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Abstract: For the shipbuilding industry worldwide, work-related accidents at the construction
site have been a major concern. Workers at the shipyards are consistently exposed to dangerous
environments and their intensity of work is quite high. Considering the complexity of the shipbuilding
process, efficient communications between workers are essential in the workplace, but current
communication methods, which mostly use wireless technologies, are sometimes limited by the
structural blocks, creating shadow areas where the radio bands cannot reach. As a countermeasure,
SUNCOM Co., Ltd in the Republic of Korea has developed the PLC-based communication system
followed by establishing a test-bed facility in cooperation with SK Telecom Co., Ltd and the Hyundai
Heavy Industries Co., Ltd. This system and applied technologies are expected to reduce accidents in
the field and be applied for other industries having the same problem, providing an uninterrupted
communication environment and safer working conditions. The solution adopted this time can
provide mobile communication services inside the ship during shipbuilding, thereby enabling rapid
processing of work reports and instructions and fast responses to disaster occurrence, contributing to
improvements in work efficiency in shipbuilding yards and ensuring workers’ safety.

Keywords: Industry 4.0; PLC; shipboard outside communication network; job safety; safety management;
testbed; shadow area; ship building process; industrial processes

1. Introduction

Dockyard workers around the world are constantly exposed to danger because of the risks
inherent to their particular line of work. Even though some preventive measures are being taken
by supervisory controllers, unexpected accidents still occur frequently. This is due to the shadow
areas in construction yards where communications are blocked by some structures, so that yard hands
usually pair up or stay close to their co-workers to deal with the accidents by making sure that they can
contact emergency personnel or the control station immediately. Nevertheless, current communication
methods cannot cover an entire yard completely and effectively, and yard controllers can only grasp a
situation partially with hand-held radio communication devices.

In the communication engineering and network fields, the communication network boasts of
speeds exceeding the generally-used long-term evolution (LTE), up to the 5th-generation wireless
system (5G) in the recent wireless field. The wired communication speed is also fast. The shipbuilding
work has more risk factors and limitations than other general construction sites. When working in a
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bulkhead, a group of two workers always enters and works with risk of death from suffocation. If both
workers fall due to suffocation, both of them are dead in many cases.

Mobile phones were not serviced inside a large ship whose area was the size of four football
stadiums due to poor reception between workers who worked on building a ship for about a year,
so instructions about work could not be delivered to colleagues quickly. In addition, work concentration
was adversely affected since workers had to go outside of the ship for reports to be delivered to the
office. Note, however, that mobile phones are now serviced in major working spaces inside the ship
using power line communication (PLC) and femtocell technologies, contributing to the significant
increase in work efficiency and safety.

To surmount such difficulties, we have designed a system that enables steady and smooth
communications across all the work zones of a dockyard. The system employs the PLC technology to
avoid costly structural changes. A relevant test bed was constructed by SUNCOM Co., Ltd at ROK in
collaboration with SK Telecom, one of the major communication companies in the Republic of Korea.
Additionally, the testbed experiments were conducted with the support of Hyundai Heavy Industries
Co., Ltd at ROK., which evaluated the system’s performance.

The test results show that the proposed system is effective in improving labor productivity,
reducing the possibility of accidents, and saving costs. It was expected that a maximum of 85% of
the total cost could be saved by using the existing shipboard power line instead of installing a new
communication system using unshielded twisted-pair (UTP) cable.

Moreover, it was estimated that the PLC-based communication system would be able to cover a
maximum distance of two kilometers, i.e., much longer than the coverage provided by the RS-232 or
RJ-45 interfaces. Once realized, this system could be used at various sites, such as the Industry 4.0,
mine shafts, steel manufacturing factories, or major building-complex construction sites, where there
are often many blind spots that pose potential dangers. The system described in this paper is regarded
as a platform technology for more advanced applications.

2. Related Research

2.1. Power Line Communication

The PLC technology developed in the US (1924) has been applied to electric power metering
systems, as well as home networks utilizing a typical land power line system where a three-phase
four-line Y-connection consists of four phases (R, S, T, and N) (Figure 1). Such a connection facilitates
the establishment of a power system network even if there are any shifts among the phases as they
will maintain their connections to the N-phase as before.
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three-phase three-line winding is shown in Figure 2. The major difference of this system from the
land-type systems is that it consists of three phases (R, S, and T) only, excluding the N-phase.

While the on-board PLC system (‘Ship PLC’, hereunder) can be useful when ships are navigating,
the SAN ship local network is often used when a shared network is required in a certain area.

Figure 2. Three-phase three-wire delta connection (shipboard power line structure).

2.2. Ship PLC

The Ship PLC allows high-speed data communication through existing power lines so that
additional cable installation work is not necessary [4–6]. Figure 3 describes a typical Ship PLC.
Thus, the ships on which all the wiring has been completed, the Ship PLC offers a maximum
data transfer speed of 200 Mbps will largely reduce the costs and time required to install a new
efficient communication system network. Currently, the PLC is being defined as a communication
technology which allows a high-speed data transfer based on the carrier frequency of a power line as
the medium [7–10] (Appendix A).
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2.3. Three-Phase Three-Line Active Power Filter

The active power filter compensates reactive power and reduces or removes harmonic components
generated from the nonlinear load simultaneously. To be specific, the active power filter drives the
current to take a sinusoidal waveform to be in phase with the operating voltage to achieve a stable
balanced power flow. This is the main objective of the active power filter proposed in this study [11–14].
The proposed filter adopts a specific control method for the utility current, not for the output current.
The postulations made for the positive sequence components of three-phase voltage in a three-phase
four-line system are:

van(t) = Vs sin(wt) (1)

vbn(t) = Vs sin(wt − 120◦) (2)

vcn(t) = Vs sin(wt + 120◦) (3)

Linking the active power filter and the load at the middle, the zig-zag transformer compensates
the zero-components so that only the positive and negative-sequence components will be retained by
the three-phase load current, which can be represented as follows (Fourier):

iLa(t) =
∞

∑
n=1

ILan sin(wt +∅an) (4)

iLb(t) =
∞

∑
n=1

ILbn sin(wt +∅bn) (5)

iLc(t) =
∞

∑
n=1

ILcn sin(wt +∅cn) (6)

By compensating the reactive power and suppressing the harmonic power with the active
power filter, a sinusoidal and balanced three-phase utility current that would retain only the basic
positive-sequence components will be generated as below, which represents the amplitude of the
utility currents:

isa(t) = I1(wt) (7)

isb(t) = I1 sin(wt − 120◦) (8)

isc(t) = I1 sin(wt + 120◦) (9)

The idea underlying this method is to force the three-phase utility current in the way described
above in Equations (7)–(9) to achieve a sinusoidal and balanced form regardless of the load
characteristics so that its waveform and phase can be maintained. The only parameter that has not
been estimated, the amplitude, can be deduced by power balancing methods for the elements (active
power filter, utility, and load) affecting the process. Acting as an energy buffer, the DC capacitor of
power converter’s DC side generates a stable DC voltage for the converter in a steady-state condition.
When the active power is not supplied to the utility sufficiently and the system cannot meet the
demand by the load, some additional power must be supplied to the DC capacitor or receiving it
from the capacitor. Nevertheless, it is essential that the power factor would remain constant after the
compensation process with the active power filter has been completed. The variance in the active
power can be expressed with the following formula:

∆p = Ps − PL =
3
2

Vs I1 − PL (10)

PL in Equation (10) represents the demanded active power of the load. The negative (positive) ∆p

implies that the supplied active power is lower (higher) than demanded active power, leading to a
lower (higher) voltage of the DC capacitor in the system. As such it is imperative to adjust the ∆p to



Processes 2018, 6, 67 5 of 21

zero. Equation (10) also shows that it is not easy to control the amplitudes of both the utility voltage
and the demanded active power, and the difference needs to be controlled by solely adjusting the
amplitude of the utility current. Increasing (decreasing) the amplitude of the utility current will also
increase (decrease) the difference when the DC capacitor voltage stays below (above) the steady-state
value. This explicitly shows that the amplitude of utility current is determined by the voltage of the
DC capacitor using the control circuit. Moreover, as the current sensor embedded in the active power
filter proposed in this study can detect the three-phase utility currents only, the matching adjustment
for the current filters by the conventional active power filters will not be necessary, simplifying the
control circuit design while reducing the number of current sensors needed [13,14].

The block diagram of the proposed active power filter is shown in Figure 4. Seen from above,
it becomes clear that the control objects are the utility currents and that the reference signals are the
desired utility currents. After the control circuit computer reference signals, these signals and the utility
currents will be sent to the current control. By this process, the switching signals will be generated
for the power electronic circuit installed in the power converter, forcing the utility currents to comply
with the reference signals. The reference signals are of three sinusoidal signals whose amplitudes can
be controlled. After the voltage of the DC capacitor is detected and subducted from the initial setting
voltage, the resulting error will be sent to the P-I controller. Here, the set DC voltage is the desired
steady-state value of the DC capacitor voltage. The amplitude of the reference signals will be produced
by the P-I controller.
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Since the utility voltages are often unstable in the current power distribution system, they must be
forwarded to a positive-sequence detection circuit to gain a three-phase balance of the utility currents
following the compensation process. With Equation (11) [15], the unstable (or unbalanced) utility
voltages can be distinguished as zero-sequence, positive-sequence, and negative-sequence components: Vs0

Vs1

Vs2

 =
1
3

 1 1 1
1 a a2

1 a2 a


 Van

Vbn
Vcn

 (11)

where the components are represented as Vs0, Vs1, and Vs2, respectively, and the operator is defined as:

a = 1∠120◦ (12)
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Following Equation (11), the positive-sequence component can be represented as:

Vs1 =
1
3

(
Van + a × Vbn + a2 × Vcn

)
(13)

Therefore, two 120◦ phase shift circuits and a summing circuit have been used to configure the
positive-sequence detection circuit. To generate the three-phase balanced sinusoidal signals, the output
of the positive-sequence circuit was fed to the balanced sinusoidal signal generator, which contains
two 120◦ phase shift circuits that are able to obtain the b and c signals, and three band-pass filters
to screen out the harmonics [13–16]. The outputs of this signal generator and the P-I controller are
then transmitted to multipliers whose products are the desired three-phase utility currents. For this
study, the fixed frequency current mode control has been used. Direct detection of the practical utility
currents is carried out by the three current sensors, followed by the transmission of both the desired
three-phase utility currents and the practical utility currents to the three-phase current controller.
Eventually, the output signals generated by the current controller are delivered to the pulse-width
modulator for the purpose of generating the driving signals for the power electronic devices embedded
in the power converter. If the desired utility currents can be traced by the practical utility currents,
the anticipated active power filter performance will be retained.

The three-phase, four-line equation is intended to have three-phase Y connection, and the neutral
line is connected to the neutral point. Phase voltage is produced between phases, and line-to-line
voltage is produced from the phase and neutral line. Phase voltage is equivalent to the square root of
three times the line-to-line voltage on any Y connection.

In apartments or small buildings, since only one same-phase 220 V electricity is supplied to the
wall plug, electrical problems are not an issue. Since electricity in the three-phase, four-wire system is
directly supplied to large buildings or churches and auditoriums equipped with appliances that need
a large amount of electricity, such as air conditioners or elevators, however, there might be a problem
regarding electricity.

Most of the electricity we used is 220 V 60 Hz alternating current by binding two strands only
as shown in the figure below. Note, however, that ships employ 440 V and 660 V rather than 220 V,
and four strands of electric wire are connected and used.

Meanwhile, the electrical problem in sound equipment occurs when 220 V electricity is separated
from electricity in the three-phase, four-wire system and used. In other words, three-phase means
alternating current wherein each of the three waves whose timing is 120◦ different is introduced to
a different line. If three waves are combined, it produces 440 V electricity; if one of them is used,
it produces 220 V electricity.

As presented in the equation, three 220 V AC waves, and even the same 220 V have a totally
different waveform from one another. The problem occurs in the sound. If two 220 V waves whose
timing is different are forced to come in contact in sound equipment, it may cause zero collision in
the internal electricity circuit but produce undesirable failure or noise. Thus, when sound equipment
is installed, all equipment, such as musical instruments, microphones, amplifiers, and notebook
computers, use the same phase electricity, so they are called “stage electricity”; in principle, electricity
should not be supplied from the general wall surface. Most frequently, if the power supply for wireless
microphone receiver adapters is put into the electricity in the wall plug, and the phase of power
supply on the acoustic mix side where the microphone cable is inserted is different, then equipment
malfunction and noise from the wireless microphone will occur. This is because the electricity is
different even if the same 220 V electricity has a different phase. The method proposed in this paper
has slow speed through a temporary electrical line for the lantern of workers including acoustic
speaker electric lines during shipbuilding, but it can establish safe communication.
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2.4. Trend of Communication in Smart Home Architecture

The rapid growth of Smart Homes has been forecast regularly over the past decade, and the
global communication/information company Cisco System has claimed that Industry 4.0 will be worth
US$14.4 trillion within the next ten years. The key to such growth is ‘connectivity’ [17]. Additionally,
Gartner Research has forecast that the number of digital devices connected within all worldwide
networks will amount to over 26 million units by 2020, rising to 100 billion during the next few years.
In addition, Strategy Analytics has predicted that the global IT service providers who provide their
services to smart homes will enjoy an average annual growth rate of approximately 24.2%, which will
boost the market size from $24 billion in 2015 to $71 billion by 2020 [18]. Meanwhile, Transparency
Market Research, a market investigation organization in Albany, New York, has estimated that the
market for home automation will grow from roughly $5.3 billion in 2014 to $21.6 in 2020, i.e., an annual
average growth rate of 26.3% [19]. Commonly, the sensor nodes of home appliances deployed in a smart
homes are controlled and managed through the home gateway [20]. To guarantee the security of smart
home automation, such elements as confidentiality, integrity, mutual authentication, and message
authentication should be provided, for which the datagram TLS (DTLS) protocol embedded with the
necessary encryption modules, including SHA-1, RSA, AES, and HMAC, have been standardized
(cf. IETF standardization group) [21].

Regardless of the computing power and the storage capacity of sensor nodes, an appropriate
security module should be installed on the mode [22]. Smart home automation refers to the intelligent
control system that controls, monitors, and manages a variety of electronic equipment and facilities to
achieve the full automation process by utilizing the available network resources in the manner often
used for factory or office automation [23–25].

Home automation technologies are categorized into framework technologies, wire/wireless
home networking technologies, and intellectual home appliance technologies [26–28]. Framework
technologies are then further divided into intellectual middleware, energy management,
home networking, and information appliance technologies [28]. The descriptions of individual
technologies are as follows: intellectual middleware technology is a core technology that should
be installed on every device that constitutes a home network, including home platforms or home
appliances for recommending a smart home automation service [29]. It utilizes the information entered
by individuals together with circumstantial information when providing a custom service adjusted or
provided at the optimal level in consideration of the concerns and circumstances of each user [30,31].

These days, smart home devices are often integrated with various types of media systems so
that they have been re-designed. Automatic reconfiguration through the customized media-device
connecting technology, which provides differentiated services for individual users based on the
learning process of user preferences and habits, which is essential for current smart homes.

Additionally, energy management technology allows the sharing of profiles concerning electricity
consumption information between the systems installed in the smart home network, measures the
amount of electricity used in each system, detects wasted electricity, and controls all of them to reduce
power consumption [31,32].

Meanwhile, home networking technology is a short-distance (local area) cable/wireless
networking technology that provides better connectivity between devices within the home network.
It offers a bridging technique for cable networking technologies, such as MoCA, PLC, IEEE1394,
and HomePNA, as well as for wireless networking technologies, including Bluetooth, ZigBee, UWB,
Wireless1394, and 802.15.4a, even for different networks [33–35].

Information appliance technology, which can be embedded in every type of home appliance,
controls all home appliances and adjusts and manages the smart home environment automatically,
as well as multimedia and IT/ICT environments [34–38].

Using the power line communication system for smart home automation has become an issue and
it is being increasingly adopted for smart homes, whereas this system is initially used when building
a ship.
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3. Design of a Shipboard Outside Communication Network and Its Test Bed Using PLC

Figure 5 shows a diagram of the PLC-based outside communication network system used to
manage workers’ safety. The A-zone is a yard-zone where it is difficult and costly to construct
communication line(s).
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Figure 7 shows shipbuilding work at a shipyard where the workers pair up to carry out their
tasks. However, when they work (for instance, welding) inside the ship, signal attenuation will occur
because the steel hull will block the signals and their workplace will become a shadow area. For this
reason cables are rarely used so as to avoid such a situation, but efficiency and cost effectiveness are
not particularly good. In the shipbuilding yard, enabling communication itself is more important than
achieving high communication speed. Ships are built as bulkheads, as shown in the Figure 7.Processes 2018, 6, x FOR PEER REVIEW  9 of 21 
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Figure 7. Shipbuilding at the shipyard.

Thus, we conducted a testbed experiment in which the power line used for the construction
equipment (e.g., for welding equipment or lanterns) was drawn to enable power line communication.
The reason for the pairing is to avoid the possibility of suffocation. The workers take it in turn so that if
one suffocates, the other worker can inform other persons on the outside about the situation. It would
be ideal if one of the pair could keep providing information on the condition of his partner, but the
communication line would have to be kept open continuously to allow this.

Figure 8 shows the detailed network configuration; and, in an area where the quality of the
power line is good, the communication service is provided through the PLF which utilizes the PLC
system. Then, for an area that is distant from the ECR, communications will be relayed using the
RPT (PLC repeater) and serviced through the PLF. However, as the femtocell was designed and
implemented by SK Telecom, we will not discuss it in this article.

3.1. Outside Communication Network Problem Solving Methods

For example, as shown in Figure 9, if the PCs on deck A and deck C use the same ST-phase,
network connection will be possible between the PCs, it will be impossible to make a connection when
they each have different phase connections, like ST and RS, even when the PCs are located on the same
deck, C.
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The power line structure of ships differs from that of the land-side as ships operate at sea
most of the time, so the structure does not have a common polarity of N, which plays the role of a
ground connection.

Thus, it was difficult to construct a communication system on a ship with just three phases
(R, S, and T). For this reason, we have solved the problem by configuring the system with parallel
connections (RS, RT, and ST), as shown in Figure 10. Such a problem with the delta connection
method has been solved by coupling the R-, S-, and T-phases at the front part of the transformer where
the power is supplied initially, thus enabling successful network connections. Also, Table 1 shows
specifications of the MCU. And, Figure 11 shows Prototype of the Ship-PLC MCU [1].
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Table 1. Specifications of the MCU.

Parts Specification Usages

Housing case

Material steel

Protect embedded PCB circuits
with anti-flamming, water-proof,
dust protective design

Paint flame resistant power coating

Fastening tools wall-mounting (magnet type) and
pipes fastening brakets

Power connection water-proof/dust
protection connectors

UTP connection water-proof/dust
protection connectors

Ventilation water-proof vent

Housing door double doors (inner door—LED
display window, outer doorlock)

PLC MASTER

PHY Rate(Mbps) 200

Power Line data carrier

Frequency 2~34 MHz

Power Consumption 10 W

Connect Port Ethernet port: RJ 45 × 3

Power 110~220 VAC (50/60 Hz)

Phases & Capacity 3Ø3 W

Operating Temperature 0~40 ◦C

Humidity (%) 10~90

Option For Outdoor Version

NOISE FILTER

Application 2 Phase 2 Wire

Shut out noises unintentionally
and indirectly generated by PoE
and Swiching equipments

Max. Current 60 A

Frequency 1.7~30 MHz

Rated Voltage <380

Dimension 130 × 80 × 75 (L × W × H mm)

OperatingTemp −60~60 ◦C
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Table 1. Cont.

Parts Specification Usages

SWITCHING

WAN Interface 1 × 10/100 Mbps
WAN—automatic cable detection

Wireless linking with PLC
master, Data link

LAN Interface 4 × 10/100 Mbps PC
Por—automatic cable detection

DRAM 8 Mbytes

FLASH 2 Mbytes

Protocols HTTP, DHCP, PPPoE

App. Protocol H323

POWER
BREAKER

Rated Voltage <460

Protection of equipment from
external overvoltage &
overcurrent, Main power supply

Rated Current 50 A

Phases & Capacity 3Ø3 W

Interrupt Capacity 2.5 kA

Certification safety certification

Standard tripping method fully electronic/Oil Drash Pot
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As shown in Figure 12, the PLC master coupler installed in the ship’s main distribution panel
(110–440 V) consists of three power lines for communication and three hub chipsets. In these chipsets,
a single line is connected to each R/S/T phase.
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The structure is that of the main device, which allows access with the end point user.
The PLC-chipset connected to each R/S/T phase is then linked to a hub module, such that each
phase will be included in the whole network of end point users in different locations, connected online.
Figure 13 shows an algorithm of the PLC master coupler PCB.
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Figure 13. Algorithm of the PLC master coupler PCB.

Figure 14 describes the PLC slave modem. This device plays the role of transmitting the
monitoring data of a certain device that needs to be monitored consistently by interfacing with
that device and sending the data to the data acquisition device through the master coupler using the
shipboard power line.

Processes 2018, 6, x FOR PEER REVIEW  13 of 21 

 

 
Figure 13. Algorithm of the PLC master coupler PCB. 

Figure 14 describes the PLC slave modem. This device plays the role of transmitting the 
monitoring data of a certain device that needs to be monitored consistently by interfacing with that 
device and sending the data to the data acquisition device through the master coupler using the 
shipboard power line. 

 
Figure 14. Diagram of the PLC slave modem. 

3.2. PLC Repeater 

The PLC repeater, i.e., the Ship Power Line Communication Repeater, in full, is installed at the 
central point to secure the quality of the power line when it is impossible to secure the quality of 
data communication fully because the targeted area to which the femtocell service will be applied is 
distant from the main power supply. The specifications of the product are as shown in Table 2. 

Table 2. Specifications of the PLC repeater. 

Parts Specification Usages 

Case 

Material ABS, UL94-HB & UL94-V0 fire retardant class 
Protect embedded PCB 
circuits with 
anti-flamming, 
water-proof, dust 
protective design 

stening tools Wall-mounting (magnet type) 
Power supply connection water-proof, dust protection power supply connector 
UTP connection water-proof, dust protection power supply connector 
Handle 30° gap, 12-phase rotation 
Ventilation water-proof vent 

PLC 

PHY Rate(Mbps) 200 

Power Line data 
carrier 

Frequency(MHz) 2~34 
Power Consumption (W) 10 
Connect Port Ethernet port : RJ 45 × 1 
Power Supply 110~220 VAC (50/60 Hz) 
Operating Temperature (°C) 0~40 
Smart Access Smart Access for Intelligent Repeating, Plug & Play 
Humidity (%) 10~90 

Figure 14. Diagram of the PLC slave modem.

3.2. PLC Repeater

The PLC repeater, i.e., the Ship Power Line Communication Repeater, in full, is installed at the
central point to secure the quality of the power line when it is impossible to secure the quality of data
communication fully because the targeted area to which the femtocell service will be applied is distant
from the main power supply. The specifications of the product are as shown in Table 2.

Table 2. Specifications of the PLC repeater.

Parts Specification Usages

Case

Material ABS, UL94-HB & UL94-V0 fire retardant class

Protect embedded PCB circuits
with anti-flamming, water-proof,
dust protective design

stening tools Wall-mounting (magnet type)
Power supply connection water-proof, dust protection power supply connector
UTP connection water-proof, dust protection power supply connector
Handle 30◦ gap, 12-phase rotation
Ventilation water-proof vent

PLC

PHY Rate(Mbps) 200

Power Line data carrier

Frequency(MHz) 2~34
Power Consumption (W) 10
Connect Port Ethernet port : RJ 45 × 1
Power Supply 110~220 VAC (50/60 Hz)
Operating Temperature (◦C) 0~40
Smart Access Smart Access for Intelligent Repeating, Plug & Play
Humidity (%) 10~90
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Figure 15 is a diagram of the PLC repeater, which plays the role of a signal amplification device in
order to prevent a decline of the transmission speed due to signal attenuation and noise pick-ups over
the long distance between the slave modem and the master coupler.
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To maintain optimal performance and reliability, these devices undergo qualification tests
conducted by an authorized inspection agency of the Republic of Korea, such as KOLAS, etc.,
where on-site verification tests using a quantitative measurement method are carried out.

3.3. Data Link and FemtoCell

Data Link and FemtoCell (DLF), i.e., the Ship-Data Link Communication and Femtocell Slave
Unit, in full, which is embedded with femtocell, WiFi AP, and a DLC modem, transmits the data
generated through the femtocell and WiFi AP using the data link. Here, we skip the description of the
femtocell for the same reason mentioned above. Its specifications are as shown in Table 3.

Table 3. Specifications of the DLF product.

Parts Specification Usages

Housing case

Material ABS, UL94-HB & UL94-V0
fire-retardant class

Protect embedded PCB circuits
with anti-flamming, water-proof,
dust protective design

Fastening tools wall-mounting (magnetic type)

Power connection water-proof, dust protection power
supply connector

UTP connection water-proof, dust protection connector

Handle 30◦ gap, 12-phase rotations

Ventilation water-proof vent

DLC

PHY Rate (Mbps) 200

Power Line data carrier

Frequency (MHz) 2~34

Power Consumption (W) 10

Connect Port Ethernet port: RJ 45 × 1, BNC Port ×1

Power Supply 110~220 VAC (50/60 Hz)

Operating Temperature (◦C) 0~40

Humidity (%) 10~90

xLine Coupler 2 Wire Connector, BNC Pig-Tail

NOISE
FILTER

Application 2 Phase 2 Wire
Shut out noises unintentionally
and indirectly generated by
wireless linking and Femto
equipments

Max. Current (A) 10

Frequency 150 KHz ~30 MHz

Rated Voltage <2200

Certification UL, EMI
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Table 3. Cont.

Parts Specification Usages

Wire-wireless
IP route

CPU 384 MHz MIPS 32 bit

Femto & Wireless link IP Sharing

WAN Interface 1 × 10/100 Mbps WAN—automatic
cable detection

LAN Interface 4 × 10/100 Mbps PC Port—automatic
cable detection

Wireless Interface 802.11 b/g/n(Draft)/2.4 GHz

DRAM 16 Mbytes

FLASH 2 Mbytes

Protocols HTTP, DHCP, PPPoE

QoS Rate limitting, Rate Grantee

4. Performance Evaluation

The shipboard PLC modem technology developed for this study could ultimately be used as a
safety management system for shipbuilding workers in addition to its application to operating ships.
Since most ships are built by assembling pre-built blocks, the workers who carry out the welding and
grinding works for each block are constantly exposed to safety accidents as their radios or mobile
phones often miss communication signals due to the signal attenuation blocked by the steel walls,
making it impossible to call for outside help.

SUNCOM Co. has experience in resolving such communication problems by establishing
a connection between a small-scale 3G communication base station of a certain mobile
telecommunication company and the shipboard PLC modem (March 2011, Hyundai Mipo
shipyard) [38]. In this study, two performance analyses of a ship currently under construction were
conducted with our modem (200 Mbps).

The power line communication is installed directly on the electric lines in the ship. We conducted
an experiment, and the installation process is shown in Figure 16, which illustrates the system of ship
power line communication (PLC) to build a network inside the ship using the power line through
which electricity is supplied to the ship. It is a system that enables communication when construction
is performed at the ship’s bulkhead. Using this system, a network can be rapidly built in a short period
of time economically when a new network is configured.

Processes 2018, 6, x FOR PEER REVIEW  15 of 21 

 

Wireless Interface 802.11 b/g/n(Draft)/2.4 GHz 
DRAM 16 Mbytes 
FLASH 2 Mbytes 
Protocols HTTP, DHCP, PPPoE 
QoS Rate limitting, Rate Grantee 

4. Performance Evaluation 

The shipboard PLC modem technology developed for this study could ultimately be used as a 
safety management system for shipbuilding workers in addition to its application to operating 
ships. Since most ships are built by assembling pre-built blocks, the workers who carry out the 
welding and grinding works for each block are constantly exposed to safety accidents as their 
radios or mobile phones often miss communication signals due to the signal attenuation blocked by 
the steel walls, making it impossible to call for outside help. 

SUNCOM Co. has experience in resolving such communication problems by establishing a 
connection between a small-scale 3G communication base station of a certain mobile 
telecommunication company and the shipboard PLC modem (March 2011, Hyundai Mipo shipyard) 
[38]. In this study, two performance analyses of a ship currently under construction were conducted 
with our modem (200 Mbps). 

The power line communication is installed directly on the electric lines in the ship. We 
conducted an experiment, and the installation process is shown in Figure 16, which illustrates the 
system of ship power line communication (PLC) to build a network inside the ship using the power 
line through which electricity is supplied to the ship. It is a system that enables communication 
when construction is performed at the ship’s bulkhead. Using this system, a network can be rapidly 
built in a short period of time economically when a new network is configured. 

 
Figure 16. Ship power line communication installation process. 

Since the power lines furcate in each section to supply power, we applied the PLC repeater for 
each section (i.e., passage #1, #2, and #3), and by using the PLC we constructed a network between 
the bridge and the bow room, followed by the test. Our goal was to apply the network to the cargo 
hall. 

We first installed a PLC master coupler in the 200 V emergency breaker panel of the 
emergency room located on the upper deck. Second, the PLC modem was installed in the bow room 
and, third, a PLC repeater modem was installed at 100 m on the passageway. Fourth, the PLC 
repeater modems were installed at 2/5 and 4/5 points of the passageway. Fifth, the passageway 220 
V emergency breaker PLC repeater was installed and, finally, we confirmed the network 
establishment after installing the PLC repeater on the rotary switch located at the entrance of bow 
room. 

The ship PLC can provide not only a ship area utilizing a wired and wireless communication 
network combining communication technologies, such as Wi-Fi, but also a network infrastructure 
that can monitor a number of ship facilities under the ship’s deck. 

The first analysis involved a voice quality test in which the PLC-based TCP/IP communication 
performance of a drillship owned by Hyundai Heavy Industries was measured using the 220 V 
onboard power generator. The result was satisfactory, as shown in Figure 17. Note that 
“satisfactory” as used in this paper is defined as a constant usable communication speed without 

Figure 16. Ship power line communication installation process.

Since the power lines furcate in each section to supply power, we applied the PLC repeater for
each section (i.e., passage #1, #2, and #3), and by using the PLC we constructed a network between the
bridge and the bow room, followed by the test. Our goal was to apply the network to the cargo hall.

We first installed a PLC master coupler in the 200 V emergency breaker panel of the emergency
room located on the upper deck. Second, the PLC modem was installed in the bow room and, third,
a PLC repeater modem was installed at 100 m on the passageway. Fourth, the PLC repeater modems
were installed at 2/5 and 4/5 points of the passageway. Fifth, the passageway 220 V emergency breaker
PLC repeater was installed and, finally, we confirmed the network establishment after installing the
PLC repeater on the rotary switch located at the entrance of bow room.
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The ship PLC can provide not only a ship area utilizing a wired and wireless communication
network combining communication technologies, such as Wi-Fi, but also a network infrastructure that
can monitor a number of ship facilities under the ship’s deck.

The first analysis involved a voice quality test in which the PLC-based TCP/IP communication
performance of a drillship owned by Hyundai Heavy Industries was measured using the 220 V
onboard power generator. The result was satisfactory, as shown in Figure 17. Note that “satisfactory”
as used in this paper is defined as a constant usable communication speed without any interruption of
communication, so it is suitable for safety-first systems. In other words, the communication speed is
slow, but the communication success rate is 100%.
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The second performance analysis was conducted on a containership of the same company and
with the same generator. The quality of the data was also satisfactory, as shown in Figure 18.

In this study, a speed of 200 Mbps was applied in the lab test, although the actual highest speed
obtained ranged from 15 Mbps to 18 Mbps on average. This result was somewhat different to the
expected speed of 24 Mbps, but we believe that this is due to signal attenuation on the power line.
We will try to correct the situation but, yet, the problem of Internet disconnection will not occur in the
system, so we believe that there is still a good business opportunity.

Many people in IT-advanced countries have changed their Internet providers on the assumption
that that they would be better served by companies that provide a 100 Mbps Internet speed, but the
actual speeds they experienced were somewhat disappointing, ranging from 12 Mbps to 50 Mbps at
best. This was very different from the advertisements they saw or the terms of the contract sheets
they received.

One such term mentioned that the customers would be able to enjoy a data transmission speed
of near 100 Mbps. This might be true, but what they should be aware of is the technical term ‘bit’,
which usually refers to a binary digit. The ‘bit’ is the lowest unit used in describing a PC’s capacity or
processing power; and it can also be used to indicate the size of a file. By contrast, users are usually
familiar with the unit ‘byte’. This unit is used to indicate the amount of information or data as these
cannot be adequately expressed with bits, the binary system using only 0 and 1. One byte is equivalent
to eight bits, so that 100 bits are equal to 12.5 bytes. The use of “bits” was not inconvenient in expressing
capacity in the past, but as the volume of data has increased over time, they were replaced by “bytes”.
Nevertheless, ‘bits’ are still used in the field of communication to measure the communication speed
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(bps: bits per second). Such usages cause much confusion among customers. It might be better if such
a mixed usage is avoided altogether and replaced with some kind of new standardized unit, or by
indicating both units for customers’ understanding [39].Processes 2018, 6, x FOR PEER REVIEW  17 of 21 
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The total number of ships SUNCOM Co. installed the PLC system from 2007 to 2015 was 39 and
the average cost involved in the system construction was approx. US$8000 per ship. For the 39 ships,
the distances for the system construction ranged from a minimum of 170 m to 200 m maximum,
showing a total average distance of roughly 185 m.

5. Comparison with Other System

The proposed system, which uses a femtocell together with the PLC technology to cover shadow
areas, can be compared with the shipboard acoustic communication technology developed by Professor
Jin-Ho Bae and his team [40] (JNU: Jeju National University), who have successfully established
communications across a ship covering the shadow areas.

Although it was believed that radio communications are rarely possible in iron-structured
(bulkheads) ships, his team was able to establish communications covering a distance of 100 m
in a ship and to secure the patent rights for its source technology through the research project titled
“Ultrasonic Communication Technology for Shipboard Communication Network Construction” [40].

The experiments conducted for this project used only a single acoustic transducer (10 Kbps) to
cover a distance of 100 m under a non-optimized environment. As this is similar to just using a set of
two-way radios, they are planning to optimize the system by using multiple transducers to increase the
distance and the performance level. Daewoo Shipbuilding and Marine Engineering Co., Ltd at ROK.,
which occasionally experiences toxic gas-related accidents in areas blocked by bulkheads, was able to
verify the feasibility of the team’s technology.

JNU claims that they achieved more than originally expected amid a situation in which it was
not easy to obtain a successful result using dynamics and electrical/electronic acoustic knowledge,
all of which are radically different in nature. They also stated that the technology for transmitting
sound waves through iron structures has been used to detect defects up until now, but that using it for
communications would create new opportunities for integrating shipbuilding and IT technologies,
and that synergistic effects could be obtained through cooperation with experts in communications,
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signal processing, and acoustics. The major difference between this technology and the proposed
technology is that the former uses ultrasonic waves instead of a power line (three-phase three-line)
for communication.

We hope that our proposal will contribute to an improved work environment by reducing fatal
accidents in the shadow areas within dockyards.

6. Discussion

Small and large-scale industrial disasters involving casualties have constantly occurred in
shipbuilding yards in Korea up until now. According to the Ministry of Employment and Labor,
the average industry accident rate of all industries was 0.49% last year. The average industry accident
rate in the shipbuilding industry during the same period was 0.83%, which was twice the average
rate. The death rate in industrial accidents per 10,000 workers in the shipbuilding industry stood at
1.39%, which is significantly higher than the mean death rate (0.96%) of all industries. More than 40%
of deaths were due to accidents caused by suffocation or narrowness during bulkhead building.

According to the accident case in Hyundai Heavy Industries Co., Ltd at ROK., mobile phones
were not serviced inside a large ship whose area was the size of four football stadiums due to poor
reception between workers who worked on building a ship for about a year, so instructions about work
could not be delivered to colleagues quickly. In addition, work concentration was adversely affected
since workers had to go outside of the ship for reports to be delivered to the office. Note, however,
that mobile phones are now serviced in major working spaces inside the ship using the PLC proposed
in this study and SK Telecom femtocells, contributing to the significant increase in work efficiency and
safety. Hyundai Heavy Industries Co., Ltd. in Korea proved the efficiency of the specialized wireless
Internet phone inside the ship during the shipbuilding process after constructing an environment
wherein the phone above can be used, for the first time, by combining wireless LAN and PLC.

In other words, specialized wireless Internet phones were used using the PLC technology in areas
where mobile communication services are not provided. Note, however, that general mobile phones
can be used by applying the PLC proposed in this study and femtocell technology of SK Telecom.
Accordingly, a constant contact system in response to emergency situations and improvements in work
productivity inside the ship can be achieved, and more efficient and safer work environments can
be provided.

SK Telecom Co., Ltd and SUNCOM Co., Ltd have conducted on-site tests of the solution during
the shipbuilding in Hyundai Heavy Industries Co., Ltd., and the solution was adopted after completing
the validity test. The solution adopted this time can provide mobile communication services inside
the ship during shipbuilding, thereby enabling rapid processing of work reports and instructions,
as well as quick responses to disaster occurrence, contributing to improvements in work efficiency in
shipbuilding yards and ensuring workers’ safety.

7. Conclusions and Future Work

The testbed experiments show that the proposed technology has the potential to improve
labor productivity by reducing the possibility of accidents and to contribute to the welfare of
construction workers at construction sites. The main object of developing such a technology is
to enable uninterrupted and smooth communications in wide open spaces with minimal costs so as to
avoid industrial accidents. This platform technology could be applied to many other systems that are
likely to be developed in the future. Its cost-effectiveness and superior communication distance when
compared with UTP cable-based communication systems will no doubt bring more profits to ship- or
plant-building companies as they will be able to avoid installing separate lines for communications
and power transmissions.

Considering the depreciation cost calculation obtained from the testbed experiments, a cost saving
of approximately 85% (maximum) can be expected once the PLC-based communication system is
adopted. The estimated cost of constructing the system is about 15 million Korean won, which is
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just half of the amount that would be needed to construct two separate lines for both power and
communications (as of November 2017). The calculation was based on the assumption that the cost of
building a ship would be around 150 billion Korean won. Additionally, our qualitative analysis has
proven the positive economic effects for the shipbuilding industry.

Other involved secondary technologies are not described in this study, but will be introduced
later on in an extended article after the patent registration has been completed. We hope this study
will contribute to improving the working environment by reducing accidents at construction sites,
especially in shadow areas.

Network communication technology, which plays the role of a nerve system on a vessel, is being
developed continuously, laying the foundations for next-generation intelligent vessels. Vessels
consisting of more than 30,000 parts can be considered as an integral body of engineering and
electronic science and IT technology. The development of a shipboard network (or a ship area
network) communication technology will lead to a more advanced sensor-based monitoring technology,
and such a technology will be able to perform the work of many trained crew members on newly-built
cutting-edge vessels. However, the technology proposed in this study can not only be applied to new
ships, but also to old ships that are being operated under poor environments and which require safety
improvements. Actually, over 40 ships have already adopted this technology, and their crews are very
satisfied with them.
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Appendix A

In this paper, a speed of 200 Mbps was applied for the lab test, but the actual highest speed
obtained ranged from 15 Mbps to 18 Mbps on average. The result was quite contrary to the expected
speed of 24 Mbps, and we believe that this is due to signal attenuation on the power line. We will try
to correct the situation but, yet, the problem of Internet disconnection will not occur in the system
so we expect that there remains a good business opportunity. SUNCOM Co., Ltd., established
by an industry-university collaboration project, is proceeding with a business that utilizes PLC
technology in the Republic of Korea and has already developed 200–500 Mbps-level PLC-based
products. Additionally, in the preceding research [10] and business project, they have carried out the
PLC-based internet constructions on existing ships on more than 40 occasions.
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