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power transformers, This paper addresses the application of qualimetric methods for assessing
technological process, product quality in the manufacturing of power distribution transformers.
quality indicators, Particular attention is paid to the formation of quality at various stages of
regression model, quality the technological process, including core production, winding of coils,
management. assembly of the active part, insulation treatment, impregnation, and

testing. It is shown that transformer product quality is influenced by
numerous factors, including raw material characteristics (electrical steel,
conductors, insulation), the level of technological equipment, personnel
performance, and the completeness of technical documentation.

A quantitative approach to assessing product quality based on a set of
properties characterizing the technological process is proposed. The
possibility of describing product quality through a functional relationship
accounting for individual factor influences is considered. Regression
models are applied to analyze the impact of factors on the final product
properties.

The analysis demonstrates that qualimetric methods allow for the
systematization of quality indicators and provide a basis for their
quantitative evaluation. This contributes to more effective management of
technological processes and improves transformer product quality. The
results can be used in the development of quality control systems in the
electrical engineering industry.
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KYIITiK Makazaga TapaTymisl KyIITik TpaHcpopMmaTopAap eHAipiciHAe eHiM
TpaHcdopmaTopaap, carmaceiH OaFaJay VIINiH KBaAMMETpPUs d4icTepiH KOAJaHy Maceaeaepi
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cara KepceTKilrepi,
perpeccusiAbIK YATi,
carrasel 6ackapy.

Geairin >XuHayABl, OKIayJlay ©HAEYAi, CiHAipyAi >KoHe chIHayABI Koca
aaraHAa, TpaHcpopmaTopaapAbl AalibIHAAYABIH TeXHOAOTMABIK, IIpOIie-
CiHiH 9pTYyp4i caTblaapblHAa callaHbl KaABIIITACTHIPY epekllelikTepiHe
epekIlle Hazap ayaapslaadbl. TpaHcdpopMaTopablK eHiMHIH camacel Gac-
TallKbl MaTepuaajapAblH  (DAeKTpOTeXHUKaABIK, 0o04aT, ©TKisrimrep,
OKIlayJay) CUIlaTTaMajapblHa, TeXHOJOTUAABIK >KaOABIKTHIH AeHTelfiHe,
IepCcoHaAAbIH eHOeK callachlHa >KoHe TeXHMKaABIK Ky>KaTTaMaHBIH JKeTil-
AipiayiHe OaliaaHBICTBI KemTereH ¢aKTOpAapAbIH ocepiHeH KaAbIIITa-
CaTBIHBI KOPCeTiATeH.

TexHOA0IMAABIK IPOLECTi CUMIATTaTBIH KacUeTTep KUBIHTHIFLI HeTidiHae
©HIM caITachIHBIH JeHTeliH caHABIK OaFadayFa Tocia YCHIHBLAABL JKekeae-
red (akTopAapABIH dCepiH ecKkepeTiH (PYHKIIMOHAAABIK TIyeAAiAiKTiH
KOMeTiMeH ©HIM callachlHbIH AeHIeiliH cUIaTTay MYMKIiHAIr KapacTbl-
prlaaanl. PakTopaapAblH 9cepiH Taajay YIUiH OAapAbIH TYIIKiAiKTI HOTHU-
JKeTe acep eTy AdpeXKeciH alKpIHAayFa MYMKIHAIK GepeTiH perpeccusaabk,
MOAeAb TaaalaHblAabl.

Xyprisiaren Taaaay kepceTkeH/eil, KBaAMMeTpPILI d4icTepiH K0A4aHy calla
KOPCeTKIITepiH >KylleAeHAipyre >KoHe OJapAbl CaHABIK Oafalay YINiH
Heri3 >Kacayfa MYMKIiHAIK Oepedi. Bya TeXHOAOIMAABIK IIpoliecTepAi
6ac1§apy4},11{ TUIMAiAITiH apTTBIpyFa >KoHe TpaHC(l)OpMaTOpAI)IK OHIMHIH
callachlH >KaKcapTyfa bBIKIIaA eTedi. AJbIHFaH HITUDKeAep DAeKTpo-
TeXHMKaABIK ©OHEPKICINTeri callaHbl Oakbllay >KyiieciH a3ipaey KesiHe
Iaiija4aHbplAybl MYMKIH.

Karouessie caoBa:

AHHOTAILIVIS

CIA0BbIE
TpaHcOpPMaTOPH,
TEeXHOAOTMIECKUI
TIpoIiecc, nokasareAu
KauecTBa, perpeccroHHast
MOJ€Ab, yIpaBAeHVe
KauyeCcTBOM.

B craThe paccMaTpMBaIOTCs BOIIPOCH IIPYIMEHEHNS METOA0B KBaAVMETPUN
AJsl OILIEHKU KauecTBa MPOAYKIIMHU B IIPOM3BOACTBE paclpeieAnTeAbHBIX
c1A0BBIX TpaHcPopMaTopos. Ocoboe BHUMAaHNE YAeAsSeTCsI 0COOeHHOCTIM
JopMmpoBaHusa KadecTBa Ha Pa3AUYHBIX CTaAUAX TEXHO/OTUYECKOTO
IpoIiecca M3TOTOBAEHMS TpaHCPOPMaTOPOB, BKAIOYAs ITPOM3BOACTBO
MarHUTOIIPOBOAA, HAaMOTKy OOMOTOK, COOpPKy aKTMBHOM 4acTH,
U30ASIMOHHYI0 00paboTKy, mpormTKy u wucnbetanus. [TokazaHo, uTto
KauyecTBO  TpaHCPOPMATOPHON  MpOoAyKIuu  popMmpyerca 1104,
BO3/eVICTBMIEM MHOKecTBa (PaKTOPOB, CBA3AHHBIX C XapaKTepUCTUKaMU
MCXOAHBIX MaTepnaloB (DAeKTPOTEXHIJIECKON CTaay, IIPOBOAHUKOB,
U30AALIMM), YPOBHEM TEXHOAOTMYIECKOTO 000PYA0BaHI, Ka4eCTBOM TPyAa
IIepCcoHaJa VI COBEPIIIEHCTBOM TEXHIIECKOIT AOKYMEHTaIINIA.

IIpeaaoskeH IOAXOZ K KOAMYECTBEHHOI OLIEHKe VpPOBHSI KadyecTsa
MPOAYKIMY Ha OCHOBE COBOKYITHOCTM CBOJVICTB, XapaKTepPU3YIOLIUX
TEXHOAOTMYECKUI Iporecc. PaccMarpyuBaeTcss BO3MOXKHOCTh OIIVICAHVAS
YPOBHA  KayecTBa MPOAYKIIMM C TIOMOLIBIO  (PYHKIIMOHAABHOI
3aBUCHMOCTY, VYUTHIBAIOIIEN BAUSIHNME OTAEABHBIX (paKkTopos. Aas
aHaausa BAVSIHMA (HAaKTOPOB HCIIOAB3YETCsl PerpecCMOHHasl MOAEAb,
IIO3BOASIONIAsl ONpeAeAUTh CTelleHb WX BO3JEVICTBMS Ha KOHEUHBIN
pesyAbTar.

IIpoBes€HHBII ~aHAAM3 IIOKa3blBaeT, YTO IIPUMEHEeHUEe MeTOJ0B
KBaAVMETPUHU IIO3BOASIET CHCTeMaTU3MpPOBaTh IIOKa3aTeAy KadecTBa U
CO34aTh OCHOBY AAs MX KOANYECTBEHHOI OIleHKU. DTO CIIOCOOCTByeT
NOBIIIeHNIO  9QQEKTUBHOCTY  yIIpaBAeHUs  TeXHOAOTUMYECKUMU
IporieccaMy U yAy4IIeHMIO KadecTBa TpaHC(POPMaTOPHON MPOAYKIIVIL.
IToayueHHBIe pe3yAbTaThl MOTYT OBITH MCIOAB30BaHBI IIPU pa3paboTke
CIICTeM KOHTPOAsI Ka4ecTBa B AeKTPOTeXHIIEeCKOJ IIPOMBIIILAEHHOCTIA.
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INTRODUCTION

In modern industrial conditions, the problem of ensuring a high level of product quality is
becoming increasingly important. For the electrical engineering industry, particularly in the
manufacturing of power distribution transformers, this task is especially relevant, since
transformers are widely used in the energy sector, industry, construction, and household
systems. The reliability and durability of power systems largely depend on the quality of
transformer products (Trishch R. et al. 2024).

According to the requirements of GOST 15467-79, product quality is defined as a set of
properties that determine its suitability to satisfy specific needs in accordance with its intended
purpose. In transformer manufacturing, quality is formed under the influence of numerous
factors arising at different stages of the technological process.

The production of power distribution transformers represents a complex system of
interrelated processes. These include the manufacturing of the magnetic core from electrical steel,
winding of coils, assembly of the active part, insulation treatment, impregnation (or oil filling),
and testing of the finished product. At each stage of production, certain material and structural
properties are formed, which subsequently determine the operational characteristics of the final
product (Orlov, G. A., & Orlov, A. G. 2018, Andrejiova M. et al. 2025).

One of the main challenges is the objective quantitative assessment of product quality.
Traditional control methods allow the detection of individual defects or parameter deviations;
however, they do not always provide the means to obtain a comprehensive evaluation of the
quality level. In this context, there is a need to apply qualimetric methods, which allow quality to
be considered as a set of interrelated properties.

Qualimetry is a scientific discipline focused on developing methods for the quantitative
assessment of product quality. Its primary task is to establish a system of indicators that allows
for an objective evaluation of the quality level of various objects, including industrial products
and technological processes.

In transformer manufacturing, the application of qualimetric methods makes it possible to
take into account a large number of factors affecting the formation of product properties. This is
particularly important in electrical engineering, where the characteristics of a design are formed
as a result of complex technological operations under high requirements for electrical, magnetic,
and mechanical properties (Vasilevskyi O. et al. 2025, Trishch R. et al. 2021).

MATERIALS AND METHODS

The object of this study is the technological process of manufacturing power distribution
transformers at enterprises in the electrical engineering industry. A distinctive feature of this
process is the multi-stage formation of product quality, which occurs across different production
units (Hovorov P. et al. 2025).

The quality of transformer products is formed at the following stages of the technological
process: core production, where the magnetic properties of the material are established; coil
manufacturing, which ensures the required electrical characteristics; assembly of the active part;
insulation treatment and impregnation, aimed at achieving the necessary dielectric properties;
and testing, which ensures control of all parameters of the finished product (Hovorov P. et al.
2024).

At each stage of the technological process, specific properties are formed that influence the
quality of the final product. Moreover, the quality at subsequent stages largely depends on the
results of the preceding technological operations.

Regression analysis is applied to evaluate the significance of these factors, allowing
determination of the extent to which individual parameters influence the overall quality level.
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The use of statistical data processing methods makes it possible to identify the most significant
factors and determine directions for improving transformer product quality.

Product properties can be classified as complex or simple. Complex properties are
combinations of less complex characteristics, while simple properties cannot be further
decomposed. Product parameters are quantitative measures characterizing corresponding
properties or states of the item.

A specific feature of transformer manufacturing is the multi-stage formation of quality
across different units of the technological process. A typical scheme of product quality formation
is presented in Figure 1. At each stage, quality depends on the previous stages and significantly
affects subsequent processes (Hovorov P. et al. 2025, Trishch R. et al. 2021).

Quality Quality of raw Quality Quality of

: materials of technology work
project and equipment

Y 4
> Workmanship
Storage v Quality of
quality > Product [ operation
quality and repair

Figure 1. Schematic diagram of the hierarchical structure of transformer quality properties
Note — borrowed from the work (Trishch R. (2023)

The set of properties determining the product quality level can be represented as a set (S).
A subset of properties defining the quality level, (K(S)), includes the following main groups of
characteristics: material properties; technological equipment properties; labor process properties;
and technical documentation properties (Vasilevskyi O. Trishch, R. & Cherniak O. 2024, Cherniak
O., Trishch R. & Menshykova O. 2023, Andrejiova M., Pifosova M. & Blistanova M. 2024).

The subset of properties (S), determining the quality level (K(S)) of products in each unit,
can be represented as a combination of subsets Si); 5;0; Sk@; Si4), linked by the condition:

S=8"usrus?, 1)
where S (i=1,...,N) properties that determine the quality of the material (the category

“material” is determined by the division); Sj(-l) (i =1,...,R) properties that determine the level
of quality of work; S ,Eq) (i=1,....,G) properties that determine the quality level of

technological equipment; S ,(d) (i =1L,...,L) properties that determine the quality level of

technical documentation.
Based on detailed analysis, it is reasonable to assume the existence of a functional (P)
describing product quality:

K (S, K (S ) K (817 u K, (S()
K(S) = (D(Kma Kta an Kd’ t)a

where (t) is the current time.
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RESULTS AND DISCUSSION

The analysis showed that the quality of power distribution transformer products is
determined by the combined influence of many factors, grouped into material properties,
equipment characteristics, labor organization, and technical documentation condition.

Each factor affects transformer properties differently. For example, the magnetic properties
of electrical steel influence no-load losses and magnetic characteristics, while winding and
assembly parameters affect electrical performance, geometric accuracy, and insulation quality
(Petraskevicius V., Zdenek D. & Trishch R. 2025, Dyadyura K. Vasilevskyi O. & Trishch R. 2021).

Based on this approach, a hierarchical system of product quality indicators was developed,
including the following levels: integral indicators, complex indicators, generalized indicators,
group indicators, and single indicators.

This system allows the structure of product quality assessment to be represented as a
hierarchical “tree of properties.” The top level of this structure corresponds to the generalized
property “transformer quality,” which is determined by a combination of simpler characteristics.

The main requirements for quality indicators include informativeness, timely availability
of data, sufficient measurement accuracy, and sensitivity to changes in technological parameters.

The proposed approach allows not only the evaluation of the current quality level but also
the identification of the causes of its variation, which is an essential element of the transformer
production quality management system.

In works (Tsykhanovska I., Yakovlev, M. & Cherniak O. 2024, Trishch R., Cherniak O. &
Hovorov A. 2022), it was assumed that the functional (Phi) belongs to the class of differentiable
functions, and in the mathematical description of quality, quality criteria were combined by
simple multiplication, resulting in the condition:

K =A(x))" (xz)b (x3)° (x4)da 3)
where ( x;) are the factors; (a...d) are coefficients determined empirically, characterizing the
weight of each factor; and K, K,, K, u K;,4 is a constant reflecting the influence of

unaccounted factors on quality.

In real processes, the values of factors ( X;) are limited [X; . »X; x| t0 a certain interval.
Using a normalized relation:
X, =2(Inx, -Inx,  )/(Inx, , —Inx,  )+1 @)
expression (3) can be transformed into the form:
Y =4-X!- X2 X5 X] 5)

where (Y) optimization parameter; X; dimensionless factors (i = T,Z)
After taking the logarithm of equation (5), it is easy to obtain the condition
InY=InA+aln X, +bIn X, +cln X, +dIn X,, (6)

After logarithmization, this expression can be transformed into a linear regression model,
which significantly simplifies the analysis procedure and allows the use of statistical methods for
processing experimental data.
essentially representing linear regression

4
Y=b,+> bX, @)

i=1
in which Y are the estimates InY according to equation (6); b,,b;are the corresponding

coefficient estimates.
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From expressions (3) and (6), it is clear that when factors K;, K, u K, vary slightly within

X which is highly probable for functioning technological processes,

the interval [x a1

(mmn
regression (7) transforms into the relation:

K($)=BI[K, (S, ®)
where B uh are coefficients determined empirically.

Thus, the overall strategy for quality assessment becomes clear, since well-known
qualimetry recommendations (Trishch R. et al. 2020, Trishch R., Cherniak O. & Hovorov A. 2022)
define this procedure as the implementation of the following sequential steps: identification of a
representative subset of properties, measurement and computation of normalized assessments of
single properties, and quantitative evaluation of quality.

Nevertheless, despite the apparent clarity, implementing such an algorithm remains
challenging, as a number of issues must be addressed, which are discussed below.

Accordingly, the following main quality indicators can be distinguished: single indicators,
relating to a single property; group and generalized indicators, relating to several product
properties; complex indicators, relating to the combination of properties used to make a quality
assessment; and integral indicators, reflecting the ratio of the total useful effect of product
operation to the costs of its creation.

In the aforementioned works, these quality indicators were related as follows:
Integral indicator:
Ky = F1 (Ko, Kq) K
where K is the complex quality indicator, and Kq represents the set of economic indicators.
Complex indicator: K, = F,(Kj,...,K, ), where Kq is the generalized quality indicator

(q=1, n);
Generalized indicator: K, = K (ky,....k,,), wherek ; are group quality indicators

(J =1m);

m
Group indicators: kj = kj (I”l(j),...,rli_j)); le = N, where ( rl.(j)) is a single indicator
« =

of the quality of the i- th simple property, which determines the j-th more complex property;
[; - the number of individual quality indicators that determine the j-th generalized quality

indicator; N — the number of individual properties that determine the quality level;

Single indicators: rl.(j ) = i’i(j ) (xl’ ), where xi(j ) is the value of a single property, determined
either through direct measurement or expert evaluation; it defines the (j)-th simple property of
the (i)-th more complex property, with (n_i) single indicators defining the (i)-th generalized
indicator, and (m_i) single properties determining the quality level.

Following this hierarchy of indicators, works (Trishch R. et al. 2024, Orlov G. A., & Orlov
A.G. (2018), Trishch R. et al. 2021) constructed a property tree for transformer quality (Figure 2).
The selection of these properties was justified because they serve as the basic qualimetric objects
in transformer production, classified according to the “material-product structure” basis.

The analysis of the presented data allows concluding that the generalized property
“transformer quality” can be considered as a combination of the complex properties “design
quality” and “material quality,” i.e.,

K,,1e. K,=K, UK,
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Figure 2. Schematic diagram of the transformer quality property tree
Note — borrowed from the work (Trishch R (2022), Vasilevskyi O (2024), Cherniak, O. 2023)

It should be noted that each of the complex properties can be Ki end K represented as a

union of subsets of less complex properties, K,...,k;,whose indicators are linked by the

condition:
K, =ky Uk, Uks Uky Uk,
where - indicators of properties characterizing, respectively, the dimensionality and

defectiveness of the transformer design; group indicators characterizing complex material
properties of the transformer such as magnetic and electrical characteristics, machinability,
structural and chemical inhomogeneity, and cost-effectiveness.

Then, with such a hierarchy of indicators, the highest level of the "property tree" is
automatically assigned to simple quality properties, the individual indicators of which...

1 e e e (4 :
i ek nt e kysny) e kg e kg

ro) €ksiry € ki) € ks

which characterize, respectively, the geometric, organoleptic, and introscopic properties of the
design, as well as the mechanical, technological, structural, and chemical properties, and the cost
of the material components.

For a subset of simple properties, a number of definitions were introduced (Trishch R. et
al. 2024, Orlov G. A. & Orlov A. G. 2018, Trishch R. et al. 2021, Petraskevicius V., Zdenek D. &
Trishch R. 2025).

Geometric properties of the subset I”lgl) characterize the compliance of the transformer’s

shape and dimensions (core, coils, tank) with specified parameters. Objective assessment
methods include layout and dimensional measurements. Single components may include, for
example, conformity of shape to tolerances, alignment of design elements, deviations from

nominal distances, and other indicators.

Organoleptic properties of the subset 7”2(1-2) refer to psychophysical properties determined

visually. The quality indicator is the degree of surface defects of the product, evaluated based on
the number and size of visually detectable defects under specific manufacturing conditions. In
practice, organoleptic properties are not usually subdivided; however, if a surface defect classifier
is developed, differentiated evaluations of simple properties become feasible.
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Introscopical properties of the subset V3(i2)

characterize internal defects in the structure of
the product (insulation, core). Reliable and commonly used methods for detecting internal defects
include ultrasonic testing, X-ray inspection, and partial discharge measurements. Introscopical
properties are typically assessed on a conditional scale, where each score corresponds to a certain
degree of internal defects. With an internal defect classifier, differentiated quantitative

assessments are possible.
Mechanical properties of the subset ”4(1'3 ) generally characterize strength 7,; and plasticity

74, of structural elements and determine their ability to withstand environmental and
operational stresses (vibration, short-circuit forces). Standard testing methods evaluate strength
using hardness, yield strengtho;, and ultimate tensile strengthop, while plasticity is

traditionally measured by elongation d , reduction of area V), and impact toughness KCU.

Some researchers note that in subset (Trishch R., Cherniak O. & Hovorov A. 2022), it may be
sufficient to include only certain properties: hardness and yield strength for strength, reduction
of area and impact toughness for plasticity, as some properties are linearly dependent. Elongation

is sometimes considered an indicator of material softening.

(4

The technological properties subset 7s; ) is intended to characterize the workability of the

material and the transformer structure with respect to various types of processing (winding,
assembly, welding, as well as thermal and chemical treatments). Therefore, this subset ¥5; of proper-

ties can be quite extensive and is ultimately determined by the product’s purpose. For the magnetic
core and windings, some of the key properties are those that, under given thermomechanical

conditions, characterize the material’s ductility 75, and 75, its resistance to deformation.

(%)

The structural properties subset #;” characterizes the dispersion of the structure 7, as

well as the contamination of the material by nonmetallic inclusions 7y, . When assessing

structural dispersion, standard grain ratings of electrical steel are used as basic properties.

Contamination by inclusions is generally classified into endogenous and exogenous.

The chemical properties subset r7(.6)

; characterizes the conformity of the material’s chemical

composition to the specified requirements. Depending on the transformer’s purpose, factors such as

the degree of compliance of the concentrations of chemical elements 75 with standard requirements,

dendritic segregation, and the degree of deficiency of components 743 may be taken into account.

Thus, based on the above, it can be stated that the object of analysis becomes a certain four-
level hierarchical “property tree,” in which quality, as a generalized property, is located at the
zero level, while all simple properties are at the third level of the hierarchy. The main
requirements for quality indicators can be formulated as follows (Trishch R. et al. 2024, Orlov G.
A. & Orlov A.G. 2018, Trishch R. et al. 2021).

Information support — the indicator should be such that the necessary information for its
determination can be obtained within the timeframe required by the efficiency criterion.

Accuracy - the indicator should be determined with sufficient precision to allow correct
decisions regarding control actions.

Sensitivity — the indicator should be responsive to changes in the evaluated factors.

CONCLUSION

The conducted study demonstrated that the quality of power distribution transformer
products is shaped by the influence of numerous interrelated factors acting at various stages of
the technological process.
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The application of qualimetric methods allows for the systematization of quality indicators
and their quantitative assessment. The proposed approach, based on a functional dependence of
quality on a set of technological factors, can serve as a foundation for developing mathematical
models for managing transformer product quality.

The use of regression models enables the determination of the impact of individual factors
on the formation of transformer properties and supports the development of recommendations
for optimizing technological processes. The obtained results can be applied in the creation of
quality management systems at electrical engineering enterprises and in improving methods for
controlling technological processes.
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