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Abstract: This study proposes a networking solution for Internet of Things (IoT) implementation in shipyards with poor fixed or

wireless communication infrastructure. Adding non-contact power line communication (PLC) functionality to the wire feeder and

single cable allows them to serve as a mobile gateway. Considering the high current variations in welding cables, the electromagnetic

characteristics of the inductive signal coupler are simulated using COMSOL software, the magnetic flux density distribution is visual-

ized, and conditions for magnetic flux saturation are proposed. In the magnetic flux saturation state, the induced electromotive force in

the secondary coil decreases, thereby significantly reducing the communication bandwidth. The fabricated signal coupler maintains a

0.2 mm air gap, securing a bandwidth of > 15 Mbps even at line currents of 90 A.
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1. Introduction

The Internet of Things (loT) refers to a network of physical ob-
jects, such as sensors, machines, automobiles, and buildings, which
interact and collaborate to achieve common goals. The fusion of
power line networks and loT technologies drives industrial innova-
tion [1][2]. When the infrastructure for data networks is lacking or
insufficient, the 10T combined with power networks can extend be-
yond smart homes to smart cities and factories. Power line commu-
nication (PLC) is a technology for data transmission via existing
power grids and has been studied for use in trains [3], ships [4], elec-
tric vehicles [5], and other moving objects by utilizing their distrib-
uted wires.

In shipyards, there is a growing focus on implementing safety-
monitoring systems using PLC-loT fusion technology. Ships, off-
shore plants, and marine structures are constructed using processes
such as steel cutting, subassembly, major assembly, and painting,
with the hull assembly largely performed through welding. These as-
sembled blocks form enclosed spaces that can create safety-monitor-
ing challenges [6]. These confined spaces hinder the airflow and re-
duce oxygen levels, thereby increasing the risk of suffocation acci-
dents. Various monitoring methods have been considered to address
these safety issues in metal structures [7][8]. In the case of wireless
communication, low-power communication methods are required in

special environments such as enclosed spaces. Low-power wide-area

networks (LPWANS) can be used for long-distance communication,
whereas Bluetooth or Zigbee networks may be considered for short
distances.

However, if fixed communication networks are not accessible
within the work area, or wireless communication is not possible ow-
ing to electromagnetic shielding, alternative communication meth-
ods must be developed. In such cases, if cables exist for power sup-
ply or control, site-specific PLC can be considered [9][10]. PLC is a
highly economical networking method that uses existing metal wir-
ing as a communication channel without the need for additional ded-
icated communication lines. To couple high-frequency signals to
metal cables, inductive signal couplers using air gap or magnetic
cores have been applied. In welding environments, a wire feeder
equipped with communication functions can provide internet access,
eliminating communication dead zones in confined spaces. The wire
feeder acts as a gateway for handling both Wi-Fi and PLC, whereas
the sensor modules transmit the data via Wi-Fi. The data collected by
the wire feeder are transmitted through a single cable to the internet
via PLC [11].

This study analyzes the electromagnetic characteristics of an in-
ductive signal coupler developed to utilize welded single cables as
communication lines. Using COMSOL software, a multiphysics-
based electromagnetic analysis tool, the distribution of the magnetic
flux density in the core is visualized, and the magnetic flux saturation
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is examined under high current variations. The air gap in the mag-
netic core is studied as a requirement for handling magnetic flux sat-
uration caused by current variations during welding. The relationship
between the primary offset current and gap inside the magnetic core
is investigated through simulations to determine the induced electro-
motive force in the secondary coil. It is demonstrated that a highly
induced electromotive force is required to obtain a wide communi-
cation bandwidth in PLC.

2. Analysis of the Inductive Signal Coupler

2.1 Device Structure

Figure 1 shows a wire feeder (MillerXR model, USA)
equipped with communication devices for shipyard-10T. The de-
vice has a built-in modem for Wi-Fi and PLC and an inductive
signal coupler for contactless communication. The inductive sig-
nal coupler contains a magnetic core that utilizes a single cable
as a communication line without physically damaging it.

Figure 2 shows the inductive signal coupler developed in this
study. Miniaturized Mn-Zn ferrite cores with dimensions of
34x17x44 [mm3] are used for electromagnetic inductive cou-
pling with a single cable. The core is then separated into two
pieces. When a non-cut toroid core is used, the magnetic flux is
concentrated only inside the core; therefore, there is no magnetic
leakage that can induce strong signal coupling. However, the
core is easily saturated even at low currents; therefore, it is diffi-
cult to apply it to lines with high current fluctuations. Using
COMSOL simulations, the magnetic flux density of the ferrite
core was visualized to evaluate the efficiency of electromagnetic
signal coupling under the influence of the offset current.

Figure 1: Smart wire feeder acting as a mobile gateway for ship-

yard-loT
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Figure 2: Inductive signal coupler suitable for a single cable

2.2 Electromagnetic Properties of the Ferrite Core

Figure 3 shows the COMSOL 3D mesh model used to visual-
ize the flux distribution in the ferrite core. The simulations were
designed to show the flux distributions for the gapless toroidal
core (Figure 3(a)) and cut-core with an air gap (Figure 3(b)).
The magnetization curve of the core is shown in Figure 3(c), and
the maximum saturation flux density was 385 mT (@H = 1170
AT/m). The simulation parameters for evaluating the electro-
magnetic properties of ferrite as a magnetic core in the coupler

are listed in Table 1.

(a) Toroid core (gapless) (b) Cut-core with gap
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Figure 3: 3D simulation model of the ferrite core
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Table 1: Simulation parameters

Magnetic material Mn-Zn alloy powder
Core dimension(ODx ID x TH)| 34mmx 17mm X 44mm
Magnetization model BH curve
Initial permeability, u; 1100
Saturation magnetic flux density| 385 mT (H = 1100 AT/m)
Core air gap 0-0.3 mm
Input peak current (signal) 0.1A
DC offset current (welding) 0-120 A

Ao

—— ‘)ﬁ‘,-f ,
a T; F“le
| J
\
|

0.15
0.15

‘loos

¥ 7.2x10"

0.1

J 0.05
W saTx10”

Magnetic flux density nore (TH
Magnetic Tlux density norm (T}

z
Are length (em)

2
Asc kength fem)

@0.1A

(©) 2 A ©)5A

Figure 4: Magnetic flux density for the toroid ferrite core
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Figure 5: Magnetic flux density for the cut-core (air gap = 0.2

mm)

The simulation results for various offset currents are shown in
Figure 4. At low line currents (Figure 4(a) and 4(b)), the flux
was concentrated at the core center and decreased toward the

outer edge. However, when the current reached 5 A (Figure 4(c)),
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Figure 6: Magnetic flux density in terms of the air gap and line

current

the magnetic flux was evenly distributed across the core at ap-
proximately 350 mT, indicating saturation. The saturation of the
magnetic core is a major cause of reduced signal coupling effi-
ciency in inductive couplers. Therefore, a method that enables
communication even at welding currents exceeding several tens
of Ais required.

Figure 5 shows the flux density distribution when an air gap
of 2 mm was maintained in the cut-core, as shown in Figure 3b.
At a line current of 40 A (Figure 5b), the average flux remained
at 250 mT within the linear region of the magnetization curve. At
80 A (Figure 5c), the average flux in the inner and outer parts of
the core reached 380 mT, approaching saturation.

Figure 6 plots the average magnetic flux density of the ferrite
core as a function of the air gap and line current. Increasing the
air gap lowered the flux density, delaying saturation to higher
currents. Proper air gap adjustment is essential to maintain com-
munication bandwidth and provides an effective solution to flux
saturation problems caused by peak current fluctuations in single

cables.

2.3 Analysis of the Inductive Signal Coupler

Figure 7a shows a 3D model of the coupler designed for a
single cable in a wire feeder. The core consists of a magnetic core
and a secondary coil wrapped around it, while the wire serving
as the primary coil passes through the center. The primary current
is given as Iy = Iofreer + lpSinwt, where I,¢rq.; represents
the DC offset current and I,sinwt is the signal. The welding ma-
chine body supplies DC current for welding through a single ca-

ble to the wire feed. In the simulation, this was set to DC off

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 6, 2024. 12 512



Kyung-Rak Sohn -

current. The performance was determined by the electromotive
force induced in the secondary coil by the primary current.

The simulation results for the toroid core signal coupler with-
out an air gap are shown in Figure 8a. When there was no offset
current, the peak voltage induced by the 10 mA-1 MHz signal
was 1 V. However, at an offset of 5 A, the peak voltage dropped
to 0.25 V, and at an offset of 10 A, the core reached saturation.
To allow the signal coupler to operate at higher offset currents,
the magnetic reluctance of the core must be increased. This is
typically achieved by adding an air gap to the magnetic path. Fig-
ure 8b shows the waveform of the induced voltage when the air
gap was 0.2 mm. Even with an offset current of 60 A, the peak
voltage remained at approximately 0.07 V.

Figure 9 shows the induced voltage for various air gaps as a
function of the offset current. Providing an adequate air gap in
the core allows stable data transmission even in single cables
with large current fluctuations. A larger air gap allows the coupler
to operate with larger current fluctuations, but also reduces the
induced voltage, requiring a trade-off between current fluctua-

tions and air gaps.
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Figure 7: Simulation model of the inductive signal coupler
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3. Bandwidth Measurement and Results
Figure 10 shows the experimental setup used to evaluate the
communication performance of the inductive signal coupler. A
toroidal signal coupler, which was not affected by the offset cur-

rent, was installed on the server side to ensure maximum signal
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coupling. On the client side, a setup was required to measure the
effect of the offset current on the data transmission rate. The lead
wires of the high-current tester passed through the center of the
signal coupler, and the air gap of the ferrite core was maintained
at 0.2 mm. This is because the thickness of one sheet of A4 paper
is 0.1 mm, therefore inserting this sheet into each cut surface
maintained an exact air gap. Communication performance was
tested using iperf, a network-testing tool that measures the data
throughput between two endpoints in either unidirectional or bi-
directional communication.

Figure 11 shows the measured bandwidth at various offset cur-
rents from 0-110 A. Up to 50 A, the bandwidth remained stable
within 10% of the maximum bandwidth. At 70 A, the bandwidth de-
creased to half of the maximum value, and decreased significantly at
110 A. As shown in Figure 11b, the trend of the average bandwidth
according to the offset current was almost identical to that in Figure
9, which shows the simulation results for the induced voltage when
the air gap was 0.2 mm.
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Figure 10: Experimental setup for bandwidth measurement
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4, Conclusion

This study has demonstrated, through COMSOL simulations
and communication bandwidth measurements, that an inductive
signal coupler with an air gap can be effectively utilized with
wire feeders and single cables in shipyard-loT implementation.
The toroidal signal coupler cannot guarantee communication
linkage owing to the magnetic flux saturation at an offset current
of 10 A. However, a signal coupler developed for a single cable
can secure a communication bandwidth of > 15 Mbps at 90 A
when maintaining a 0.2 mm air gap in the cut-core. In shipyards,
where it is difficult to apply fixed communication networks or
wireless networks, a wire feeder equipped with the signal coupler
developed in this study can realize on-site customized shipyard-
loT.

Acknowledgement
This research was financially supported by the Ministry of
SMEs and Startups (MSS), Korea, “Regional Specialized Indus-
try Development Program (R&D, S3365146)” supervised by Ko-
rea Institute for Advancement of Technology (KIAT).

Author Contributions

Conceptualization, K. Sohn and H. Kim; Methodology, K.
Sohn and H. Kim; Software, K. Sohn; Validation, K. Sohn and
H. Kim; Formal Analysis, K. Sohn; Investigation, K. Sohn and
H. Kim; Resources, K. Sohn and H. Kim; Data Curation, K.
Sohn; Writing—Original Draft Preparation, K. Sohn; Writing—
Review & Editing, K. Sohn and H. Kim; Visualization, K. Sohn;
Supervision, K. Sohn; Project Administration, K. Sohn and H.

Kim; Funding Acquisition, K. Sohn and H. Kim.

80

T T
8 ]

045 m T .
— R 1
w N
8 604 - 4
g N, 1
= 50 4
£ .
B )
2 404 a 4
2 ]
= \

30 4 , -
& i
€ 0] ]
g
< ™

10 : 4

=]
0 T T T T T T
0 20 40 60 80 100 120

Offset current (A)

(b) Average bandwidth as a function of the offset current.

Figure 11: Measured bandwidth

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 6, 2024. 12 514



(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

Kyung-Rak Sohn -

References
A. A. Zhilenkov, D. D. Gilyazov, I. I. Matveev, and Y. V.

Krishtal, “Power line communication in loT-systems,” 2017
IEEE Conference of Russian Young Researchers in Electri-
cal and Electronic Engineering (EIConRus), Russia, pp.
242-245, 2017.

S. U. Ercan, “Power line communication: Revolutionizing
data transfer over electrical distribution networks,” Engi-
neering Science and Technology, an International Journal,
vol. 52, 101680, 2024.

H. S. Kim, S. H. Park, and S. G. Kang, “Development of
communication joint tools for implementing a legacy-line
communication system in a train,” Journal of Korean Insti-
tute of Communications and Information Sciences, vol. 19,
no. 4, pp. 877-887, 2015.

S. H. Yang, J. H. Jeong, and K. R. Sohn, “Inductive power-
line communication performance comparison using nano-
crystalline alloy and ferrite coupling device in ship,” Journal
of Korean Institute of Communications and Information
Sciences, vol. 43, no. 4, pp. 740-746, 2018.

K. R. Sohn, S. H. Yang, and J. H. Jeong, “Inductive cou-
pling characteristics of nano-crystalline alloy for electric ve-
hicle PLC,” 2018 Tenth International Conference on Ubig-
uitous and Future Networks (ICUFN), pp. 543-545, 2018.
M. E. M. Ussdek, S. A. M. Al Junid, Z. A. Majid, F. I N.
Osman, and Z. Othman, “High-sensitivity gas detection and
monitoring system for high-risk welding activity,” 2013
IEEE Conference on Systems, Process & Control (ICSPC),
pp. 256-261, Malaysia, 2013.

Y. D. Seung and J. B. Tae, “loT based safety management
system in closed space,” Proceeding of the 2016 Summer
Conference of KICS (Korea Information and Communica-
tions Society), pp. 1114-1115, Korea, 2016.

T. H. Yoon, W. S. Jung, D. S. Yoo, and H. K. Choi, “Lo-
RaWAN class yard: Development of LoRaWAN relay sys-
tem to overcome radio shadow area,” Korea Information
and Communications Society summer conference, pp. 724-
725, Korea, 2018.

K. R. Sohn and H. S. Kim, “Inductive coupling characteris-
tics of air-core toroid coil and its application in power line
communication,” Journal of Advanced Marine Engineering
and Technology, vol. 45, no. 1, pp. 26-30, 2021.

[10] K. R. Sohn and H. S. Kim, “Magnetic induction communi-

cation using toroidal helix coil,” Journal of Advanced

Hyun-Sik Kim

Marine Engineering and Technology, vol. 46, no. 3, pp.
122-127, 2022.

[11] K. R. Sohnand H. S. Kim, “Overcoming radio shadow areas

in confined spaces using an loT-based wire-feeder and
power-line communication and its application to shipyard
safety monitoring systems,” Journal of Advanced Marine
Engineering and Technology, vol. 47, no. 6, pp. 379-384,
2023.

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 6, 2024. 12 515



	Inductive signal couplers for a wire feeder mobile gateway in shipyard-IoT
	Abstract
	1. Introduction
	2. Analysis of the Inductive Signal Coupler
	3. Bandwidth Measurement and Results
	4. Conclusion
	References


