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RESEARCH ON METHODS OF MODIFICATION
OF WINDING MACHINE FOR TOROID TRANSFORMERS

In the paper; the design of a winding machine for toroidal cores, developed to reduce the cost and improve the ergonomics
of the machine in the process of its operation is considered. The main shortcomings of analogues are analyzed. Modifications are
proposed, including the use of modern production methods to reduce the cost of the winding machine while maintaining quality
performance, automation of the winding process and the introduction of a sensor system to control the quality parameters of
transformer winding. Special attention is paid to the prospects for the application of machine learning algorithms to improve the
quality of winding. The proposed solutions contribute to the creation of an effective and inexpensive winding machine, compared
to analogues, for laboratory, educational and small-scale use.

Keywords: winding machine; toroidal cores, transformer, automation, machine learning,; microcontroller; digital inter-
face; Raspberry Pi; electric drive.
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Relevance of the research topic. In modern electrical industry and scientific research,
toroidal transformers play a key role, have high efficiency, compactness and reduced level of
electromagnetic interference, due to the evenly distributed magnetic flux in the form of a circle
in the middle of the core [1]. Toroidal coils with several windings such as transformers and
chokes on a common core are also widely used. However, the process of their manufacture
remains complex and resource-intensive, especially for small-scale production, for the needs of
educational, scientific and laboratory research.

The proposed research is aimed at developing an affordable toroid winding machine
(TWM), which has a low cost, a fairly simple design and the ability to be individually config-
ured, which will make the technology more accessible to scientific, technological and educa-
tional institutions.

Thus, the study of the modification of TWM is of considerable relevance, as it contributes
to reducing the cost of equipment, accelerating the development process, automating produc-
tion and increasing the versatility of the device. This opens up new opportunities for scientific
and educational activities, ensuring more efficient use of resources and expanding technological
capabilities in the field of manufacturing electronic components.

Problem Statement. Industrial winding machines for toroidal transformers are designed
mainly for mass production, which largely determines their design solutions, functionality and cost.
Types of these devices are JG-6204[3] and NTK-1[4], which, although they provide high perfor-
mance, have a number of significant limitations. The vast majority of such machines have a high
cost (from 3,000 US dollars), which increases the cost of production, especially in laboratories and
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small enterprises. The high cost is explained by the industrial high-cost production of components
of winding machines and specialized control systems that are adapted to mass production.

In addition, these devices have a significant weight, which complicates their transportation
and installation. For example, the mass of the NTK-1 is 460 kg, which limits its mobility and
makes it impractical for use in research laboratories or small production workshops. The high
weight is due to massive metal structures, which, although they provide strength, at the same
time increase the costs of production and operation.

Fig. 1. Electrical products on a toroidal core:
1 — Step-down network transformer [2], 2 — Common-mode coil [2], 3 — Inductance coil [2],
4 — Four-winding choke [2]; 5 — TWM manufactured by Guangri [3]

Another significant drawback is low ergonomics and the complexity of user interaction.
For example, in the JG-6204, program control is implemented through a button interface that
wears out during use. The NTK-1 lacks even basic means of automation of settings, which
significantly increases the requirements for operator qualifications.

Thus, the high cost, significant weight, complexity in use and insufficient automation of existing
solutions create serious obstacles to small-scale production of toroidal transformers. These problems
necessitate the development of a more accessible and versatile winding device that would allow for
efficient wire winding on toroidal cores without significant financial and technical costs.

Analysis of recent research and publications. The development of toroidal transformer
winding technologies is reflected in a number of patents that offer various approaches to automating
and improving this process. Let us consider patents US4424939 [5], CN110600260 [6],
US2850247A [7], US3506207A [8], US3400894A [9] and EP0190929 [10] from the point of view
of their suitability for use in small-scale production, educational processes and laboratory research.
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Fig. 2. lllustration from patent US2850247A [6]
stages of wire drawing on a ring-type machine
¢ —core, w—wire, b — bobbin

The analysis of the mentioned patents revealed both original technical solutions and most
of the above-mentioned shortcomings of commercial machines, such as: complexity of design
and control, high cost of manufacturing and operation, and limited flexibility and adaptability.

Additionally, the analysis of the patents revealed the following aspects that indicate their
obsolescence and inconsistency with modern technological requirements:

1. Lack of flexible digital control. In many cases, the winding process is controlled using
analog, mechanical, or simple digital systems with a push-button interface [3], which limits
accuracy, ease of use, and repeatability of operations.

2. Use of outdated materials and technologies. Some patents describe the use of massive
metal structures and traditional processing methods, which increases the weight and cost of the
equipment. Modern technologies, such as 3D printing and laser cutting, allow for the creation
of lighter and cheaper components with sufficient strength in small-scale production.

3. Lack of integration with modern manufacturing processes. Many of the described solu-
tions do not take into account the possibility of integration with computer-aided design and
manufacturing (CAD/CAM) systems, which is a standard in modern engineering practice.

In accordance with the above limitations, the project [11] deserves attention. This project
is aimed at developing an inexpensive and easy-to-use winding machine for toroidal coils and
transformers, based on the use of available materials, 3D printing technologies and laser cutting.
This approach allows you to significantly reduce the cost of manufacturing equipment, while
maintaining the necessary functionality and accuracy.

Thus, the analysis of existing patents and modern developments indicates the need to create
affordable, flexible and technologically modern solutions for winding toroidal transformers that
would meet the requirements of small-scale production, educational and scientific research.

Purpose of the article. The purpose of this article is to find ways to modify the existing
TWM, created as part of the project [ 11], taking into account its further development. The main
emphasis is on improving the versatility, increasing the reliability and accuracy of operation, as
well as expanding the functionality of the device without significantly increasing its dimensions
and weight.

One of the important tasks is to ensure greater versatility of the device, which will allow it
to be adapted to different types and sizes of toroidal cores without the need for significant de-
sign modifications. Special attention is also paid to increasing the winding accuracy, which is
critically important for the quality of transformer parameters, especially in cases where the uni-
form distribution of turns determines the electromagnetic parameters of the product.
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Maintaining the compactness and low weight of the device is another priority area of re-
search, as this will ensure its availability for educational institutions, laboratories and small-scale
production. A lightweight and compact design will facilitate transportation and installation.

In addition, an important aspect is the expansion of the device's functionality, which will allow
automating some winding processes, reducing the impact of the human factor and increasing the
repeatability of results. The proposed improvements are aimed at creating an effective, personalized
solution for small workshops and research laboratories, which will significantly simplify the manu-
facturing toroidal transformers while maintaining its economic feasibility.

Main part. The winding machine considered in the thesis was created to provide an af-
fordable and effective method of winding wire onto toroidal cores. The design solutions used
in its development are partly based on the principles set forth in patents [7, 10], which describe
the mechanisms for tensioning and uniform distribution of wire. The frame of the machine was
made of affordable materials, which significantly reduced the cost of production. The main
advantage of such a design will be its compactness and lightness. Fig. 3, a shows a diagram
with the minimum required number of mechanical elements.

@24

Fig. 3.TWM mechanism:
a — Simplified scheme, M — driving roller (motor); b — Vacuz industrial TWM [12]
Source: created by the authors.

However, a number of significant shortcomings were identified during the implementation
process. The main problems were the use of secondary materials and insufficient precision in the
manufacture of individual parts, which reduced the repeatability and accuracy of the winding
process. In addition, due to limited project funding, it was difficult to ensure sufficient structural
rigidity and high quality of mechanical components. This, in turn, led to uneven wire tension and
increased wear of moving parts.

To improve this design, it is first necessary to preserve the general concept of the device,
since its advantages, in particular compactness and economy, remain key. At the same time, the
quality of execution can be significantly improved by using modern production methods, such
as 3D printing, which will ensure high precision of parts and simplify their replacement. The
use of more reliable materials, in particular composites and high-strength polymers, will also
contribute to increasing the durability of the device.

The user interface, which in the initial version was limited only to the ability to manually
adjust the speed and set the number of turns, also needs a significant update. The introduction
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of a digital interface will allow the display of additional parameters, including wire tension,
rotation speed and diagnostic messages. This will significantly increase the usability of the de-
vice and reduce the requirements for operator qualifications. In addition, the interface will dis-
play the estimated parameters of the transformer itself, such as: pulse power, overall power,
impedance and power dissipation of the windings, transformer efficiency. Auxiliary parameters
will also be calculated, such as: minimum conductor diameter, length of the conductor used —
to warn the user about possible problems, or provide recommendations. To do this, the user will
need to enter the following transformer parameters: K — number of windings; U; — winding
voltage, V, where i=1, 2..K; I; — pulse current of windings, 4, where i=1, 2..K; F — pulse repe-
tition frequency, kI'u; ¢, — pulse duration, ps; tpe, — permissible heating temperature of wind-
ings, °C; j — desired current density in the conductor,A/mm?; D;. — diameter of the metal con-
ductor of the winding, mm, where i=1, 2..K; D;¢ ;, — Diameter of the conductor with insulation,
mm, where i=1, 2..K; az — temperature coefficient of the metal to the conductor,1/°C; NN; —
number of parallel conductors in the winding, where i=1, 2..K; Dyyr — outer diameter of the
toroid, mm; D,y — inner diameter of the toroid, mm; H — height of the toroid, mm; w; — number
of turns in the winding, where i=1, 2..K;

Using the formulas from [13], we define the expressions for determining the pulse (1) and
overall (effective) (2) powers of the transformer:

P, = Xi, Uil;; (D
TR Uieflie
Piim = 17” ()

Taking the formulas from [13] for the transformer transformation ratio (3), for effective
winding voltage (4), for effective winding current (5), for the effective current of the primary
winding (6).

Uj

K = 3)
1
Uieq) = Ui \/_6 (4)
1
Il'ef = Il' \/_6 (5)
Ler = Yiey lie Kin. (6)
Substituting (3), (4), (5) into (2) we get (7).
Ui vk (1i Ui Kk Uil
_Zi=2( i )"’Zi:z
Py = {22 ——00Q (7

Simplifying expression (7), we get (8).
1
Paim = ;- 1. (8)

Knowing that the pulse duty cycle Q is (9).
103
= )
A simplified expression for the overall power (8), provides ease of implementation in
software and quick obtaining of an estimated value for the user.
To determine the minimum required conductor diameter to ensure permissible operating

characteristics of the winding, we use the corresponding formula from [13] (10).

Iie
Dy = 1.13 /]N—va (10)

To estimate the length of the conductor used, we first find the perimeter of the cross-section
of the toroid (11).
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lror = Doyr — Divn + 2H. (11)
where lror — the perimeter of the cross-section of the toroid, mm.
Since the wire will be superimposed on the surface of the toroid, we will determine the
average length of the wire used in one turn (12) by modifying the equation for the perimeter of
the toroid (11) taking into account the outer diameter of the wire.

leps = Dgy — D + 2H + 4Djcip,. (12)

where [, ,, — the average length of the wire used in one turn, mm.
Accordingly, the average length of the wire used in the winding will be equal to (13).
leps Wi
in = 505 (13)
where [;;; — the average length of the wire used in the winding, m.
To find the winding resistance, we use the corresponding formula from [13] (14).
4-1;108
R = NN;m-D3,

(14)

Since during the operation of the pulse transformer, the voltage and current in the windings
change with the frequency F, the skin effect phenomenon occurs in the conductors in the windings.
It occurs due to parasitic self-induction inside the conductor, which makes the current density in the
conductor uneven. As a result, the current begins to flow closer to the surface, the higher the fre-
quency F. As a result, the cross-section of the conductor through which the current passes decreases,
the resistance of the conductor increases, and therefore the heating costs also increase.

To find the depth of the skin effect, we use the formula [14], and calculate the depth of the

skin effect (15).
_ , 1
6= p— (15)

where § — the depth of the skin effect, mm.

Knowing the depth of the skin effect, we calculate the effective cross-sectional area of the
conductor, marked in green in fig. 4, a, and find the conductor diameterD;y. (fig. 4-2), which
corresponds to this cross-sectional area.

Fig. 4. The influence of the skin effect:
a — the appearance of the influence of the skin effect on the conductor;
b — the effective cross-section of the conductor taking into account the skin effect
Source: created by the authors.

First, we find the diameter of the zone that does not participate in current transfer, marked
in red in Fig. 4, a (16).

D,, = Diy — 26. (16)
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Knowing the diameter of the inner zone, we find the area of the outer zone through which
the current flows (17).

2 2
mDjy  TDie

Sep = ol e (17)

This area can be represented by an equivalent conductor with a diameterD;ye ,

2

et = Sy (18)
Substituting equation (16) into equation (17) and simplifying, we obtain (19).

Dijter = Dity — Dfe. (19)
Substituting the formula for D,., (16) into equation (18), we obtain (20).

Dier = Diyy — (Dim — 26)2. (20)
Opening the brackets and simplifying (20), we get (21).

Diter = 46(Diy — 6). (21)

Knowing the new equivalent diameter of the conductor, we find the new resistance of the
windings (22).
4-1;y-108
Ravi=p NN;-48(Djy—8)"
The resistance formula (22) takes into account the influence of the skin effect on the transformer
windings, which makes it possible to more accurately estimate the heating losses of the windings.
Knowing the total resistance, we find the power dissipation of the winding (23).

Py = I(RaLLi- (23)

Since the windings will heat up during operation, we will find the total power dissipation
at the permissible winding temperature (about 100 °C ... 120 °C)[12] (24).

(22)

Pu = (14 r(t%0n — %) ) B Pay. (24)
Knowing the total power dissipation, we find the efficiency of the transformer (25).
_ Z{(zz Uied) Iied)
nTP B Z{(zz Uied) Iied) +PM' (25)

Using the calculated values, it is possible to create a number of recommendations and
warnings regarding the selected transformer parameters entered by the user. It is possible to
initially configure the device before starting the wire winding process, and to provide the user
with future parameters of the output transformer.

In addition to mechanical improvements, an important stage of modernization is the intro-
duction of intelligent quality control algorithms. To implement the previously considered im-
provements, the use of an STM32 microcontroller will be sufficient, since it provides the neces-
sary computing power, supports various interfaces for connecting sensors and has low power
consumption. However, the key problem of all existing solutions is the lack of real quality control
of winding, since most mechanisms only maintain wire tension without analyzing whether it is
evenly distributed.

To solve this problem, the use of artificial intelligence is promising. The use of machine
learning algorithms will allow automatically assessing the uniformity of winding, detecting de-
fects and adjusting process parameters in real time. However, the main difficulty is the process
of training and testing such algorithms, since it is necessary to collect a significant amount of
data on high-quality and defective windings.
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One way to solve this problem is to use the machine itself for data collection and testing
algorithms. This will not only improve the quality of winding, but also create a platform for fur-
ther research in the field of automation and quality control of transformer windings. Given the
need to process a significant amount of information, it is advisable to use a more powerful con-
troller or one board computer, such as RaspberryPi 5, to implement intelligent algorithms, which
will provide sufficient performance for working with neural networks and analytical algorithms.

Thus, the improvement of the considered winding machine is possible through the use of
modern production methods, the introduction of digital quality control systems, automation of
the winding process and the use of artificial intelligence to evaluate the results of work. This
will not only increase the accuracy and reliability of the device, but also make it promising for
commercialization, since it will be able to compete with industrial analogues due to its low cost
and flexibility in use.

Conclusions. The article considered the design of a winding machine, which is characterized
by compactness and availability in production. Despite the advantages, a number of shortcomings
were identified that limit the effectiveness of its application. A number of improvements were
proposed, including modernization of the design, the use of higher-quality materials, the intro-
duction of a sensor system for controlling wire tension, and automation of the winding process.

A promising direction for further research is the integration of artificial intelligence for
analyzing the uniformity of winding and adaptive adjustment of process parameters. This will
not only improve product quality, but also minimize the influence of the human factor. The use
of modern microcontrollers and digital technologies will ensure increased efficiency and ex-
pand the functionality of the device.

Thus, the improved machine has the potential for use in scientific and educational institu-
tions, small-scale production, and laboratory conditions, ensuring high quality winding at an
affordable cost.
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JOCJIIIKEHHA CIIOCOBIB MOI[I/I(I)IKAHIi HAMOTYBAJIBHOI'O BEPCTATY
JJIAA TOPOIJHUX TPAHCPOPMATOPIB

Y pobomi posensioaemucs npoyec npoexmyeanus ma 6u20mosieHHs HAMOMYBANbHO20 6epCmama Ol MopoioanrbHux
CepOeyHUKIB, CNPAMOBAHUL HA 3HUICCHHS GUDOOHUYUX SUMPAM MAd NOKPAUeHHs O0OCMYRHOCHI ) OpiOHOCepilinoMy 8upobHU-
ymei. Ananiz iCHyIOUUX piliensb, Y MOMY YUCA | 3aKOPOOHHUX NAMEHMIE, BUSHAYUE KIHOYOBI HeOOIKU, 00 SKUX 6X00Mb | He-
00CMAMHS AHCOPCMKICIb KOHCIMPYKYIT Ma HepIGHOMIPHULL Hamse Opomy nio Yyac HamomyeanHs. s eupiuienHs yux npoonem
3anpononosani 800CKOHANeHHs, AKI nepedbaialoms UKOPUCIANH NepedosUx BUPOOHUYUX meXHOoNo02il, makux aKk 3D-opyk
ma nasepue pizanis, GNPoBaAOINCEHHs CUcmeMit MOHIMOPUNZY HA OCHOBI ONMUYHUX OAMYUKIG, 30KpeMa | cucmemu MauuHHo20
30pYy, ma NOGHY A6MOMAMU3AYII0 NPoYecy HaAMOMYEAHHSL.

3uauna ysaza npuoinacmocs MOACIUBOCIT NOMEHYIIHO20 3ACNOCYBAHHS AN2OPUMMIE MAWUHHO20 HABYAHHS OIS NiOGU-
WenHs AKOCMI npoyecy HamMomyeanHsa. Inmezpayis wimyuno2o iHmenekmy 8 cucmemy moogxce 3a6e3neyumu 6UuseieHHs dedex-
Mig y pedxcumi peanbHo2o 4acy, 003601UMb BUKOHYEAMY A0ANMUBHe HATAWMYBAHHS NAPAMEMPI8 Ma KOHMPOMIO8AMU AKICb
i3 MiHiManbHum empyyannam aoounu-onepamopa. OKpim mozo, 8 00CHIONCeH i aKYeHMYEMbCA y8azd HA 6UKOPUCIAHHT CY-
4ACHUX MIKpOKOHmMpOepie ma oononiamuux Komn tomepis, exmouarouu STM32 ma RaspberryPi 5, siki 3acmocogyiombcs ons
06poOKU Ma KepyBaHHs OAHUMU 8 PedCUMi peanbHo2o dacy. Hasedeni mamemamuuni 6upasu, wjo MojICyms 6UKOPUCMOBYEA-
MUCA 8 NPOSPAMHOMY 3a0e3neuenti HaMOMYBAIbHO20 6epCmama Ol POSUWUPEHHA 11020 YYHKYIOHATY.

3anpononosani 600CKOHANEHHA CRPUSAIONb CMEOPEHHIO ePEKMUBHO20, EKOHOMIUHO OOYITbHO2O Md YHIBEPCAILHOZO HA-
MOMY8ANLHO20 8epcmama, npudamuo2o 0Jia 1a00pamopHUX 3aCMOCY8aHb Ma OPIOHOCEPIIHO20 8UpOOHUYMEA. 3a80AKU 6NPO-
BAO0XHCEHHIO YUPPOBUX CUCmeM KepyBaHHs ma 3abe3nedents AKOCmi npoyecy HAMOMYBAHHS HA OCHOBI WUMYYHO20 THMENEKMY
800CKOHANEHA KOHCMPYKYIA MAE NOMEHYIan KOHKYPY8Amu 3 PilleHHAMU NPOMUCI0B020 KAACY, 30epiearodu npu ybomy 0ocnty-
NHICMb WUPOKOMY 3a2aNY MA MAIO4U SHYUKICIb 011 NOOATbUUX 600CKOHAIEHD.

Kniwouosi cnosa: namomysanvnuii éepcmam, mopoioni ocepos;, mpancghopmamop,; asmomamu3ayis;, MawuHie HA6-
YaHHs; MIKPOKOHmpoaep, yugposuil inmepgetic; Raspberry Pi; erexmponpusio.
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