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Abstract: In this study, a circular solenoid, which is the basic structure of a non-contact current sensor, was modified and applied to

an air-core inductive coupler for power line communication. The COMSOL AC/DC module, a multiphysics modeling package software,

was used for modeling and inductive coupling analysis of the proposed coupler. Based on the analysis results, circular coils with 5, 10,

and 20 windings were fabricated using plastic bobbins and RF cables. In terms of the frequency spectrum response of these coils, the

10-turn coil is the most suitable for broadband power line communications with a frequency band of 2-35 MHz. In the 10-turn coil

inductive coupler performance test, we used Jperf, a type of network traffic measurement program, to measure the data rate and jitter

on a 30 m power line. The average data rate measured repeatedly at 1-s intervals for 30 s was 7 Mbps, and very stable communication

was achieved without errors or jitter during testing.
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1. Introduction

Power lines are a type of network with a very broad infrastruc-
ture for all buildings, vehicles, and ships. Because it is possible
to construct a communication network at low cost, the scope of
application is expanding to remote power meter reading, smart
grids, smart homes, and the Internet of Things [1]-[3]. Using a
power cable connected to an electronic device, we can turn on
the power, control, and retrieve data in a half-duplex manner.

There are two ways to connect a high-frequency signal to a
power cable: a contact method using an electric field and a non-
contact method using a magnetic field induction [4]. Because the
former mainly uses passive elements such as capacitors, it has
good signal transmission characteristics but requires physical
contact with the power line; thus, installation and maintenance
are limited.

The latter uses a magnetic-core-type coupler to be installed
without physical contact with the power line. Therefore, it exhib-
its excellent electrical stability. When ferrite or nanocrystalline
material is used as the magnetic core, the flux density is higher
than that of the air core, and the coupling efficiency is much bet-

ter. However, magnetic saturation occurs above a certain current

and exhibits a magnetic hysteresis curve. This phenomenon be-
comes more severe in the high-frequency region. Recently, air
gap cores have been used to resolve this problem [5]-[7].

Conversely, solenoids without a magnetic core are used as sen-
sors to measure large currents because magnetic saturation does
not occur. Although there is no metal core, the winding forms a
constant cross-sectional area, and hence, the principle of electro-
magnetic induction by Faraday's law is applied to the coil analy-
sis [8].

Rogowski coils that have evolved from air-core solenoids are
being used as various types of non-contact AC current-measuring
sensors [9]-[11]. However, when the operating frequency is less
than 500 kHz, it detects a current of 1 A or less; however, at a
high frequency in the range of megahertz or more, it responds to
a current of 1 A or more. Thus, it is not suitable for use as an
inductive coupler that must respond to the low signal strength of
power lines.

In this paper, we propose an air-core coil coupler suitable for
non-contact broadband power line communication. The coupler
was modeled and characterized by the COMSOL Multiphysics®
AC/DC module. The performance of the coupler was evaluated

based on the data rate and jitter.
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2. Operating principle
Figure 1 shows a schematic diagram of an air-core coil with a
copper wire evenly wound around a plastic bobbin. Unlike
Rogowski coils made in such a way that the end point of the start
winding returns to the start point along the central axis of the
bobbin, the proposed coupler does not have a return winding
[12].

* bobbin

Coil
winding

Figure 1: Schematic diagram of air-core type inductive coupler

Consider the conductive element dr at distance r from the
origin and assume that the current-carrying conductor is located
in the center of the coil. According to Biot-Savart's law, when a
primary current (Ipn-) flows through an infinitely small conduc-
tor length, the magnetic field (dH) generated by this current is as
shown in Equation (1) [13].

= lomt
dH = 2= 1)
Using the relational formula B = uyH between the magnetic
field and flux density in free space, the flux density is given by

Equation (2).

Ipri
dB=u0><dH=u0# 2
where po is the permeability of the free space. The magnetic
flux (@) passing through a certain cross-sectional area inside the

coil is given by Equation (3):
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where h is the width of the toroid core and dA is the rectangu-
lar cross-sectional area of the small-section dr.
The working principle of the air-core coil is similar to that of
the AC current transformer. According to Faraday’s law of
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induction, a time-variant current can generate an alternating mag-
netic field. Then, the generated magnetic field induces an AC
voltage at the coil terminals, which can be obtained using Equa-
tion (4).

= Nxh bY o Ui
VO—Nxmxhxln(a)x T (4)
where N is the number of turns. The inner radius and outer
radius are defined as a and b, respectively. If the secondary re-
sistance and induction are negligibly small, the secondary cur-

Ti

rents (sec) are specified as Igo, = IPT

3. Coupler modeling and simulation

In power line communication, the inductive coupler must con-
nect and extract the signal from the transmission line. Two types
of coupling phenomena were analyzed using the COMSOL

AC/DC module, a finite element analysis program.
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Figure 2: Coupler analysis when 1 A current is injected into the
power line: (a) Model of 10-turn coil coupler, (b) 3D flux density,
(c) flux density and (d) current density along core median line

Figure 2 shows a model of a coupler used to analyze electro-
magnetic induction from a power line to a coil. As shown in Fig-
ure 2 (a), the coil was modeled as the winding wound on a bob-
bin. The outer and inner radii of the bobbin were 44 mm and 36
mm, respectively, and the coil diameter was 20 mm. A current of
1 A flows through the power line located at the center of the cou-
pler. Figure 2 (b) shows the flux density on the surface of the 3D
coupler. This shows that the electric current in the power line cre-
ates a magnetic field inside the coil and induces a current in the
coil. The flux density and current density along the core midline
are shown in Figure 2 (c) and (d), respectively. The current den-
sity induced in the coil was approximately 10° A/m?, which is a

tenth of the power line current density.

(b)

©)

Figure 3: Coupler analysis when 1 A current is injected into a
toroidal coil: (a) Model of 10-turn coil coupler, (b) 3D flux den-
sity, (c) flux density and (d) current density along core median

line

Figure 3 shows that the current from the coil is induced into
the power line. As shown in Figure 3 (a), one end of the coil was
set as an input port and a current of 1 A was injected into it. Fig-
ure 3 (b) shows the flux density on the 3D surface of the coupler.
When the coil current forms a magnetic field around the power
line, a current is induced in the power line. Magnetic flux density
and current density along the core midline are shown in Figure
3 (c) and (d) respectively. The induced current density is approx-
imately ~3x10% A/m?, which is a twentieth of the coil current

density.

4. Experimental results and discussion

Figure 4 shows hand-made coil couplers used for the experi-
ment. Each bobbin is wound with 5, 10 and 20 turns using an RF
cable. The bobbin is a plastic implant to maintain the shape of the
toroid coil. The transfer function of the coils is shown in Figure
5. The transmission bandwidth of the coil is well matched to that
of broadband power line communication. In the case of a five-
turn coupler, the insertion loss in the low-frequency region is
larger than that in the high-frequency region. For 10 turns, the
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spectrum is symmetrical around 30 MHz, and the bandwidth is
formed between 5 MHz and 45 MHz. However, when the wind-
ing reaches 20 turns, the upper cut-off frequency is lowered to
less than 40 MHz, and the insertion loss in the high-frequency
region is higher than that in the low-frequency region. Consider-
ing the coil's bandwidth and insertion loss, a 10-turn coil was de-

termined to be optimal for our experiment.

(@) (b)
Figure 4: An air-core inductive coupler manufactured by wind-
ing an RF cable around a plastic bobbin: (a) 5 turns, (b) 10 turns,
and (c) 20 turns
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Figure 5: Insertion loss of coupler by number of windings

Figure 6 shows the experimental setup for measuring the data
rate and jitter. Two identical 10-turn couplers were installed at
both ends of the 30 m long power cable. The PLC modem used
was MM-D200-A (Mattron Co., Ltd, Korea), which supports
transmission speeds of up to 200 Mbps at an operating frequency
of 2-34 MHz. Jperf, a program for measuring network traffic,
runs on monitoring PCs.

The data rates measured three times over 30 s at 1-s intervals
are shown in Figure 7. The average data rate obtained by interval
repetition measurement was 7 Mbps, and jitter owing to irregular
packet delay during communication was not observed. Despite
the insertion loss of =20 dB, the proposed coupler operates stably

in an inductive power line communication system.
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Figure 6: Power line communication performance experiment:

(a) experiment schematic, (b) client, and (c) server
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Figure 7: Measured data rate and jitter

5. Conclusion

In this study, we proposed and demonstrated that an air-core
coil can be used as an inductive coupler for power line commu-
nication. The coupler was modeled and simulated using the finite
element analysis program COMSOL AC/DC module. A 30 m
long power cable equipped with 10 coil turns was found to have
a power line communication bandwidth of 7 Mbps. In low-speed
10T applications that transmit sensor data intermittently, the com-
munication range can be extended to hundreds of meters. We ex-
pect that the proposed system can be used to build a communica-
tion network using the power cables in shipyards, ships, or smart
factories.
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