC-
MOJIB3YIOTCS MPOCTHIC aJAUTHBHBIC, MYIbTHILINKATUBHBIC 1 KOMOWHAIIMK 3TUX TECTOB — THOPUAHBIE TECTO-
BbIC M3MEPEHHS, aBTOMAaTHYECKU HCIPABJISIOTCS WM aBTOKOMIICHCHPYIOTCS TOTPEIIHOCTH U 0OecreunBa-
€TCs BBICOKAs TOUHOCTh M3MepeHuil. 3akiaouenne. B oTinune OT U3BECTHBIX METOAOB alIpPOKCHMAalUH,
IIPU TAaKOM TI0JIX0JIE C BHICOKOH TOYHOCTHIO HACHTH()HUIIUPYIOTCS TEKYIINE COCTOSIHUS TIEPBUYHOTO CPEJICT-
Ba m3MepeHus (npudopa) PI1, mpon3BoaNUTCS aBTOMAaTHYECKask KAIHOPOBKa, a camoe 3 (eKTUBHOE — Apeid
(nepemenienne) OII. [TockonbKy U3MepeHHs, BBIIIOIHIEMbIE B 000 MOMEHT BPEMEHH, MPOU3BOISATCS
OTHOCHTEIIFHO CHUTYaIluH (3HaYCHHA), B KOTOPOW OMpEIeIsieTcsl XapaKTepUCTHKA Ipeo0pa3oBaHMs J1aT-
YHKa, B Pe3yJbTaTe TOYHOCTh M3MEPEHHS CYIIECTBEHHO yBEIHUYMBaeTcsA. Bce 3TO BO3MOXKHO Onaromaps
MHTEJUIEKTYaIbHOW MHPOPMAIMOHHO-U3MEPUTEIBHON CUCTEME, MMOCTPOECHHON Ha OCHOBE CTPYKTYPHBIX
U aJITOPUTMUYECKU-TECTOBBIX METOJIOB U3MEPEHHs, H €€ MHTEIUICKTYalbHOMY HH(POPMalMOHHOMY o0ec-
MEYCHHUIO.

Knrwouesvie cnosa: u3MepeHus, MOBBIIIEHHE TOYHOCTH, peoOpa3oBaTens, QyHKIMS mpeodpa3oBaHus,
HEJIMHEWHas annpoKCUMalys, TECTOBBII METO
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Introduction

High-quality production becomes a reality due to the complex automation of production processes
(PP) and will depend on the class of the tailored automated information-measuring and control sys-
tem, as well as the reliability and accuracy of the useful information obtained through the use of this
system [1-4].

Priority is given to information and communication technologies (ICT), as well as high tech-based
advanced automation elements and devices. Their complex integration and well-thought-out architecture
ensure high efficiency [5, 6].

Conversion functions (CF) of measuring systems are nonlinear in reality, and this feature increases
even more in operating conditions. Measurement errors occur in real measurements since the defined
mathematical model of conversion features differs from its initial state, and the identification of conver-
sion features becomes relevant. Many studies have covered this field and deeloped appropriate theoreti-
cal and practical methods [7-9].

High measurement accuracy of modern measuring systems can be achieved through the implemen-
tation of intelligent measurement procedures as opposed to classical methods, which can be highly
effective. Numerous studies have been carried out and algorithmic test methods developed on the basis
of our information-measuring systems (IMS) in real operating conditions have been successfully applied
to improve measurement results [10].

Intelligent IMSs imply the introduction of intelligent electronic modules into the system structure [1].
The article proposes a different approach to test the process in the IMS in such a way as to obtain high
measurement accuracy. The identification and evaluation of the results obtained through the use of non-
linear approximation are discussed below.

The measurement accuracy of the primary measuring system with nonlinear conversion features is
improved due to structural and information redundancy and the selection of optimal tests, construction
and solution of test equations [10].

1. Problem statement

In real operating conditions, the conversion functions (CF) of primary measuring instruments are
complex and continuous. In many cases, the mathematical model (MM) of the conversion functions of
the initial measuring system is set in the following polynomial form [10]:

n
y= Zal-xl_l. (D
i=0

The instability of the a; parameters of the conversion function is known to reduce measurement
accuracy. It was proposed to design IMSs based on the test measurement method to eliminate this effect.
In equation (1), a; are the coefficients of the conversion function, i=0,...,n assumes that the mea-

surement operation is performed by adding 7 tests or n degrees of a polynomial [10].

Since they cannot be described mathematically, they should be approximated by a description in
the form of piecewise nonlinear polynomials over the entire measurement range.

Each approximation range may be expressed by the lowest possible degree — quadratic or cubic poly-
nomials for high measurement accuracy, without exceeding the measurement error of the set limit and
operation simplicity.

2. Problem solution

Let us assume that the results of the measurement operation performed in a certain range consist of
the following nonlinear graph (Fig. 1). The curve connecting the two extremum points inside each circle
is described by a mathematical expression and can be obtained as a separate nonlinear function.

One of the main criteria for the test set optimality used to identify the nonlinear conversion func-
tions of primary measuring systems is the minimum degree of the basic test equations (BTE) obtained
during its implementation, as well as the minimum measurement error.

Below, we consider the nonlinear approximation of conversion functions and study the measure-
ment error using the measurement method testing.
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Fig. 1. Nonlinear approximation of complex shaped conversion functions:

1 is the conversion function (light blue); 2 is the extreme points of the conversion

function (white); 3 is the piecewise linear approximation of the conversion
function (red)

A comparative check of successive models competing with each other is carried out based on
the F-criterion to make a better choice [11]:
2

)
F(m—n),[m—(n+l)]=$. 2
Y

In this case, we check the assumption that the n-th order regression model describes the desired
function value better than the n —1 order regression model. According to the formula, the obtained table
values based on the F-criterion are selected by their significance level and compared with each other.
If the value is higher than the corresponding table value, the assumption is accepted. In other words,
a conclusion is made that it is advisable to use the #-level model, rather than » —1. Thus, all competing
models can be sequentially tested.

The results of numerous tests show that, according to the description of the method for selecting
a mathematical model of an approximating curve in the aforementioned conditions, the degree of the cubic
or quadratic polynomial is taken to be equal to three, and the mathematical model of the dependence
of the relative error on the measurement value will be described as follows [10]:

d=ay +a1Ax+a2Ax2 +a3Ax3, 3)
wherein the measuring system error is reduced to Ax, not exceeding the permissible standard deviation
limit.

Unlike the structural-algorithmic method, the use of 0 additive, £ multiplicative, and 0-% hybrid
tests as comparison standards in the measurement operation instead of a,a,, a, and a; is predeter-
mined by the accuracy of these tests.

Thus, the highly accurate identification of the curves of primary measuring system conversion func-
tions is determined by the mathematical model of two curves between the extremum points of the con-
version functions.

According to numerous studies, the use of the conversion functions of primary transmitters in
the form of quadratic trinomials significantly simplifies approximation and reduces the number of mea-
surement cycles. This method is considered to be more effective than the known methods [11-15].

Let us consider the following quadratic trinomial taken as an approximating curve:

Yo =ay +ax+ a2x2. 4
The x measurement value in the equation is input in a special algorithmic sequence to the primary

measuring systems simultaneously with the additive (x+ 60 ), multiplicative (kx) and mixed (kx+0)
tests, while the basic test equations (BTE) are as follows:
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Vo = g + ax + ayx*;

" :a0+a1(x+0)+a2(x+6)2;
Y2 =ay +a1(kx)+a2(kx)2;

¥ =a0+a1(kx+9)+a2(kx+9)2,

where a,, a;,a, — the primary conversion feature measuring systems — are the nominal values of

®)

the quadratic trinomial coefficient in the relevant approximation ranges.

3. Device operating principle and error algorithm
Test equations (5) are implemented through the following device (Fig. 2):

; I 7]
-‘-'% P
MS o k

\I— 0+ k

ACC B sc A PC

Fig. 2. Structural diagram of the measuring device: MS is the measuring
system (converter); ACC is the analog-to-code converter, ES is the electronic
switch; SC is the softcontroller, PC is the personal computer

The electronic switch (ES) alternately connects and disconnects the standards to the input of
the measuring systems (MS) according to the measurement algorithm — BTE (5), and the measured x
value is always connected to the input of the measuring systems and measured simultaneously with
the standards — tests: (x+0), (kx), and (kx+0). The results of all three measurement cycles are con-
verted into a code via the analog-to-code converter (ACC) and transmitted to the softcontroller (PSC),
processed on the PC, and finally, a conversion function (CF) is obtained by solving the BTE on the PC:

B [x(k—1)+9:|(yl —y2)+[x(k—1)—9:|y3
0 x(k-1)-0 '
The following expression is obtained based on the measurement results from (6) for calculating
the measured value:

Z(J’1_J’2)+(yo_J/3)‘ 0 %
(J/O —J’3)_(J/1 _J/2) k-1
The absolute error of the tested measuring systems will be determined by the following expression:
Ar =[x(k=1)+0](A; = Ay) +[x(k =1) = 0](A; = Ay). ®)
If we take into account that the relative error of the test measuring system is determined by expres-
sion (8) and the value of the absolute error created by additive and multiplicative tests in each measure-
ment cycle (MC) is replaceable, we can obtain the following expression for the error components gene-
rated in all cycles:

Ar=0[ A=Ay —(As—Ag) [+ x(k=1)-[A = Ay +(Ay - A,) |- 9)

(6)

cal
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The following expression is obtained for the absolute error A,, input to the tested measuring

system:
Ar
in =, . (10)
Jr (x)
Here
Jr(x)= (J/o -3 )[x(k _1) =01+ (¥, —y)[x(k—1)+06]. (11)
Upon differentiation of f; (x) , the following expression is obtained:
J1 (x)= k=D (3= 35) =01 =22) - (12)

Taking into account expressions (10), (9), and (11), the following expression is obtained for the ab-
solute error input to the tested measuring system:
N {0[ (A =Ay) = (A3 = Ag) |+ x(k =D A = A, +(Ay = A ) ]} 03
" (1-k)26{p +b,[ (k—1)x+0]} '

Thus, the following expression is obtained for the variance of the absolute error of the tested measu-
ring systems independent of each other:

car =05, [z=0F +03 [z+6F + 0% [2+06] +03 [z~ 0P, (14)

where c,; is the measurement cycle of the corresponding standard deviation error.
As a result, we obtain the following formula for the absolute error input to the initial measuring
system:
= A_M — ﬁ. (15)
k-1 6
An important conclusion from expression (15) is that the components of the final error of the test
measuring system A;, ,operating on the basis of the measurement algorithm (6) do not depend on

in-T

the coefficients of the measuring system conversion function when implementing the optimal test set.
Errors Ay and A;, are generally not intercorrelated, they are continuous random variables and
obey the normal distribution law. Consequently, the relative error (3,,., ) input to the test measuring sys-
tem, in turn, is a continuous random variable characterized by the mathematical expectation (M ) and
the variance (Ggr ).
The mathematical expectation is determined by the following expression:
MI[A MI[A
- [Ay] M e], (16)
T k-1 0
where A;, and Ay are the mathematical expectations of the random variables M[A,,] and M[A,],

respectively.
The variance cgr is determined by the following formula:

2 2
() ()

o2 = Tow_ T (17)
To(k-1° 0

where A, and Ay are the standard deviations of the random variables 6, ~and o,  respectively.

Thus, when comparing the calculated values of the variances G[ZST] and Gfa* } , it becomes clear that

T
the resulting error components created in the test measuring system, implemented with the optimal com-
binations of additive, multiplicative, and hybrid tests with a variance, are less than the error in similar
test measuring systems implemented through the use of simple additive and multiplicative tests. No ad-
ditional time is needed when the test measuring system has quadratic-trinomial conversion features and

solves basic test equations [10].
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For instance, if we take a test set of x, x+0,, x+0,, the kx test for the full measurement cycle of
the test measuring system will have output values according to yy, ..., ¥3, and the following basic test
equations will be obtained:

Yo =by +bx+ bzxz;

v =by+ by (x+6,)+b, (x+6,)’; s)
Vs =b0+b1(x+62)+b2(x+62)2;

2
If we take into account the errors caused by inaccurate measurement cycles of the tested measuring
system, we obtain the following expressions:

Apy = by +2by(x+6,) |- Ay ;
Apy = by +2by(x+6,) |- Ay ; (19)
If the conversion feature of the test measuring system is presented in the form of the n=3 degree

polynomials, we obtain the following expression when writing the main test in the initial equations and
solutions of the measuring system conversion:

_nx(k-1)6, [x(k—=1)=0, | = y,x(k—1)0, [ x(k—1)=0, |+ 36,0, (6, -6, )‘

& [x(k—1)—6, [[x(k—1)-6,](6,-6,)

Thus, we obtain the following expression from expressions (19) and (20) for the absolute error of
the test measuring system:

A7 =x(k=1)0,[b, +2b;(x+6))][ x(k—1)—6, |A —
—x(k=1)6,[by +2b;(x+6,)][ x(k—1)=6, |Aq +
+x[by +2b;kx)]0,0, (0, —6,) A, 1)

According to expression (19), we obtain the following expression for the relative error input to
the test measuring system:

) :[x(k—l)—ezj[bz+2b3(x+91)]‘ﬂ_[x(k—l)—elj[bz+2b3(x+62)]‘A92 L Ay
" (b, +2bykx)(0, -0, 0, (b, +2bykx)(0, -0, 0, k-1

We obtain the following expressions for the mathematical expectation and variance of the relative
error of the test measuring system:

(20)

(22)

Mg 1=
S [(k=1)=0, T [, + 20, +0)) 83, 23)
[51] (b, +2bskx) (6, -0, )’ o
+[x(k_1)_91]2[b2+2b3(x+62)]2'52% .\ 8%, .
(b, +2bskx)’ (6, -6, 03 (k-1
Conclusion

Expressions (17) and (23) show that the accuracy of the value using the multiplicative tests and
weighting coefficients of other components are equal in magnitude, and the measuring system does not
depend on the parameters of conversion functions. When additive tests are used, their accuracy does not
coincide, while weighting coefficients are qualitatively different. These two expressions demonstrate
that even if the weighting coefficient in the first expression is equal to one, the coefficients in the second
expression depend on the parameters of the conversion functions of the system measurements and
the relationships between the values of additive and multiplicative tests. Thus, the aforesaid proves
the advantage of the measurement method, when implementing both tests and their optimal set.
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The article is recommended for publication by the program committee of the All-Russian Scientific
Conference with International Participation “Digital Industry: Status and Development Prospects 2023”.
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