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Summary. The algorithms for automatic correction of metrological characteristics of high-voltage
instrument transformers in the absence of benchmark measurement signals at the source input are proposed. The
investigated algorithm can be applied for automatic correction of metrological characteristics of measuring
channels in the case of multiplicative distortions caused by the nonlinear dependence of the transmission
coefficient on the input value
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Statement of the problem. Measurement of electric power and electricity metering
is carried out in high-voltage circuits using primary measuring sources — current and voltage
transformers. The errors are primarily determined by the metrological characteristics of
primary measuring sources and are established by the passport data of the manufacturer.
Errors of instrument transformers include systematic and random components. The
systematic component of the measurement error exceeds the random one by an order of
magnitude. Therefore, the main problem is to reduce the systematic error of primary
measuring sources.

Actual scientific research and analysis of problems. Primary measuring sources make
it possible to measure the power consumption with an error of 5+10 % , while the error should

be within 0,5+1 % [1]. As aresult of research, it was found that it is possible to experimentally

determine the metrological characteristics of instrument transformers directly at substations,
under conditions of their continuous operation, without disconnecting from the high-voltage
network [2, 3, 4, 5].

Based on the metrological characteristics of instrument transformers, to compensate for
the systematic error correction, the tables are compiled and the results of power measurements
and electricity metering are corrected. The correction is performed automatically using a
computer and an appropriate algorithm [1, 2]. The use of measurement correction can reduce
the errors of electric power measurements by more than five times [2, 3].

However, during commissioning work in circuits with primary transducers, the
correction values are often distorted by additive, multiplicative and multiplicative-additive
errors [4], and that requires a change in the correction algorithm. In this case, it is proposed to
use the information about the value of the nominal conversion coefficient obtained at the high-
precision installations of the manufacturer [4, 5]. The proposed algorithm for compensations of
additive, multiplicative, and multiplicative-additive distortions allows to reduce the value of
errors due to the use of calculated corrections obtained as a result of the convergence of the
iterative compensation algorithm [4, 6, 7].

Objectives of the investigation. The main feature of the above studies is the presence
of benchmark values at the input of the primary measuring source. However, practically, it is
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not always possible to have an benchmark values of the measurand of a high-voltage source.
That is, in this case it is impossible to apply the traditional method of obtaining corrections.
Under these conditions, it is necessary to build an algorithm of correction and selection an
iterative procedure.

Presentation of material. The high-voltage transducer is described by the conversion
function of the measuring value as [5, 6]:

y=K,x (1

where, X and y are values of the measurement parameter, respectively, at the input and

output of the transducer, K » 1s a nominal conversion coefficient [4].
Distortion of metrological characteristics of transducers is estimated by the deviation of
K, from the nominal value and they can be multiplicative, additive, and multiplicative and

additive [4,5]. In the case of multiplicative distortions, each measured value of the signal at the
output of the transducer is described by the expression:

y=K, -(1+a)-x, 2)
where j is the actual value of the output signal; & is the value that estimates the deviation of

the transmission coefficient of the transducer from the nominal value. In this case, the relative
error 0 of the transducer is determined by the ratio:

5_y—j/ _K,-x=K,-(+a)-x

S - 3)

The essence of the automatic correction of the metrological characteristics of the
transducer is that each measured value of the signal at the output of this transducer is corrected

by means of corrections 7, the value of which is determined by the condition: ¥, —I1 =JA7,-,
which in this case, taking into account the expressions (1) and (2), gives the ratio:

II=-K -o-x,. 4

However, in this case, it is impossible to set the appropriate measurement experiment
and obtain the correction according to expression (4) because of the absence of a benchmark
value of the measured value of the high-voltage source.

In this case, it is possible to determine the correction by using the following approach.

In (4), the value K -X; corresponds to the value of the output signal V;, the actual value

of which is not known, but the measured value JA/,- is close to it. It can be used to determine an

approximate correction by means of expression (4), the value of which can be used as a first
step in an iterative procedure of correction the measured value.

We will show that by using the value )7,- to determine the approximate values of the

corrections and organizing the correction of the value of the measuring value in an iterative way
according to a certain algorithm, we will be able to minimize the error of the measurand. Using
the relation (4), we obtain:

68 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 3 (107), 2022https://doi.org/10.33108/visnyk_tntu2022.03



Serhiy Babiuk, Ivan Sysak, Oleh Buniak, Yaroslav Osadtsa

Il =—K ax =—ay. ~—ap,. (5)

The corrected on the basis of the obtained approximate correction value of the
measurand at the output of the transducer at the first step of the iterative procedure is described
by the expression:

¥, =9+ =K (1+a)x, =ak x,(1-a’). (6)

Only one step of correction of the measurand may not be enough, but the use of
computing tools makes it possible to organize a further iterative correction procedure.
However, there are two possible variants of the algorithm for implementing the iterative
procedure. The first option is to use the first measured value )3,- with its further correction

at each subsequent iterative step. The second option is to correct by means of corrections of
each integrated value:

yout.n = yout ta- yout.(n—l) ; (7)
yout.n = yout.(n—l) ta- yout.(n—l) . (8)

Research of options of correction algorithms.
If using the first option of the algorithm, we obtain the following series of corrected
values for each of the 7 iterations:

Dy =»

)y, =p-a-y=y-(1+a)

3)y, 2331_a'JA’H(l“‘O‘):)A’H‘(l_a‘*‘az)

Yy, =p-ap-(l-a+a’)=) -(l-a+a’-a’)

For this variant of the algorithm, according to the relation (3), the error of the 7 -th
value of the measurand can be presented as:

©)

. . ] !
It is known that, lim [(1—a+a2 ot (=] 1:| _ '
n—> o0 1+a

By performing the appropriate substitution in relation (9), we obtain the limit value of
the error of the measured value at 77 —>X:

_Kx(l+a) 1 0
Kx l+a

5 =1
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Using the second option of the algorithm for organizing the iterative procedure, after
each of the 77 iterations the value of the measurand will look like:

Dy =7,

Dy, =i —a-y =3 (+a)
Ny, = —a-y,=p-(+a)
Yy, =p—a-y=3-(1-a)

)y, =5 1-a)".

In the case of applying the second variant of the algorithm the error of the - 72 value of
the measurand will be as follows:

~ _ n—1
5, =1-2u o Az
Y y

According to formula (2), we obtain for 0, :

K, x(+a)-(1-a)
K, -x

5, =1 =l-(-a)"-(1+a).

Expression (I-0)" is presented six binominal series:
. ‘(n-1) ,_
1- lim [n-a—wa” : +...—(—1)”a"} =1,

and the error O, at 1—>00 s described by the expression 0, =1—(1+a)=—, that is, it tends

to the value of the modulus of the final value |a |

Thus, the second variant of the algorithm turns out to be inoperable, when it is applied
the error of the measurand despite multiple corrections does not decrease. It makes no sense to
introduce the calculated correction into measurand, which is corrected after each iteration step.

The algorithm of automatic compensation of the metrological characteristics of the
transducers should be built by organizing such an iterative procedure in which the first
measurand is corrected at each step of the iteration.

It should be noted that the determination of the value & (it is necessary for the functioning
of the compensation algorithm) is a separate task, which is not considered in this article.

In the case ofadditive distortions of metrological characteristics of high-voltage transducers,
we have a task to investigate the possibility of using this algorithm for this case as well.

We assume that the distortion of the nominal transmission coefficient of the transducer
is determined only by the influence of the additive component A , and the algorithm that will
be investigated is presented as:

v, =n+II, (10)
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where J, is the first measured value of the output signal, /7, is the value of the corrections at

the 7 -th iteration, /2 is the number of iterations.
Since there is no reference value at the input, the measured value of the signal at the
channel output could be determined as follows:

y=K -x+A (11)

The error A is of a systematic nature and can be compensated by corrections, which
can be used by the formula:

=-5,-x/K, (12)

where 5a is the value of the relative additive error, X is the value of the signal at the input
of the transducer, which is set with high accuracy for the purpose of corrections.

However, according to the input condition, it is not possible to establish a benchmark
signal at the input of the transducer, so it is impossible to use formula (12) to determine the
corrections. However, in this case, we have parameters K . » A, and the measured inaccurate
value of the signal j at the channel output, that is described by formula (11). This makes it
possible to determine not the experimental, but the calculated value of the corrections of the
IT' type:

)
K" (K, - x+35,-x). (13)

n

=

The value of the corrections obtained according to expression (13) is slightly different
from the value obtained by formula (12), so expression (13) must be checked for the possibility
of its use in the process of automatic correction of the metrological characteristics of the
transducer. Using expression (13), we describe the result of the correction in accordance with
algorithm (10):

7 o, . 5 x
=g Ky e+, or §i =K, a=e (14)

The second addition in the last formula is an expression for determining the absolute

value of the additive error A, after the correction of the measured value  , i.e:

A, =, (15)

The obtained value A, is a value of the second order of smallness. Hence, the
conclusion is that the algorithm (10), which was used for automatic correction of the
metrological characteristics of the measuring channel when only multiplicative distortions are
available, successfully works in the case of its application when the additive distortions are
available.
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We complicate the problem by assuming the availability of both multiplicative and
additive distortions of the metrological characteristic of the transducer and check the possibility
of applying algorithm (10) for this generalized case.

In this case the formula for determining the calculated correction, taking into account
the formula (13), will look like:

iy =a-K,-i-2o%, (16)

where 115 is the generalized correction when both multiplicative and additive distortions in the
metrological characteristic of the transducer are available.

Applying the expression (10), we describe the result of the correction of the output
signal using the studied algorithm as:

I?[Kn-(l+a)-x+5a-x].

n

y=K,-(1+a)-x+6, x—a[K,-(1-a)-x+a-x|—-

After performing simple transformations, we obtain:

2
j/an-x—az-Kn-x—2-a-5a-x—5;<x. (17)

n

In formula (14) the components o K -x, 2-a-9,-X, and 55 -x/ K describe the total

error in the output signal caused by the influence of both multiplicative and additive distortions
of the metrological characteristics of the transducer. In this total error, new components can be

distinguished: additive - 5 -x/ K, and multiplicative — & - K -x . Both of these components

are of the second order of smallness. The third component — 2-a 5[1 - X, is associated with the

influence of simultaneously additive and multiplicative distortions of the metrological
characteristic and it is also of the second order of smallness. As a result of the application of
the studied algorithm all three components of the error are reduced to the second order of
smallness and this indicates that in this generalized case the algorithm (10) works successfully.
This property of the algorithm is the basis for its application for automatic correction of
metrological characteristics of high-voltage transducers when both multiplicative and additive
distortions are available.

We should mention another property of the studied algorithm in the case of its
application for automatic compensation of the metrological characteristics of the transducer at
multiplicative distortions caused by nonlinearity, when the value & is a function of the input
parameter X . This function can be continuous, in the form of a jump, or be set by separate
points (Fig. 1 a, b, ¢,). Such functions can correspond to the curves of the channel transmission

coefficient shown in Fig. 1 d, e, f (straight lines K, correspond to the nominal values of the

conversion coefficient of the transducer).
The systematic error at the output of the channel, caused by the deviation of its

transmission coefficient from the nominal value reduces the value K, is to the value K with
the growth of their signal The measured value of the signal at the channel output in this case is:
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i:K-[1—ﬁxi]x, (18)

where a(x)=/3-X/X is the nominal value of the input signal ( S 1is the coefficient that
determines the nonlinearity of the metrological characteristic of the channel).

ol all
ol
K, 9 X9 X9
a9 R )1
b1
K 1 K 9 X 4
x 4 x9q ) x
d) e)q

Figure 1. Multiplicative distortions of the metrological characteristics of the measured channel due to

nonlinear dependence K ,, on the input value

Applying the investigated algorithm in the form of (10), the formula for the corrected
value of the output signal is represented by the expression:

i=K-3+B-K2 %, (19)
X

n

where 3 = [1—ﬁi]x.

n

After simple transformations of the expression (18), the corrected value of the
measurand at the output of the channel is represented as:

i=K. 1—2[ﬁij+[ﬂxiJ . (20)
X

n n

In this case, according to expression (19), the multiplicative error from nonlinearity is
as follows:
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2 2
X

Sy =—| p=| |1-B= |~ B~ . @1
X X, X

n

Since xi << 1 the value O w has the second order of smallness, which indicates the
n

effectiveness of the correction procedure.

Conclusions. The algorithms for automatic correction of metrological characteristics of
high-voltage instrument transformers in the absence of benchmark measurement signals at the
source input are proposed.

The investigated algorithm can be applied for automatic correction of metrological
characteristics of measuring channels in the case of multiplicative distortions caused by the
nonlinear dependence of the transmission coefficient on the input value. In this case, for the
practical implementation of the algorithm, the function must be input into the memory of the
microprocessor, which provides the process for automatic correction of the metrological
characteristics and use the value of this function for each correction point.
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AJTOPUTMHU ABTOMATHYHOI KOPEKIII METPOJIOTTYHUX
XAPAKTEPUCTUK BUMIPIOBAJIBHUX TPAHC®OPMATOPIB

Cepriii Baowk; IBan Cucak; Ouer bBynsik; fIpociaas Ocagna

TepHoninvcobKuti HAYIOHALHUL MeXHIYHUU YHigepcumem imeni leana I1ynios,
Tepnonins, Ykpaina

Pestome.  Ilpogedeni 0o0CniOdiceHHs NPUCBAYEHI pO36 A3GHHI0 NpoONeMu  NiOGUWEHHS MOYHOCHI
BUMIPIOGAHHS eeKMPUYHOT ROMYICHOCII ma 00Ky enekmpuyHoi enepeii y ucokogonemuux xonax. Cyuachui
RIOXIO IPYHMYEMbCS HA 3HUMCEHHI CUCMEMAMUYHOT CKI1A0060i NOXUOKU 6UMIDIOBAHHS HA OCHOBI GUKOPUCHANHSL
3PA3KOGUX 6XIOHUX OAHUX, AKI NPeOCMABIeHi MempPON0IYHUMU XAPAKMEPUCMUKAMY MPAHCHOPMAMOpPIE Cmpymy
ma uanpyu. CnomeopeHnHs Mempono2iuHUX XapaKxmepucmux GUMIPIOGANILHUX NEPemeoplosayié OYiHIOEMbCs
BIOXUNIEHHAM 610 HOMIHANILHO20 3HAYEHHA, AKI MOJCYmb OYmu MYIbMUNIIKAMUSHUMY, AOUMUSHUMU MA
MynemuniikamueHo-aoumuehumu. 1lioguwenns mounocmi 30IUCHIOEMbCA 3a OONOMO2010 MAOIUYbL NONPABOK,
KOpeKyisi pe3yibmamie eumipie euxonyemvcs asmomamuyno Ha IIK 3 no6y0oeoio 6ionogionozo ancopummy.
IIpeocmasneno po3e’a3oKk 3a0aui 3a 6iOCYMHOCMI 3pA3KOGUX GUMIPIOBANILHUX CUSHATIE HA 6X00I Ojicepend, wo
VHEMOACTUBTIOE 3ACMOCYBAHH MPAOUYIIHO20 CROCOOY OMPUMAHHA NONPABOK. B yvomy éunadxy ona no6yoosu
aneopummy 3anponoHOBAHO GUKOPUCHOGY8AMU HAONUdICEHe 3HAYEHHS NONPAGKU ma opeauizayito imepayitinoi
npoyeoypu, npu AKitl nepuie GUMIpAHe 3HAYEHHA KOPUSYEMbLCS 34 OONOMO2010 NONPABOK HA KOICHOMY KpOyi
imepayii. J{ocniodceno ma 006e0eH0 YCHIWHICIb GUKOPUCIIAHHS OMPUMAHO20 ANOPUMMY Ui eeKmusHicmb
npoyeoypu KopeKyii 3a Hasi6HOCMI 0OHOYACHO MYTLIMUNIIKAMUGHUX MA AOUMUGHUX CHOMEOPEHb MEMPOIOIYHUX
XAPaAKMepucmuK GUCOKOBOIbMHUX GUMIPIOGATbHUX NEPemeopIosayis, mak Ak yci ompumani cKiaoosi noxuobku
36005mMbCsi 00 Opy2020 NOPAOKY manocmi. Kpim yboco, noxazamo ycniwHicmv 3acmOCy8aHHA OMPUMAHO20
aneopummy y UnaoKy Uo2o 3acmocy8anHa 05l A8MOMAMUYHOI KOMNEHCayii MempoaociuHol Xapakmepucmuxu
BUMIDIOBATLHO20 NepemeopIo8aia npu MYIbMUnIiKamuGHUX CHOMBOPEHHAX, 3YMOGIEHUX HENIHIHICMIO, KOMU
8iOXuNenHs Koe@iyicnma nepeoasanHs GUMIPIOBATLHO20 NEPEmEopIosaia 6i0 HOMIHANLHO20 3HAYEHH €
@ynryicto 6i0 6xiOH020 napamempa .

Kniouogi cnoga. Cucmemamuuna noxudbka, nepsunHe UMIploeaibhe 0xcepeno, demomMamuyHa KOpeKyis,
aneopumm, imepayitina npoyeoypa.
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