J1L.H. T'ymunes amoiHdaret Eypasus yimmuik yHusepcumeminiy XAGAPIIBICBL
ISSN: 2616-7263. eISSN: 2663-1261
TEXHUKAJIBIK FbLJIBIMJAP YKOHE TEXHOJIOTUSIJIAP CEPUACHI /
TECHNICAL SCIENCES AND TECHNOLOGY SERIES/
CEPUA TEXHUYECKHUE HAYKHU U TEXHOJIOTUH

IRSTI 55.30.03 https://doi.orq/10.32523/2616-7263-2026-154-1-216-228
Review

Robotization in the Production of Distribution Power Transformers -
Technologies, Advantages and Prospects of Industry 4.0

G.A. Smailoval™ , A.M. Alshynova?™ , A.E. Uderbayeva*1",
Sh. Koshanova3*™ ,Y.Zhamankulovl

1 Satbayev University, Almaty, Kazakhstan,
2 Almaty Technological University, Almaty, Kazakhstan
3 Civil Aviation Academy, Almaty, Kazakhstan

E mail: 1g.smailova@satbayev.university, la.uderbayeva@satbayev.university*,
1Zhamankulov.Y@stud.satbayev.university, 2Aiman16@mail.ru, 3s.koshanova@agakaz.kz

Abstract. This paper explores modern approaches to introducing robotic
automation in the production of power distribution transformers within the
Industry 4.0 framework. It identifies the key manufacturing stages where
industrial robots provide the greatest efficiency, including electrical steel
cutting, coil winding, magnetic core assembly, insulation application, tank
welding, and quality control. Particular attention is given to integrating robotic
systems with digital manufacturing management platforms, as well as using
sensors, machine vision, and real-time monitoring technologies. The findings
show that robotic automation significantly improves precision and operational
consistency, reduces production cycle time by approximately 30-40%, lowers
defect rates from 5-7% to 2-3%, and decreases overall manufacturing costs by
15-20%. Additional benefits include improved energy efficiency, enhanced
workplace safety, reduced occupational injuries, optimized resource use, and
minimized human error. The study concludes that implementing robotics in
transformer manufacturing establishes a foundation for smart factories and
fully automated intelligent production systems driven by digitalization, big
data, artificial intelligence, and predictive maintenance.
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Robotization in the Production of Distribution Power Transformers - Technologies, Advantages and
Prospects of Industry 4.0

Introduction

In the modern world, electricity forms the backbone of nearly all spheres of human activity -
from industry and transportation to information technologies and utilities. The growing demand
for energy, the transition to renewable sources, and ongoing digitalization place increasing
requirements on the reliability and efficiency of power systems. In this context, distribution power
transformers, which ensure the transmission and distribution of electricity across different voltage
levels, play a particularly crucial role [1].

The growth of electricity consumption, the active integration of renewable energy sources, the
development of distributed generation, and the expansion of digital grids are forming new
requirements for substation and distribution equipment. Transformers must demonstrate high
energy efficiency, resistance to overloads, long service life, and minimal operating costs. At the
same time, the importance of manufacturing accuracy and stability of electrical characteristics is
increasing, since even minor deviations in winding geometry or insulation quality can affect the
reliability of the entire power system.

Traditional transformer manufacturing technologies rely heavily on manual labor and semi-
automated machines. For decades, operations such as coil winding, magnetic core assembly,
installation of insulation, and integration of tank components have been performed either
manually or with a minimal degree of mechanization. This approach has several drawbacks: high
labor intensity, dependence on worker skills, low repeatability of operations, higher risks of
defects and workplace injuries. Moreover, traditional production methods often fail to meet
current requirements for flexibility, scalability, and responsiveness to changes in market demand
[2].

An additional limitation of the traditional approach is the high labor intensity and extended
production cycle. Under conditions of increasing competition and the need to shorten delivery
times, such a model becomes less effective. Moreover, heavy and potentially hazardous operations-
welding, handling large components, working with impregnation compounds- raise the risk of
occupational injuries and require strict safety measures.

The development of industrial robotics has opened new opportunities for modernizing
transformer manufacturing. Modern industrial robots are characterized by high positioning
accuracy, repeatability, and the ability to operate continuously. Their implementation makes it
possible to automate key stages of the technological process: cutting electrical steel, assembling
magnetic cores, winding coils, applying insulation coatings, welding transformer tanks, and
performing quality control. Robotic systems ensure parameter stability and significantly reduce
the influence of the human factor [3].

Meanwhile, advancements in industrial automation and robotics open new opportunities for
the electrical engineering industry. Industrial robots, characterized by their precision, consistency,
and reliability, are becoming key tools for modernizing production processes. Robotization
addresses multiple challenges simultaneously: it shortens production time, reduces costs,
improves product quality and workplace safety, and creates favorable conditions for digital
monitoring and control methods [3].
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Robotics gains particular importance within the framework of the Industry 4.0 concept. This
concept involves the integration of cyber-physical systems, digital twins, big data technologies, and
artificial intelligence into manufacturing processes. In such an environment, robotic equipment
becomes part of a unified digital ecosystem in which data on machine condition, processing
parameters, and product characteristics are analyzed in real time. This not only increases
productivity but also enables the prediction of potential deviations, preventing defects at early
stages.

Global practice confirms the effectiveness of this approach. Leading manufacturers of power
equipment, including ABB, Siemens Energy, and other companies, are actively implementing
robotic production lines in transformer manufacturing, achieving significant reductions in
production cycle time and defect rates [5-7]. According to industry studies, automation can reduce
manufacturing time by 30-40%, decrease labor intensity by approximately one third, and lower
production costs by up to 20%. These figures demonstrate the strong economic feasibility of
investing in robotics [5-7,10].

In addition to technical and economic aspects, the social dimension is also significant. The
transition to automated systems changes the workforce structure within enterprises: the demand
for low-skilled manual labor decreases, while the need for engineers specializing in programming,
maintenance, and diagnostics of robotic systems increases. This transformation requires revision
of educational programs and systematic upskilling of personnel [2].

Thus, the introduction of robotization into the production and distribution of power
transformers is not only a technical necessity but also a strategic direction for the development of
power engineering. It allows manufacturers to address complex challenges: improving production
efficiency, ensuring higher product quality and reliability, reducing costs, enhancing occupational
safety, and aligning with global digitalization trends.

The objective of this study is to analyze modern approaches to the robotization of
technological processes in the production of distribution power transformers, to identify their
advantages and limitations, and to outline promising directions for development within the
transition toward digital manufacturing systems [1-3].

The methodology

This study is based on the analysis of current trends and technologies applied in the
production of distribution power transformers, with a special focus on the robotization of key
technological stages. The section describes the information sources, regulatory framework, robotic
equipment considered, and the methods applied to evaluate the efficiency of automation [1-
7,9,10].

The following materials were used as the basis for this study: international standards IEC
60076, which regulate the design, testing, and operation of power transformers; national
standards (GOST 3484.1-88, GOST 11677-85) that define quality and parameter requirements for
transformers; technical reports and white papers from leading global manufacturers of robotic
systems (ABB Robotics, KUKA, FANUC, Yaskawa, Siemens Energy); recent academic publications
in the field of robotization of electrical engineering production and digital factories; as well as data
from industry conferences and analytical reviews on the implementation of Industry 4.0
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technologies [8,9]. These materials provided a comprehensive understanding of the current state
of transformer manufacturing and highlighted the areas where robotization yields the most
significant results [1-3].

The manufacturing process of distribution power transformers includes several key stages:
preparation and processing of electrical steel - cutting, stamping and preparing sheets for magnetic
core assembly; magnetic core assembly - stacking, pressing and fixing the sheets; coil winding -
forming primary and secondary windings with high precision; insulation and impregnation -
applying insulating materials, vacuum impregnation and drying; assembly of the tank and active
part - integrating the magnetic core, windings and insulation; testing and quality control -
measuring electrical parameters, checking mechanical strength and ensuring tightness [1,4]. At
each of these stages, robotic systems can be applied, which became the subject of analysis [1-3,5,6].

In the study the following categories of equipment were considered: manipulator robots for
stacking magnetic core sheets and installing coils; automated CNC and laser cutting lines ensuring
high precision in processing electrical steel; robotic winding complexes providing uniformity and
repeatability in coil formation; robots for applying coatings and insulating materials, including
spraying and impregnation systems; automated welding complexes for assembling transformer
tank components; machine vision systems for assembly quality control and defect detection [5,6].

To assess the impact of robotization on the production process the following methods were
applied: comparative analysis - comparison of traditional and robotized production indicators
such as production cycle duration, labor intensity, unit production cost, defect rate and energy
efficiency (Figure 1); economic analysis - evaluation of ROI (Return on Investment), the payback
period of investments in robotization, TCO (Total Cost of Ownership), total costs of equipment
ownership, and economic effect achieved through reduced manual labor and lower defect rates
(Figure 2); technological modeling - use of digital twins of production processes to predict the
results of implementing robotic systems; socio-organizational analysis - assessment of the
influence of robotization on employment structure, staff retraining needs, and changes in
occupational safety and health [1-3].

Reducing the production cycle time
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Figure 1. Dynamics of production cycle reduction
Note: Compiled based on the data presented in references [1-3]
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The application of a combined methodology made it possible not only to quantify the benefits
of robotization (cost reduction, higher quality, faster production) but also to account for
organizational, economic, and social consequences. This approach ensures a holistic
understanding of the role of robotization in modernizing transformer manufacturing.

Reduction in defect rate in production
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Figure 2. Reducing the level of defects in production
Note: Compiled based on the data presented in references [1-3]

Findings/Discussion

Key Directions of Robotization in Transformer Manufacturing. Robotization in the production
and distribution of power transformers covers almost all stages of the technological process. The
greatest efficiency is demonstrated in the following areas [3,5,6].

Automated cutting of electrical steel. CNC laser and plasma installations ensure high accuracy
and speed of sheet processing, minimize waste and increase the yield of suitable products. The use
of robotic loaders accelerates material handling and reduces the workload on personnel.

Magnetic core assembly. Manipulator robots are used for stacking, pressing and fixing the
sheets into packages. This reduces the likelihood of misalignment, ensures repeatability of
operations and improves magnetic core quality.

Coil winding. One of the most labor-intensive and critical processes is the formation of
transformer windings. Robotic winding complexes provide uniform conductor distribution, high
density and precision of winding. This reduces overheating risks, improves electrical performance
and extends transformer service life.

Insulation and impregnation. Robots ensure the consistent application of insulating materials,
perform vacuum impregnation and drying operations. This approach minimizes defects, increases
reliability and dielectric strength of insulation.

Tank welding and machining. Robotic welding systems are used in the production of
transformer tanks. They provide consistent seams, reduce the risk of defects and improve
tightness. Automated machining lines reduce dimensional deviations and improve the accuracy of
fits [11-15].
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Quality control. Machine vision and non-destructive testing systems integrated with robots
enable the inspection of each unit. This eliminates human error and ensures objectivity of quality
control. Comparative Analysis of Traditional and Robotized Production. To evaluate the
effectiveness of robotization, a comparative analysis of key production parameters was carried out
(Tables 1,2).

Table 1. Comparison of traditional and robotized transformer production

Indicator Traditional Technology | Robotized Technology
Production cycle 100% 60-70%
duration
Labor intensity High 30-40% lower
Coil winding quality Medium, operator- High accuracy and

dependent repeatability
Defect rate 5-7% 2-3%
Occupational safety Medium, heavy High, minimal

workload manual operations

Note: Compiled based on the data presented in references [1-3]

Table 2. Economic Effect of Robotization

Indicator Before After
Implementation Implementation
Productivity 100 units/year 140-150 units/year
Cost per unit 100% 80-85%
Payback period - 3-5years
Energy efficiency 100% 110-120%

Note: Compiled based on the data presented in references [1-3]

The results showed:
- Production cycle duration reduced by 30-40%;
- Labor intensity decreased by 35-45%;
- Coil winding precision reached up to 99% repeatability;
- Defect rate reduced from 5-7% to 2-3%;
- Unit production cost decreased by 15-20%.

Additionally, the introduction of robotization increases the energy efficiency of the enterprise
by 10-15% through more rational use of equipment.

The economic analysis showed that ROI (Return on Investment) is 3-5 years, depending on the
scale of production; TCO (Total Cost of Ownership) decreases due to reduced labor costs and fewer
defects; the use of robotic systems increases production output by 40-50% [3,5,6]. For example,
the introduction of automated winding machines at a Siemens plant made it possible to increase
transformer output by 35% without expanding the workforce. Case Studies of Implementation.
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ABB (Germany, 2022) implemented an automated cutting and magnetic core assembly line, which
reduced steel waste by 12% and decreased the cycle time by 25%. Hyundai Heavy Industries
(South Korea, 2021) introduced robotic welding complexes for transformer tank manufacturing.
As aresult, tightness improved and the number of warranty cases decreased by 18%.

Siemens Energy (Austria, 2020) developed a digital twin system for transformer production
integrated with robotic lines. This made it possible to predict product output parameters and
optimize production processes [5,6,7].

Robotization affects not only technical and economic indicators but also the social sphere: the
demand for unskilled manual labor decreases; the demand for specialists in the maintenance of
robots and automation systems increases; working conditions improve and the level of
occupational injuries decreases; the development of staff retraining programs is required [1-3].

Further development of robotization is associated with the introduction of artificial
intelligence to optimize robot performance; the use of collaborative robots (cobots) capable of
interacting with humans on the same production line; the integration of robotic systems into
enterprise digital twins; and the transition to fully smart factories, where production processes are
managed in real time based on big data.

Conclusion

The conducted study showed that robotization of the technological process of manufacturing
distribution power transformers is a strategic direction for the development of the modern
electrical engineering industry [1-3,5].

Summary of Analysis Results:

1. Reduction of production cycle duration. Robotization reduces transformer manufacturing
time by 30-40% through the automation of key operations such as steel cutting, coil winding,
magnetic core assembly and tank welding.

2. Improvement of product quality. The use of robotic systems ensures consistent repeatability
of technological operations and reduces defect probability by a factor of 2-3 compared with
traditional technology.

3. Cost reduction and increased economic efficiency. By lowering manual labor, reducing
material waste and optimizing processes, production costs decrease by 15-20%, while the payback
period of investments in robotization averages 3-5 years.

4. Improvement of working conditions and safety. Robots eliminate human involvement in the
most dangerous and heavy operations (welding, moving heavy parts, insulation impregnation).
This reduces the level of injuries and improves the environmental situation at the enterprise.

5. Social and workforce changes. Robotization requires staff retraining and a shift from mass
manual labor to specialists in the maintenance and programming of robotic systems.

Scientific and Practical Significance. The introduction of robotization in transformer
manufacturing makes it possible to increase product competitiveness in the global market; ensure
higher production energy efficiency; lay the foundation for the creation of “digital factories” and
the transition to the Industry 4.0 concept; and expand the use of artificial intelligence and machine
vision technologies for quality control [3,6].
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Prospects for Further Research. Development and implementation of digital twins of
transformers and production processes to predict product characteristics already at the design
stage; application of collaborative robots (cobots) for joint work with operators on assembly lines;
integration of robotic systems with Big Data and [oT platforms to enable real-time monitoring and
production management; exploration of artificial intelligence methods for adaptive optimization
of production modes and defect prevention [3,10].

General Conclusion. Thus, robotization of the technological process of manufacturing
distribution power transformers not only improves product quality and reduces production costs
but also forms the foundation for the transition to fully automated intelligent production systems.
This direction is key for the long-term development of power engineering, as it combines
technological progress, economic benefits and social significance [1-3,5-7,10-15].
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TapaTyuwbl KymITik TpancpopmaTopJsiap eHAipiciHaeri po6oTTaHAbIPY - 3aMaHAy
TexHoJsiorusiaap, UHaycrpus 4.0 apThIKIIbUIBIKTAPbl MEH NepCcleKTUBAJIapbl

Agaarna. bysa xymbicta «MHAycTpusa 4.0» TyKblpbIMJaMachl asCblHAA TapaTy KYIITIiK
TpaHchopMaTopJsapblH 6HJIPY YAepiciHe poOOTTaHABIPYAbl €Hri3yZiH 3aMaHayu Taciijepi
TaJJaHaJbl. 3epTTey HITHXKeJsepi eHJIPICTiIH Kal Ke3eHJepiHJe 6HepKacinTik poboTTap/bl
KOJIJaHy €H, »KOFapbl TUIMJi/iK GepeTiHiH aHbIKTAW/bl: 3JIEKTPOTEXHUKAJBIK O0JATThl Kecy,
opamMJapAbl Oopay, MarHMUTTIK e3eKllesjepZi »KUHAKTAy, OKLIAyJaFblll MaTepUalJap/Abl Kary,
6aKkTap/ibl oHEKepJIey XKoHe canaHbl 6akpliay. COHbIMEH KaTap poOOTThIK KellleHep/i eHAipicTi
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nudpablK 6acKapy KyWesepiMeH OGipikTipy, AaTUYUMKTepAi, MallMHAJBIK KOpYy KyieJsepiH >xoHe
HAKThl YaKbIT PeXKUMIH/Eeri MOHUTOPUHT Kypa/lJapblH NalkJaJlaHy MaceJesiepiHe epeKile Ha3ap
ayZiapbliaibl.  3epTTey HOTHXKeJepi poOOOTTaHABIPY oOmepanusaaapiblH,  J2JIJ[iri MeH
KaWTaJIaHFBILITHIFBIH €/19yip apTThIPpAaThbIHbIH, OHAIPICTIK UKJ YaKbpIThIH maMaMeH 30-40%-ra
KbICKApTaTbIHbIH, aKayJap AeHrerin 5-7%-aan 2-3%-Fa JelliH TOMeH/leTETiHIH KoHe 6HIMHIH,
e3iH/lik KYHbIH 15-20%-Fa asalTaTbIHbIH KepceTeZi. KocbiMila apThIKUIbLIBIKTApP peTiHAe
3Heprus TUIMAINIriHIH apTybl )KoHe eHOEKTI KopFay AeHTeliHiH KaKcapybl aTan eTiseii, COHbIH
imiHzAe eHAipicTeri xKapaKaTTaHyAblH TOMeH/eyl, peCypcTapAbl YThIM/bI Tanfa/1aHy KoHe afiaMy
KaTesikTepAiH a3awoobl. KopbIThIHABLIAN KeJe, TpaHCcPopMaTOp 6HJipiCiHAeri TEXHONIOTUSJBIK,
yAepicTepAi poOOTTaHAbIPY «aKbUIJbl 3aybITTapFa» »KoHe TOJIbIK aBTOMAaTTaHAbIPbLIFaH
3UATKePJIIK 6H/IPiCTIK »Kylesiepre Kellyre Heri3 Kasanabl. MyHzal xxyhesnepe nudpaanabipy,
YJIKEH JlepeKTep/ii UHTerpauusaay, *acaH/ibl MHTeJJIEKT >KoHe a6/ bIKTap/iblH, IPeJUKTUBTIK
TaJ1aybl HETi3Ti peJs aTKapaabl.

TyiiH ce3aep: poGOTTaHAbIPY, TapaTylibl TpaHCPOpPMATOp, TEXHOJIOTHUSJBIK MPOLECC,
OHEPKACINTIK aBTOMAaTTaHAbIpY, LU pJbIK eHaipic, UHaycTpus 4.0.
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PoGoTH3anus B IPOM3BO/CTBE paclpe e/ TUTeTbHBIX CUJIOBBIX TPaHCPOPMATOPOB -
TEXHOJIOTMH, MPEUMYIIeCTBa U nepcneKTuBsl UHAYcTpuu 4.0

AHHOTaumA. B faHHOUW paboTe aHaJIMU3UPYIOTCS COBpPEMEHHbIE MOAXOJbl K BHEJPEHUI0
po60oTHU3aLMU B MPOU3BOJCTBO paclpesesUTeNbHbIX CUJIOBBIX TpaHCPOPMATOpPOB B paMKax
koHUenuuu «Muayctpus 4.0». UccienoBaHue BbISBJIsSET TEXHOJOTHYECKHE 3Tallbl, HA KOTOPbIX
NpPOMBbIIIJIEHHbIE  POOOTHI obecneyuBalOT  Haubosblyld  3PPEKTUBHOCTb: peska
3JIEKTPOTEXHUYECKOM CTa/Ii, HAMOTKA KaTylleK, CO0pKa MarHUTHBIX Cep/IeUHUKOB, HAaHECEHUE
M30JILMOHHBIX MaTepHUaJioB, CBApKa 6aKOB U KOHTPOJIb KauecTBa. 0co60e BHUMaHUeE yAess1eTCs
MHTErpanuu poOOTOTEXHUYECKUX KOMIIEKCOB C LUMPPOBBIMM CHUCTEMaMH yIpaBJIeHUs
IIPOU3BOJCTBOM, IPUMEHEHUIO JaTYUKOB, CHCTEM MALIMHHOTO 3PEHUS U CPeJCTB MOHUTOPHUHIA
B peaJibHOM BpeMeHH. Pe3y/sibTaTbl MOKa3bIBAIOT, YTO PO6OTH3AlMs 3HAYMTENbHO MOBbIIIAET
TOYHOCTb U MOBTOPSIEMOCTb OIepaliii, COKpallaeT BpeMsi NPOU3BOJACTBEHHOI0 IMKJaa Ha 30-
40%, cHMKaeT npoueHT 6paka ¢ 5-7% 0 2-3% 1 yMeHbIIaeT ce6eCTOMMOCTb MPOAYKLMY Ha 15—
20%. [lomosiHMTe/IbHblEe MpPEUMYIEeCTBA HaOJIIOAAITCAd B 3HEProddpPeKTUBHOCTU U OXpaHe
TPy, BKJIOYasl CHUXKEHHWe TpaBMaTH3Ma Ha paboyeM MecTe, ONTHUMM3ALUIO HCIOJIb30BAHUS
pecypcoB U MUHHUMH3AIMI0 YeJI0BEYECKUX OLIMOOK. B 3aK/I0YEeHUU HCCIeloBaHUS Je/1aeTcs
BbIBO/J], YTO POOOTHU3ALUS TEXHOJOTHYECKOTO Mpoliecca B NMPOU3BOACTBE TPaHCHOPMATOPOB
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3aKJIa/IblBaeT OCHOBY /IS Mlepexo/ia K <yMHBIM 3aBOJiaM» U MOJIHOCTbI aBTOMaTHU3UPOBaHHbBIM
MHTe/JIEKTyaJbHbIM NPOU3BOJCTBEHHbIM CUCTEMaM, TIJie LEeHTPaJbHyl0 poOJib HWIPalOT
nuppoBU3aLUSA, UHTErpaLys 60/bLINX JaHHbIX, UCKYCCTBEHHbIN UHTE/JIEKT U NPeIUKTUBHAsA
aHaJIMTHKA 000PYyL0BaHUS.

Kiro4deBble cj10Ba: po60TH3a1Ms, pacpe/ie/IMTebHbIN TpaHCPOopMaTOP, TEXHOJTOTUYECKU N
npolecc, NPOMbIIIJIEHHas aBToOMaTHU3alus, LudpoBoe npousBoAcTBo, UHAYyCcTpHUa 4.0.
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