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1. Introduction

1.1. Significance and applications
of superconducting cables

This study presents an advanced production system for helically wound superconducting ca-
bles. The developed system addresses critical challenges in high-current applications (such as
power transmission, fusion reactors, and space technologies) by combining modular design
with precision engineering solutions. It is directly applicable to the production of supercon-
ducting magnets required for particle accelerators and high-energy detector systems. Key in-
novations of the system include an adjustable tension control mechanism (with a range of
10-20 Nm), multi-azxis synchronization (seven-axis motion control), and configurable winding
parameters (heliz angle between 10° and 75°, diameter range of 6-25 mm). The production
platform integrates up to 16 independent tensioning units and provides precision tension man-
agement via an adaptive control mechanism. The output of the device confirms the system’s
ability to produce industrial-quality superconducting cables while minimizing mechanical de-
formation. These technological advancements provide a strong foundation for integration into
large-scale infrastructure projects in high-energy physics.

Keywords: helical winding, helically wound superconducting cables, high power cables,
precision manufacturing, superconducting cables.

electrical energy without dissipation [3]. The global
superconducting cable market is projected to experi-
ence consistent growth through 2035 due to expand-
ing investment in energy and research infrastructure

Superconductivity is the phenomenon in which cer-
tain materials, when cooled below their critical tem-
perature (T.), exhibit zero electrical resistance and
perfect magnetic field exclusion (Meissner effect)
[1,2]. Superconducting (SC) cables offer significantly
higher current carrying capacity compared to conven-
tional copper or aluminum cables and can transmit
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[4]. Similarly, the Cable Manufacturing Equipment
Market is expected to show significant development,
underlining the increasing demand for advanced, pre-
cision production systems [5].

Key application areas for SC cables include:

¢ Power Transmission and Distribution: Minimiz-
ing grid losses and increasing power density in urban
areas [6].

¢ High Energy Physics (HEP) and Fusion: Provid-
ing strong and stable magnetic fields for particle ac-

I This work is based on the results presented at the 2025 “New

Trends in High-Energy Physics” Conference.
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celerators (e.g., Large Hadron Collider; LHC) and fu-
sion reactors (e.g., International Thermonuclear Ex-
perimental Reactor; ITER) [7].

e Medical Imaging: Generating powerful and ho-
mogeneous magnetic fields for magnetic resonance
imaging (MRI) and nuclear magnetic resonance spec-
troscopy (NMR) devices [8].

e Transportation: Powering Maglev trains and
other high-speed systems [9].

1.2. Superconducting cable
manufacturing process

The production of superconducting cables fundamen-
tally relies on helically winding brittle SC tapes
or wires onto a mechanically supportive substrate
[10]. The Conductor on Round Core (CORC) tech-
nology, which is the focus of this work, involves lay-
ering thin SC tapes (such as ReBCO) with a spe-
cific helix angle onto a circular copper or steel core
[11-13]. This design imparts flexibility to the ca-
ble while preserving the high critical current (I.)
performance under mechanical stress and magnetic
fields [14].

Critical challenges in this manufacturing process
include:

® Mechanical Damage: Preventing damage to the
fragile SC tapes from excessive tension or bending,
which can lead to a reduction in I.

e Tension Control: Maintaining winding tension
within a narrow, non-damaging range (e.g., 10—
20 Nm) with high precision [15, 16].

e Geometrical Accuracy: Ensuring the winding an-
gle (e.g., 10-75°)[17].

This work aims to overcome these limitations by
introducing a modular, multi-axis, and precisely
tension-controlled production platform.
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Fig. 1. Collective view of the four modules

2. System Design and Methodology

The developed system employs a modular approach,
consisting of four main modules, a total of seven-axis
synchronized motion system, and up to 16 indepen-
dent tensioning units.

2.1. Modular structure and workflow

The system is partitioned into four functional mod-
ules, which sequentially follow the superconducting
cable production workflow: Module 1 (Substrate
Straightening and Feeding) prepares the core; Modu-
les 2 and 3 (Winding Systems) apply the SC wires
and insulation tapes; and Module 4 (Labeling and
Pulling) finalizes the cable and manages synchronized
feeding. A collective view of the system is shown in
Fig. 1.

2.1.1 Module 1: Substrate
straightening and feeding system

This module is essential for preparing the core mate-
rial. The module processes the incoming hollow cop-
per tube through a four-stage operation (horizontal
straightening, vertical straightening, pushing band,
and precise straightening) to produce the prepared
core for winding. Since the incoming hollow copper
tube often arrives in a deformed state, the process
first requires a multi-stage straightening operation to
achieve the necessary geometrical precision. The cop-
per tube is first corrected through sequential Hori-
zontal straightening and vertical straightening. Fol-
lowing this primary correction, the tube is actively
pushed forward by the pushing band system, and the
operation concludes with a final precision straighten-
ing stage. This four-stage sequence ensures the cop-
per tube is prepared as a perfectly straight core for
the subsequent winding process. The detailed design
of this module is presented in Fig. 2.
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2.1.2. Module 2 and 3: Winding systems

These modules take the straightened core and the SC
wires as input. Each module is currently configured
for 3 helical SC wire winding on the left side and 1
Kapton tape winding on the right side, but there can
be 4 winding mechanisms on each side, supporting up
to 4 x 2 helical wire winding in total. The design of
the dual radial winding heads is shown in Fig. 3. As
the copper tube is actively pushed forward, the first
stage of the winding head helically wraps the three SC
wires onto the core. In the second stage, the Kapton
tape is subsequently wound over the superconducting
wires for insulation and stabilization.

The second and third modules are identical; how-
ever, the Human-Machine Interface (HMI) and the
main controller are centralized and added to Module
3 for system management.

2.1.3. Module 4: Labeling and pulling system

This final stage involves labeling the coiled cable (op-
tional) and features a bidirectional pulling system
that drives the cable through the production line. The
system is configured to place an identifying mark,
such as a label, at specific, programmable intervals
(e.g., every 1 m), as determined by the software. The
cable pulling band, located in the second part of this
module, operates in synchronization with the pushing
band in the first module (Module 1). The design of
this module is shown in Fig. 4.

Fig. 2. Module 1: substrate straightening and feeding sys-
tem; vertical (A1), horizontal (A2), precise straightening (A4),
pushing band (A3)
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2.1.4. Inter-Module Synchronization

The synchronized operation of the four modules is
managed by the HMI and the main controller. The
main controller (TrioMotion) provides communica-
tion between the seven-axis servo motor control, the
tension units, and the HMI interface using Modbus
or Wi-Fi protocols [18]. Fig. 5 shows the communica-
tion diagram of the units. The HMI and TrioMotion
can directly communicate with tension units and with
each other. TrioMotion also communicates with servo
drivers.

% | 2

Fig. 3. Module 2 and 3: winding systems. Two radial winding
heads; SC winding servo motor (B1l), Kapton tape winding
servo motor (B2)

Fig. 4. Module 4: Labeling and pulling system; labeling (D1),
bidirectional pulling band (D2)
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Fig. 5. General communication block diagram of the system

Fig. 6. Mechanical design of the tension control system

Fig. 7. Design and realization of the 120° radial placement of

standard tension systems

Module 1 (Feeding) and Module 4 (Pulling): Speed
control mode synchronization is applied to maintain
the substrate material at a constant winding angle
[16]. Module 2 and Module 3: A master-slave angu-
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lar synchronization architecture ensures simultaneous
winding [17]. Rotation speed is adjusted based on the
pulling and pushing speed of the cable. Tension Units:
Adaptive PID control algorithms optimize filament
tension with real-time speed adjustment [15,19,20]. It
is independent of pulling — pushing speed and rota-
tion speed of the winding mechanism. Tension units
measure tension by obtaining the angle of the SC wire
via the potentiometer [21].

2.2. Tension control mechanism

The tension control mechanism is the most critical
sub-component, ensuring the integrity of the SC tape.

2.2.1. Mechanical and FElectronic Design

The integrity of the fragile SC tapes is maintained
by the tension unit, which is primarily composed of
a series of precision pulleys designed to guide the
wire. This unit incorporates a mechanical arm whose
angular position is monitored by a rotary poten-
tiometer. The core principle of tension management is
based on controlling the SC wire’s feed angle through
this arm. The tension is derived from the potentiome-
ter’s output value, which changes as the wire angle is
adjusted.

Angular Control: The system operates within de-
fined mechanical limits, where the minimum and
maximum angle values of the wire correspond to min-
imum and maximum output values of the potentiome-
ter. The control loop continuously reads this poten-
tiometer value to ensure the SC wire feed angle is
maintained within the non-damaging range. The me-
chanical components of the tension control system are
illustrated in Fig. 6. The 120° radial placement of the
standard tension systems within the helical winding
module is presented in Fig. 7.

2.2.2. Custom-designed control board

The tension system is managed by a custom-designed
electronic control board. The control board is ba-
sed on a microcontroller, leveraging its dual-core
Xtensa LX6 processor, 520 KB SRAM, and inte-
grated Wi-Fi/Bluetooth for industrial IoT applica-
tions [22, 24, 25]. The custom PCB design integrates
all necessary components, including the 24V /12V /5V
power stages, motor driver, load cell module, angle
encoder/ADC input, and communication interfaces

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2
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Fig. 8. Block diagram of the tension control card

(ModBus and Wi-Fi) [23,26]. This independent ten-
sion system control card block diagram is provided in
Fig. 8.

2.2.8. Electronic control and feedback

The pulling and pushing speed is set by the user. In
addition, a load cell connected to the pulling band
gives information about the pulling force. On the ten-
sion board, feedback control for the motor speed
is implemented via a potentiometer. Based on the
potentiometer the angle of the SC wire is mea-
sured [18].

2.2.4. Communication protocols
and network architecture

The communication architecture provides industrial
automation flexibility. The tension systems commu-
nicate with the 10.1 inch main HMI panel via wireless
Wi-Fi or wired Modbus. The Modbus RTU proto-
col provides reliable data transfer (9600-115200 baud
rate) [27].

The main HMI panel (Fig. 9) serves as the cen-
tral control interface with several dedicated pages for
system management. Key functionalities realized on
the HMI include: the adjustment of servo and ten-
sion motor parameters, configuration of semi-auto
and auto operation modes, manual control of in-
dividual axes, and the fine-tuning of PID control
parameters.

2.3. Control Algorithm

The control algorithm at the core of the system uses
adaptive PID methods to continuously optimize fila-
ment tension. This control strategy minimizes tension

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2

Fig. 9. Operator panel interface (HMI) of the main system
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Fig. 10. Flow diagram for tension systems (microcontroller)

Output PWM for
motor

fluctuation, even during highly dynamic periods. The
flow diagram for the tension systems is detailed in
Fig. 10. The dual processors of the microcontroller
are used at the same time. One of them is used for
communication with HMI and other is used for con-
trolling the tension of SC wire.
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3. Results and Discussion

The developed system successfully addresses the key
manufacturing challenges in SC cable production,
presenting significant innovations:

The microcontroller-based tension boards provided
reliable local closed-loop control and telemetry over
Wi-Fi/Modbus. Communication latency and packet
loss were within industrially acceptable thresholds for
system coordination.

The four-module architecture and up to 16 inde-
pendent tensioning units integration provide flexi-
bility for various cable geometries and production
capacities.

The custom-designed control board and the imple-
mentation of adaptive control algorithms enable ro-
bust, real-time control necessary for handling delicate
SC materials.

Certain thin, brittle superconducting tapes showed
sensitivity to high helix angles (>60°) at small di-
ameters (<8 mm). This limitation suggests an op-
erational envelope that must be respected for each
tape type.

Finally, some samples of the cables produced by
the machine are shown in Fig. 3. Three helical SC
wires were wound onto 6 mm, 8 mm, and 10 mm
copper pipes.

The measured performance shows the system meets
or exceeds several primary design goals (tension and
angular precision, modular changeover time). The
tension sensing approach based on a potentiometer
mounted on a pulley performed adequately for closed-
loop control; however, periodic calibration against a
direct load cell is recommended to mitigate long-term
drift. Furthermore, the implementation of laser-based

Fig. 11. Device output: 6 mm, 8 mm, 10 mm
SC cables
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spacing and alignment measurements would reduce
setup time and improve reproducibility when chang-
ing cable diameters.

4. Conclusion and Future Work

The developed helically wound superconducting ca-
ble production system enables the fabrication of next-
generation SC cables for HEP and power transmission
applications. Its precise tension control, modular de-
sign, and adjustable winding geometry contribute to
overcoming global manufacturing difficulties.

Future work will focus on further enhancing the
system’s performance and efficiency, including imple-
menting laser-controlled winding systems, exploring
reduced-pulley designs and testing and comparing al-
ternative control methods.

1. M. Tinkham. Introduction to Superconductivity (Dover
Publications, 2004).

2. C. Kittel, P. McEuen. Introduction to Solid State Physics
(John Wiley & Sons, 2018).

3. B.G. Marchionini, Y. Yamada, L. Martini, H. Ohsaki.
High-temperature superconductivity: A roadmap for elec-
tric power sector applications, 2015-2030. IEEE Trans.
Appl. Supercond. 27 (4), 1 (2017).

4. IMARC Group. Cable Management Market — Industry
Trends. Size 2033 (Industry Report, 2024).

5. Market Research Future. Superconducting Wire Market
Size, Growth Report, 2035 (Industry Report, 2024).

6. CIGRE Working Group B1.31. Recommendations for test-
ing of superconducting cables. Technical Brochure 538
(2013).

7. W. Lee, D. Park, J. Bascundn, Y. Iwasa. Construction
and test result of an all-REBCO conduction-cooled 23.5 T
magnet prototype towards a benchtop 1 GHz NMR spec-
troscopy. Supercond. Sci. Technol. 35 (10), 105007 (2022).

8. E. Moser, E. Laistler, F. Schmitt, G. Kontaxis. Ultra-high
field NMR and MRI-the role of magnet technology to in-
crease sensitivity and specificity. Front. Phys. 5, 33 (2017).

9. K. Sawada. Outlook of the superconducting maglev. Proc.
IEEE 97 (11), 1881 (2009).

10. D. Uglietti. A review of commercial high temperature su-
perconducting materials for large magnets: From wires and
tapes to cables and conductors. Supercond. Sci. Technol.
32 (5), 053001 (2019).

11. D.C. van der Laan, P.N. Barnes. Development of CORC®
cables for high-field magnet and power transmission appli-
cations. Supercond. Sci. Technol. 24 (4), 042001 (2011).

12. X. Wang, S. Caspi, D.R. Dietderich et al. A viable dipole
magnet concept with REBCO CORC®) wires and further
development needs for high-field magnet applications. Su-
percond. Sci. Technol. 31 (4), 045007 (2018).

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2



Helically Wound Superconducting Cable Production System

13. D.C. Van der Laan, J.D. Weiss, D.M. McRae. Status of
CORC® cables and wires for use in high-field magnets
and power systems a decade after their introduction. Su-
percond. Sci. Technol. 32 (3), 033001 (2019).

14. S. Tang, H. Yong, Y. Zhou. Mechanical behavior of HTS
tape in highly flexible REBCO cable under tensile and tor-
sional loads. arXiv preprint arXiv:2408.10617 (2024).

15. J.S. Lu, M.Y. Cheng, K.H. Su, M.C. Tsai. Wire tension
control of an automatic motor winding machine — An
iterative learning sliding mode control approach. Robot.
Comput.-Integr. Manuf. 50, 50 (2018).

16. S. Fang, D. Franitza, M. Torlo et al. Motion control of a
tendon-based parallel manipulator using optimal tension
distribution. IEEE/ASME Trans. Mechatron. 9 (3), 561
(2004).

17. X.M. Xu, W.X. Zhang, X.L.. Ding, M. Zhang, S.H. Wei.
Design and analysis of a novel tension control method
for winding machine. Chinese J. Mech. Eng. 31 (1), 101
(2018).

18. X. Xu, X. Song, Z. Qi. ATKB-PID: An adaptive control
method for micro tension under complex hot rolling condi-
tions. Sci. Rep. 15 (1), 2050 (2025).

19. F. He, S. Wang, C. Wang. Inhibition of tension vibration
for winding tension control system. In: Proc. 2018 37th
Chinese Control Conference (CCC) (2018), p. 3725.

20. L. Deng, H. Suo, H. Ren. Design of insulation tape tension
control system of transformer winding machine based on
fuzzy PID. Sensors 21 (19), 6512 (2021).

21. F. Meng, S. Liu, K. Liu. Design of an optimal fractional or-
der PID for constant tension control system. IEEE Access
8, 58933 (2020).

22. Espressif Systems, ESP32 Series Datasheet — Dual-core
MCU with Wi-Fi & Bluetooth. Technical Specification v3.8
(2025).

23. P. Boonmeeruk, P. Palrat, K. Wongsopanakul. Cost-
effective IIoT gateway development using ESP32 for in-
dustrial applications. Eng. J. 28 (10), 93 (2024).

24. Y. Karan, S. Kahveci. Wireless measurement of thermo-
couple with microcontroller. In: Proc. 2015 23nd Signal
Processing and Communications Applications Conference
(SIU) (2015), p. 120.

25. P. Foltynek, M. Babiuch, P. Surdanek. Measurement and
data processing from Internet of Things modules by dual-

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2

core application using ESP32 board. Meas. Control 52 (7—
8), 970 (2019).

26. Y. Karan, E. Yildiz, S. Dizman, S. Tokgalar. Zirhl
olgiim odasina sahip radyasyon dedektorleri isin uza-
geligtirilmesi. Karadeniz Fen Bilimleri Dergisi 13 (4), 1824
(2023).

27. L. Tu, M. Guo, J. Wang, W. Gao. Warp yarn tension cou-
pling models and fuzzy PID control for enhancing warp
beam unwinding tension stability in sizing machines. J. In-
dust. Text. 54, 15280837241301709 (2024).

Received 13.11.25

C. Toxwanap, B.E. Ince, A. Kapan

CUCTEMA BMPOBHUIITBA CIIIPAJIBHO
HAMOTAHUX HAJITPOBIJTHUX KABEJIIB

Ile mocmimkeHHsI NpeACTaBIIsSiE MEPENOBY CHUCTEMY BHPOOHU-
LTBa CIipaJbHO HAMOTAHUX HAAIPOBiAHuX Kabesis. Pospobire-
Ha CHCTeMa BHpIlllye KPUTHYHI IPOOJIEMH Y BHCOKOCTPYMOBHUX
3aCTOCYBaHHAX (TAKUX fIK Iepejaada eHepril, TepMOsIepHi pe-
aKTOPU Ta KOCMIYHI TEXHOJIOTIT), MOEIHYIOUN MOJYJIbHY KOH-
CTPYKI{IO 3 JOCATHEHHSIMH TOYHOI'O MAallMHOOyZAyBaHH:S. Bo-
Ha 6e3110cepeIHbO 3aCTOCOBHA JJIsI BAPOOHUIITBA HAJIIPOBLAHIX
MAarHiTiB, HEOOXITHUX JIJIsI IPUCKOPIOBAYIiB YaCTUHOK Ta CUCTEM
[EeTEeKTyBaHHS BICOKOCHEPreTHIHIX JacTUHOK. Kirowosi inHO-
Ballil CHCTEMHU BKJIIOYAIOTh PEryJIbOBAHHUI MEXaHi3M KepyBaHHSI
narsroM (3 piamasonom 10-20 H - M), 6araroocboBy CHHXpOHI-
3amiio (ceMHOCHhOBE KEPYBaHHS PYXOM) Ta HAJAIITOBYBAHI Ia-
pameTpu HaMOTyBaHHs (KyT cmipadi Bix 10° mo 75°, nianason
niamerpiB 6-25 mMm). Bupobuuua mardopma inrerpye qo 16
HE3AIE’KHUX HATAXKHUX OJIOKIB Ta 3abe3ledye TOUHE KepyBa-
HH$I HATSIOM 33 JOIOMOIOIO0 aJallTUBHOTO MeXaHi3My KepyBa-
HHeA. Pe3ynbraTu TecTyBaHHS IPUCTPOIO IiATBEPIKYIOTH 31a-
THICTb CHCTEMH BHPOOJISITH HAIIPOBiIHI Kabesi IIPOMUCIOBOL
AKocTi, MiniMmisyloun mexaniuny nmedopmariiio. Ili Texmosori-
9HI JOCATHEHHsI 3a0€3I1e4yI0Th MIIHY OCHOBY /[IjIsl iHTerparii
CHCTEMHU y BeJIMKOMAcCIITaOHi iHdpacTpykTypHi npoekTy B (di-
3UI[I BUCOKUX €HEPriii.

Katwvwo6i c.ao6a: cripajibHa 0OMOTKA, CIipajJbHO HAMOTAHI
Ha/IPOBiHI KabeJii, Kabesi BUCOKOI ITOTY2KHOCTi, TOYHE BHPO-
OHUIITBO, HAANIPOBiAHI Kabeti.
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