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Abstract: Movable object type wave power generators produce energy through the process of primary
energy conversion, which converts the potential and kinetic energy of the waves into mechanical
energy, secondary energy conversion that converts it into energy for generator operation using a
mechanical system or hydraulic system, and final energy conversion, the last step in power generation.
The secondary energy conversion system that transmits and amplifies energy according to the primary
energy conversion needs to secure durability while power generation performance varies greatly
depending on how the secondary energy conversion system is built. As a result, reliability assessment
of systems based on system engineering are a very important issue. Therefore, in this study, for
the conceptual design based on reliability assessment of the secondary energy conversion system,
the system concept was established using the integrated computer-aided manufacturing (ICAM)
definition for function modeling (IDEF0), a system analysis method, while necessary equipment
and process flow diagrams (PFD) were derived. In addition, the database (DB) and formula of the
secondary energy conversion system were constructed, and reliability assessment algorithms and
programs were developed. Finally, the PFD and reliability assessment program were verified by
applying them to a representative movable object type wave power generator.

Keywords: movable object type wave power generator; secondary energy conversion system;
conceptual design; reliability assessment; system analysis; IDEF0

1. Introduction

Through the Paris Climate Change Accord in 2015, it became mandatory to reduce
the emission of carbon dioxide worldwide. The government of the Republic of Korea
also announced a significant reduction in greenhouse gas emissions by 37% compared to
business as usual (BAU) by 2030 [1]. As a result, the era of decarbonization, which resolves
the emission of carbon dioxide, the main cause of environmental pollution, has begun, and
interest in carbon-free, pollution-free renewable energy is increasing significantly. Energy
decarbonization means that the amount of carbon per unit mass of the main energy source
(coal, oil, natural gas, etc.) decreases. Energy decarbonization can be achieved if renewable
energy becomes the main energy source.

Among the various renewable energy sources, wave energy is one of the most popular
sources of energy due to the geographical characteristics of Korea, which has three sides
open to the sea. The amount of wave energy in Korea is about 5.5 million kW [2], and
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it is important to utilize it well. However, converting this energy into electricity is not
easy. Although it has been attempted from the late 19th century, it took a long time
to commercialize it due to low power conversion efficiency, while compared to other
renewable energy power generation devices that have already been formalized, various
types of wave power generators are still being researched and developed.

Wave power generators creating power by using the energy of waves produce energy
through the process of primary energy conversion converting from the potential and kinetic
energy of the waves to mechanical energy, secondary energy conversion converting energy
for generator operation using a mechanical system or hydraulic system, and final energy
conversion for power generation.

The primary energy conversion is classified according to differences in the method of
absorbing wave energy such as rotational displacement, horizontal or vertical displacement
when absorbing energy from waves. Representatively, there are oscillating water column
(OWC), overtopping, and movable object type wave power generators according to the
primary energy conversion method as shown in Figure 1. Among them, the movable object
type wave power generator is very advantageous in terms of energy-absorbing efficiency
because wave energy directly affects the floating body. In addition, the point absorber wave
power generator having a smaller floating body size than the wavelength is advantageous
for applying to multiple generations using the same sized structures or installing in parallel
with other energy sources. Therefore, many studies have been conducted recently.
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Figure 1. Classification of wave power generators.

The whole process of energy conversion of primary energy conversion, secondary
energy conversion, and final energy conversion through movable object type wave power
generators can be expressed as shown in Figure 2. In the primary energy conversion, the
vertical or horizontal reciprocating motion of the waves is transferred to the vertical or
horizontal reciprocating motion of the floating body. In the second energy conversion,
this motion is transmitted to a rotational motion using mechanical systems such as gears,
pulleys, gearboxes, or hydraulic system elements such as hydraulic cylinders, hydraulic
pumps, and hydraulic motors. This rotational motion is transmitted through the shaft to
drive a generator. In the final energy conversion, this motion is converted into electrical
energy through a generator.
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Until now, for the primary energy conversion system of the movable object type wave
power generator, studies such as comparing and verifying the performance by changing
the shape or angle of incidence of the floating body have been actively conducted [3–9]. In
addition, many studies on efficiency analysis using experiments and simulation techniques
have been performed on the movable object type wave power generator [10–14].

The secondary energy conversion system of a movable object type wave power gen-
erator is typically a mechanical system type that transmits energy transmitted from the
motion of a floating body in rotational motion using various gear systems, pulleys, and
gearboxes. The wave power generator applying Salter’s duck type WEC is a representative
movable object type wave power generator to which the secondary energy conversion
mechanical system is applied [15]. In addition, there is a wave power generator to which a
secondary energy conversion hydraulic system is attached that operates a hydraulic pump
and motor by generating a pressure difference of a fluid through a hydraulic cylinder,
or operates a turbine with a flow of fluid using energy transmitted from the motion of a
floating body. Representatively, the generators that apply wavestar type WEC belong to
this category [16]. In addition, there are hybrid generators that use both secondary energy
conversion mechanical and hydraulic systems in combination.

Many studies have previously been conducted on the efficiency analysis of these
secondary energy conversion systems. With the theme of the secondary energy conversion
mechanical system, a system that can amplify or reduce the final efficiency by combining
the mechanism of the gear system was constructed [17]. The system consists of 12 sets of
parallel gears that transmit torque to a sun gear through a bevel gear, one-way gear. A
system using a double rack and pinion gear system and a shaft were applied. This system
converts the horizontal reciprocating motion of the wave into the reciprocating motion of
the arm and rack gear and converts it into the rotational motion of the pinion gear [18]. In
addition, a multi-level secondary energy conversion system was developed that converts
bidirectional rotational motion into unidirectional motion using bearings and bevel gears,
and then applies a power transmission system to increase the rotational speed [19]. A
complex system was constructed in which the toothed gear rack attached to the buoy rotates
the pinion gear, and the other pinion gear rotates in the opposite direction to generate
power. This system is attached with a revolution per minute (RPM) multiplier to improve
the RPM of the output shaft [20]. For pulleys, not gears, a bidirectional driven float-type
wave power generator with six pulleys and two ratchet wheels was designed [21].

As the theme of the secondary energy conversion hydraulic system, a power take-off
(PTO) system using a discrete displacement cylinder was constructed. It transfers energy
by changing the flow of oil or gas and converts the flow energy into rotational energy
using a hydraulic motor [22]. Additionally, a hydraulic pump with secondary control
hydrostatic transmission was applied. This system produces pulley torque using buoy
and counterweight, increases the pulley torque produced using the gearbox, and uses the
increased torque for the hydraulic pump and motor [23].

As a result of previous research analysis, various types of secondary energy conversion
systems can be applied. However, contrary to the diversity of the configuration of the
secondary energy conversion system, it is difficult to find a study for the conceptual design
of the system through system analysis and generalization. Since the power generation per-
formance of the system varies depending on the form of the secondary energy conversion
system, the reliability assessment of the system in the conceptual design stage is a very
important issue. For this, it is necessary to generalize the power transmission form of the
secondary energy conversion system by assessing the reliability of the system using appro-
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priate methods. Regarding the reliability assessment of the engineering structure, various
techniques considering uncertainty have been actively studied [24–27], and studies related
to reliability assessment of wave power generator systems have been conducted [28,29].

Therefore, in this study, for the conceptual design of the secondary energy conversion
system used in the movable object type wave power generator, first, the system concept
is established using the integrated computer-aided manufacturing (ICAM) definition for
function modeling (IDEF0) system analysis method for the secondary energy conversion
system, and the process flow diagrams (PFD) were derived. Second, the algorithm for
estimating the efficiency of the secondary energy conversion system was formed by apply-
ing the derived PFD, and based on this, a reliability assessment program was developed.
Finally, verification was performed by applying the PFD and program developed in this
study to a representative movable object type wave power generator applying Salter’s duck
type WEC. Ultimately, this study focused on the establishment of the conceptual design
process of the movable object type wave power generator by developing the reliability
assessment algorithm and program of the secondary energy conversion system. By using
the conceptual design algorithm derived through system generalization in this study, it
is judged that the appropriate conceptual design based on reliability assessment can be
performed no matter what type of secondary energy conversion system is configured, while
the presentation of a conceptual design guideline based on reliability assessment is of great
value. Furthermore, through a software update, the reliability assessment algorithm of all
other equipment included in the secondary energy conversion system of the wave power
generator will be included, and the DB of other equipment will be additionally secured.
Updating the software developed in this study and securing additional DB, will be used
as the basis for the development of the secondary energy conversion system of the actual
wave power generator.

2. System Analysis of Secondary Energy Conversion System
2.1. System Generalization Using IDEF0

IDEF0 is the first functional modeling method developed in the 1970s to model the
relationship between the functions and roles of systems in the United States Air Force’s
ICAM project [30]. This model structurally depicts the functions of the system environment
and information or objects related to those functions using a graphical representation.

The IDEF0 model consists of graphics for relational data modeling, as shown in
Figure 3. The middle box represents the function performed by the role elements. In
addition, according to the role, four arrows called input, control, output, mechanism
(ICOM) define the relationship between the functions of the system and additionally
express auxiliary information through text and description. Input arrow means data or
object that is converted into output by function. Control arrow means a condition or
environment for controlling the performance of a function. Output arrow means data
or objects produced by a function. Mechanism arrow means a means or program for
performing a function [31]. Multiple inputs, controls, and mechanisms are entered for a
single box, and multiple outputs are generated, but not all of these inputs, controls, and
mechanisms work simultaneously for all outputs. That is, a combination of input, control,
and mechanism produces a combination of different outputs.

For the conceptual design of the secondary energy conversion systems, based on the
system analysis of representative types of the movable object type wave power generator
performed in the previous section, in this section, the energy conversion type of the system
is expressed and generalized by IDEF0 modeling method. It is shown in Figure 4.
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The input is given the motion of the movable body by wave energy, and thus the
displacement is derived by output according to the transmission as a function. Control
includes rules and procedures for control. However, in this study, because it is a modeling
of functions for one system, control items were not considered. The mechanism on the lower
side represents a means to perform a function, in the system of this study, the means for
performing the function is the mechanical equipment, so the IDEF0 model was constructed
using equipment as a means. For example, for the conversion to rotational motion, gear
and pulley were set as the mechanism, and accordingly, the output derived by applying
the mechanism to the input transmitted in the previous step was provided as the input of
the function in the next step.

Finally, in this paper, the energy conversion process was verified through the functional
analysis of the secondary energy conversion system of the movable object type wave power
generator using the IDEF0 modeling method. In addition, through the functional analysis
results, eight equipment-pieces necessary for the configuration of the system were derived.
The derived equipment is shown in Table 1.
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Table 1. Equipment and each input/output obtained through IDEF0 modeling.

Function Equipment Input Output

Conversion & transmission Gear Translational or rotational energy Translational or rotational energy

Conversion Pulley Translational energy Rotational energy

Amplification Gearbox Rotational speed or torque Rotational speed or torque

Transmission Shaft Translational or rotational energy Translational or rotational energy

Conversion Hydraulic cylinder Translational energy Pressure energy of hydraulic fluid
in hydraulic system

Conversion Hydraulic pump External mechanical
rotational energy

Pressure energy of hydraulic fluid
in hydraulic system

Conversion Hydraulic motor Pressure energy of hydraulic fluid
in hydraulic system Rotational energy

Conversion Pelton turbine Kinetic(velocity) energy of fluid Rotational energy

2.2. Process Flow Diagram (PFD)

Through the functional analysis using the IDEF0 method in the previous section, the
necessary equipment for performing each function was derived. According to the function
of the derived equipment, the gear or pulley of the mechanical system is in charge of trans-
lation of translational or rotational motion, the gearbox amplifies the number of revolutions
using the gear ratio, and the shaft is responsible for the transmission function of the rotation
axis. The hydraulic system is also responsible for converting translational motion using a
cylinder and generating rotational energy using a motor or turbine. Accordingly, in this
section, based on the logic of secondary energy conversion, secondary energy conversion
systems are constructed as an appropriate combination of each derived equipment.

Therefore, the case of each representative secondary energy conversion system con-
structed by applying mechanical and hydraulic system equipment is shown in Figures 5
and 6 as a process flow diagram. If the input and output components of the equipment
before and after, such as Figures 5 and 6, are matched, it is possible to diversify the system
configuration with a combination of various equipment, but the autonomy for arrangement
must be guaranteed. In this study, for the secondary energy conversion mechanical system
and hydraulic system, the eight most representative PFDs were derived based on the
literature review results of the existing secondary energy conversion system. More various
PFDs can be derived, but in general, the more the equipment of the system, the lower the
efficiency. Therefore, the PFD according to the combination of more equipment was not
derived in this study.
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3. Development of Reliability Assessment Program

In this chapter, according to the system configuration of the PFD derived in the
previous chapter, a program was developed to assess the reliability when each equipment of
the secondary energy conversion mechanical system transmits energy. The RPM generated
by the primary energy conversion is the input to the secondary energy conversion formula,
and the RPM by the secondary energy conversion is the output. To express this, a DB and
a formula for reliability assessment of gears and pulleys, which are the equipment of the
mechanical system, were constructed. Additionally, when evaluating the performance of
secondary energy conversion including the hydraulic system, the efficiency at each stage
was assumed to be 85% for the hydraulic pump [32] and 90% for the hydraulic motor [33].

3.1. DB and Formula for Reliability Assessment of Gear

The efficiency DB of the gear, which is the main mechanical equipment of the secondary
energy conversion system, was built, and the energy conversion formula for reliability
assessment was built using this DB. In the gear system, power loss does not occur in the
shaft and oil, while power loss due to gear friction is the most significant part. Therefore,
assuming that there is no loss due to friction of the gear system, efficiency can be calculated
by considering only the loss of the gear itself depending on the shape, size, and material of
the gear. In this study, the transmission efficiency DB of the gear system was built based on
the commercial products of KHK Gears and is shown in Table 2. It is classified according to
category and type [34]. The efficiency value can be calculated through the DB of the table.
For reference, in general, as the gear stage increases, more energy loss occurs, and thus
efficiency decreases. In addition, the formula for applying the efficiency of the gear system
is as shown in the below Equation (1).

V2 = V1
N1

N2
η (rpm) (1)

where, V1 is the revolution per minute (RPM) of the rotor shaft (rpm); V2 is the RPM of the
output shaft (rpm); N1 is the number of teeth in the gear 1; N2 is the number of teeth in
gear 2; η is the efficiency of the gear (%).
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Table 2. Efficiency DB for each type of gear [34].

Company Category Type Transmission Efficiency (%)

KHK Gears Parallel Axis Gears Spur Gear 98.0–99.5
KHK Gears Parallel Axis Gears Helical Gear 98.0–99.5
KHK Gears Parallel Axis Gears Rack Gear 98.0–99.5
KHK Gears Parallel Axis Gears Helical Rack Gear 98.0–99.5
KHK Gears Parallel Axis Gears Internal Gear 98.0–99.5
KHK Gears Intersecting Axis Gears Miter Gear 98.0–99.0
KHK Gears Intersecting Axis Gears Straight Bevel Gear 98.0–99.0
KHK Gears Intersecting Axis Gears Spiral Bevel Gear 98.0–99.0

KHK Gears Nonparallel and Nonintersecting Axis Gears Screw Gear
(Crossed Helical Gear) 70.0–95.0

KHK Gears Nonparallel and Nonintersecting Axis Gears Worm and Worm Wheel 30.0–90.0

The ratio of the number of teeth of the gear becomes the ratio of the rotational speed.
Accordingly, the performance formula by secondary energy conversion using gears, theo-
retically without loss, is derived as in Equation (1).

3.2. DB and Formula for Reliability Assessment of Pulley

For the pulley, which is the main mechanical equipment of the secondary energy
conversion system, an efficiency DB and formula were built. First, the efficiency of the
pulley system is determined by the performance of the belt. Therefore, the transmission
efficiency DB of the pulley system is built on the basis of commercial products and is shown
in Table 3. The items are company, belt type, and model. The reliability assessment program
was configured to use DB by selecting the type of classical V-belts, cogged V-belts, timing
belts, etc., from the pulley list. In addition, the formula for evaluating the performance to
apply the efficiency of the pulley system is given Equation (2). As shown below, the pulley
system uses the same performance formulas as the gear, and only the expression of the
ratio is different.

V2 = V1
D1

D2
η (rpm) (2)

where, V1 is the RPM of the rotor (rpm); V2 is the RPM of the output shaft (rpm); D1 is the
diameter of the rotor (m); D2 is the diameter of the output shaft (m); η is efficiency of the
pulley (%).

Since the circumferential speeds of the rotor and shaft are the same, the ratio of
the diameter between the pulleys is the ratio of the rotational speed. Accordingly, the
performance formula by secondary energy conversion using pulleys without loss is derived
as in Equation (2). Finally, in this study, the efficiency DB and formula of the gear and
pulley were constructed, and a program was developed to assess the reliability of the
secondary energy conversion mechanical system using these.

3.3. Reliability Assessment Algorithms & Program

The algorithm for assessing the reliability of the secondary energy conversion using
the DB and formula of the gear and pulley built in the previous section is shown in
Figure 7. As in the algorithm, according to the type and specifications of the equipment,
the corresponding efficiency DB and formula were constructed. Accordingly, the RPM
generated by the primary energy conversion is the input to the secondary energy conversion
formula, and the RPM by the secondary energy conversion is the output.
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Table 3. Efficiency DB for each type of belt [35,36].

Company Type Model Transmission Efficiency (%)

CARLISLE Wrapped Classical-V A 90.6
CARLISLE Wrapped Classical-V 2A 90.7
CARLISLE Wrapped Classical-V B 90.1
CARLISLE Wrapped Classical-V 2B 89.7
CARLISLE Wrapped Classical-V B Joined-V 86.2
CARLISLE Wrapped Classical-V C 97.4
CARLISLE Wrapped Classical-V 2C 97.4
CARLISLE Wrapped Classical-V 5C 96.9
CARLISLE Wrapped Classical-V C Joined-V 97.5
CARLISLE Wrapped Classical-V D 96.9
CARLISLE Wrapped Classical-V 4D 96.8
CARLISLE Cogged Classical-V A 93.2
CARLISLE Cogged Classical-V 2A 93.3
CARLISLE Cogged Classical-V B 95.1
CARLISLE Cogged Classical-V 2B 95.7
CARLISLE Cogged Classical-V B Joined-V 94.4
CARLISLE Cogged Classical-V C 99.6
CARLISLE Cogged Classical-V 2C 99.3
CARLISLE Cogged Classical-V 5C 98.8
CARLISLE Cogged Classical-V C Joined-V 98.5
CARLISLE Cogged Classical-V D 97.4
CARLISLE Cogged Classical-V 4D 97.5
CARLISLE Wrapped Synchronous L075 97.0
CARLISLE Wrapped Synchronous L038 98.2
CARLISLE Wrapped Synchronous L075 97.3
CARLISLE Wrapped Synchronous XH 400 99.4

Optibelt Wedge V-belts/kraftbands SK 97.0
Optibelt Wedge V-belts/kraftbands RED POWER 3 97.0
Optibelt Wedge V-belts/kraftbands BLUE POWER 97.0
Optibelt Wedge V-belts SUPER XE-POWER PRO 97.0
Optibelt Cogged V-belts SUPER X-POWER 97.0
Optibelt Cogged V-belts MARATHON X 97.0
Optibelt Cogged V-belts MARATHON 2 97.0
Optibelt Classic V-belts VB 97.0
Optibelt Double-sided V-belts DK 95.0
Optibelt Variable speed V-belts VARIO POWER 95.0
Optibelt Ribbed V-belts RB 96.0
Optibelt V-belts KK 95.0
Optibelt Polyurethane V-belts OPTIMAT OE 90.0
Optibelt Timing belts OMEGA 98.0
Optibelt Timing belts ZR 98.0
Optibelt Polyurethane timing belts ALPHA 98.0
Optibelt Round timing belts RR 95.0
Optibelt Endless timing belts PKR 95.0
Optibelt Endless flat belts OPTIMAX HF 95.0
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The graphical user interface (GUI) of the reliability assessment program developed by
applying the efficiency DB based on the commercial products according to the algorithm
is shown in Figure 8. For example, if the gear and pulley systems are selected, and the
transmission efficiency and basic properties of the selected system are input, the efficiency
and RPM are derived using the built-in performance formula. On the GUI, the weight factor
of RPM (Wr) is a factor that applies the amount of change in RPM when there is an RPM
converter such as a pump or gearbox system, not a gear or pulley system. In addition, the
weight factor of efficiency (We) is a factor that applies the efficiency change when there is an
efficiency converter other than a gear and pulley system. Weight factor is used to account
for the variation in each stage when assessing the reliability of the multi-stage system.
Finally, using the reliability assessment program developed in this study, the performances
of each type of equipment that make up the system are derived, and the guideline can
be presented when designing the model. In the future, through the continuous update of
the program, the reliability assessment algorithm of all other equipment included in the
secondary energy conversion system of the wave power generator will be included, and
the DB of other equipment will be additionally secured. Accordingly, it will be used as the
basis for the development of the secondary energy conversion system of the actual wave
power system.
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4. Verification
4.1. Movable Object Type Wave Power Generator Applying Salter’s Duck Type WEC

In this chapter, verifications and applications of the derived PFD and the developed
reliability assessment programs for conceptual design were performed. Since there is a
limit in verifying all derived PFDs, the movable object type wave power generator applying
Salter’s duck type WEC was selected as a verification example. This is composed of a gear
or pulley system and is applied with a secondary energy conversion mechanical system
that is as easy to design as a basic shape. First, the mechanism of the Salter’s duck type
WEC was analyzed to assess the reliability of the wave power generator applying it.

The movable object type wave power generator applying Salter’s duck type WEC
was invented by Scottish physicist Stephen Salter and presented in the Nature Journal
in 1974 [15]. After development, the system was extensively verified through model
experiments [37,38] and theoretical analyses [39–41] in the late 70s and early 80s. The duck-
type rotor drives the generator based on the rotational motion by waves and is designed
to perform only one-way motion by applying a ratchet mechanism. The representative
Salter’s duck type WEC is the WEPTOS WEC developed in Denmark [42]. The WEPTOS
WEC applied Salter’s duck type primary energy conversion system, which consists of two
sets of V-spaced structures that absorb the wave energy through a line of rotors, each of
which transmits energy directly to the generator. In the end, the line of rotor of these two
sets of V-shaped structures was designed to reduce the wave load by turret mooring and
rotating at an angle between 13 and 120 degrees around the point [43,44].

4.2. Verification of PFD and Reliability Assessment Program

The Salter’s duck type WEC converts the rotational energy absorbed by the rotor from
the wave by the transmission principle of gear or pulley, a secondary energy conversion
equipment, and transmits it to another axis through the shaft, so that the generator develops.
In the meantime, the rotation can be amplified by equipment such as gearbox, hydraulic
pump, and hydraulic motor. In this study, reliability assessment was performed for each of
the three systems consisting of gear and pulley in the first stage of the secondary energy
conversion mechanical system in the derived PFDs of Figures 5 and 6 for the Salter′s
duck type WEC. Table 4 shows the assumptions of specifications and efficiency for each
equipment constituting the secondary energy conversion system, the efficiency of the
output to the input, and the ratio of the RPM without loss [32,33,45–47]. The evaluated
parameters for each stage of the system using the performance formula-based reliability
assessment program developed in the previous chapter are as shown in Table 5. For
reference, the input RPM delivered in stage 1 was assumed to be 1.0, because it is intended
to assess the ratio of RPM and the efficiency at the final stage.
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Table 4. Assumptions and RPM ratio and efficiency ratio of input/output for each equipment.

Equipment Assumptions RPM Ratio
(Output/Input, No loss)

Efficiency Ratio
(Output/Input)

Gears N1: 80~20, N2: 10, Efficiency: 98% 2.0~8.0 0.98
Pulley Di: 0.8~0.2 m, Do: 0.1 m, Efficiency: 97% 2.0~8.0 0.97

Gearbox N1: 20, N2: 10, Gear efficiency: 98%, Stage: 2 2.0 × 2 = 4.0 (0.98)2 = 0.96
Shaft RPM ratio: 1.0, Efficiency: 100% (No loss) 1.0 1.0

H Pump RPM ratio: 2.0, Efficiency: 85% 2.0 0.85
H Motor RPM ratio: 2.0, Efficiency: 90% 2.0 0.90

Table 5. Parameter for each stage according to the PFDs.

PFD
(Secondary Energy

Conversion System)

Stage

1 2 3 4 Final

N1
(D1)

N2
(D2) η Wr We Wr We Wr We η

RPM
(No Loss)

PFD 1
(Gears–Shaft) 20 10 0.98 1.0 1.0 - - - - 0.98 2.0

PFD 2
(Gears–

Gearbox–Shaft)
20 10 0.98 4.0 0.96 1.0 1.0 - - 0.94 8.0

PFD 3
(Gears–H

Pump–H Motor)
20 10 0.98 2.0 0.85 2.0 0.90 - - 0.75 8.0

PFD 4
(Pulley–Shaft) 0.2 0.1 0.97 1.0 1.0 - - - - 0.97 2.0

PFD 5
(Pulley–Shaft–

Gearbox–Shaft)
0.2 0.1 0.97 1.0 1.0 4.0 0.96 1.0 1.0 0.93 8.0

PFD 6
(Pulley–Shaft–H
Pump–H Motor)

0.2 0.1 0.97 1.0 1.0 2.0 0.85 2.0 0.90 0.74 8.0

As shown in Table 5, when a secondary energy conversion system is constructed
including only pulleys or gears, the final RPM is low, but the efficiency is the highest. As
the number of equipment-pieces of the system increases, RPM gradually increases, but
the efficiency gradually decreases. Moreover, the hydraulic system generally does not
exceed 90% in efficiency for both pump and motor, so it can be seen that the efficiency
drops up to about 75% for systems including the hydraulic system. For this reason, it can
be determined that a combination of mechanical systems is more suitable as a secondary
energy conversion system of the existing Salter’s duck type WEC. In the reliability assess-
ment using the developed program, if reliability is assessed based on the specifications
and efficiency of equipment, it is judged that reliability of various PFDs can be assessed
at the conceptual design stage, and the most suitable energy conversion system can be
constructed. Accordingly, difficulties in deriving an optimal energy conversion system may
be solved through various applied PFDs.

In addition, to compare the results when the ideal RPM of the final stage is the same
due to the same rotational increase rate of the system, Table 6 shows the results of comparing
four systems composed of equipment with different specifications so that the final RPM in
the no loss state is derived identically. As shown in Table 6, the RPMs without loss of the
final stage on the four PFDs are all the same at 8.0, but the final efficiency × RPM value is
different due to the difference in efficiency of the equipment constituting each system. The
results of efficiency × RPM show that PFD 1 is the highest, followed by PFD 4. From these
results, it can be judged that PFD 1 composed only of gears and shafts is the most efficient
system with low loss. However, an efficient system does not necessarily mean efficiency in
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terms of economics [48]. In terms of system performance, RPM increases gradually as the
number of equipment-pieces in the system increases. Therefore, when using the conceptual
design process in this study, it is essential to improve the design more cost-effectively by
evaluating economic viewpoints such as CAPEX and OPEX related to the system efficiency
in the early development stages of the system [49].

Table 6. Efficiency and RPM of the system having the same rotational increase rate.

PFD
(Secondary Energy

Conversion System)

Stage

1 2 3 4 Final

N1
(D1)

N2
(D2) η Wr We Wr We Wr We

RPM
(No Loss) η × RPM

PFD 1
(Gears–Shaft) 80 10 0.98 1.0 1.0 - - 0.98 8.0 7.84 2.0

PFD 2
(Gears–

Gearbox–Shaft)
20 10 0.98 4.0 0.96 1.0 1.0 0.94 8.0 7.52 8.0

PFD 3
(Gears–H

Pump–H Motor)
20 10 0.98 2.0 0.85 2.0 0.90 0.75 8.0 6.0 8.0

PFD 4
(Pulley–Shaft) 0.8 0.1 0.97 1.0 1.0 - - 0.97 8.0 7.76 2.0

Finally, for the generators with different types of secondary energy conversion systems,
it is judged that a more efficient design is possible if design is performed according to
the conceptual design process suggested in this study. The process proceeds in the order
of constructing the system based on the PFD derived through system analysis through
IDEF0 while assessing the reliability of the constructed system using the performance
formula of the equipment constituting the system. In addition, as in this study, if a hybrid
system that applies both a mechanical system and a hydraulic system is designed based
on reliability assessment using a DB of equipment, it is expected that a more seamless
conceptual design and reliability assessment will be possible. However, since the expression
of the performance formula varies depending on the equipment of the system, the efficiency
curve or DB of the equipment must be constructed separately.

In addition, the purpose of this study is to provide the basis for conceptual design
based on reliability assessment through system analysis of the secondary energy conversion
system, so it does not perform accurate reliability assessment based on a physical model
considering the factors attributable to the efficiency of the system equipment. For example,
in the case of a secondary energy conversion mechanical system with a pulley system,
when assessing reliability based on a physical model, it should be modeled considering
various deterioration factors such as belt characteristics and friction. However, in this
study, factors affecting efficiency were not considered, and efficiency DB based on com-
mercial products was used. In future studies, physical models are to be developed and
more accurate reliability assessments performed by considering factors attributable to
performance deterioration.

5. Conclusions

Although a lot of research studies have been conducted on the viewpoint of energy
conversion of the wave power generator, among them, research on the system analysis and
concept design based on reliability assessment for the secondary energy conversion system
has not. Accordingly, in this study, the secondary energy conversion system was analyzed
and generalized using the IDEF0 method, and equipment and PFD needed for the design
of the system were derived. Therefore, the efficiency DB and formula of the mechanical
equipment were built, and a program for reliability assessment was developed and verified
using this. The main results are summarized as follows:
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• In this study, verification of the derived PFD and the developed reliability assessment
programs for conceptual design were performed by using Salter’s duck type WEC. As a
result of the analysis based on the assessed reliability, it can be seen that as the number
of components in the system increases, the final efficiency gradually decreases. In
addition, in the case of a system including a hydraulic system, the efficiency decreases
to about 75%. For this reason, it can be determined that the mechanical system is
more suitable as a secondary energy conversion system of the existing Salter’s duck
type WEC. In conclusion, it is judged that reliability of various PFDs can be assessed
at the conceptual design stage, and the most suitable energy conversion system can
be constructed.

• In addition, PFDs having the same rotational increase rate were compared. As for
system performance, RPM increases gradually as the number of equipment-pieces in
the system increases. Therefore, for the systems used in other movable object type
WEC, it is judged that more efficient design is possible if the design is performed
by combining the conceptual design process suggested in this study and economic
evaluation such as CAPEX and OPEX related to the system efficiency.

• As a result, the conceptual design process derived from this study is shown in Figure 9.
The process proceeds in the order of constructing the system based on the PFD derived
through system analysis through IDEF0 and assessing the reliability of the constructed
system using the performance formula of the equipment constituting the system. In
addition, if a hybrid system that applies both a mechanical system and a hydraulic
system is designed based on reliability assessment using a DB of equipment, it is
expected that a more seamless conceptual design and reliability assessment will
be possible.
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Finally, the subject of this study is in the unique field of wave power systems. In this
field, system analysis and generalization for conceptual design are performed, and the
presentation of the guidelines for conceptual design based on reliability assessment is con-
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sidered to be of great value. However, the purpose of this study is to provide guidelines for
conceptual design through system analysis of the secondary energy conversion system, it is
judged that accurate results based on physical models cannot be obtained. Accordingly, in
future studies, physical models will be developed and more accurate reliability assessments
performed by considering factors attributable to performance deterioration.
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