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Featured Application: SimulationX is graphical-user-interface-based commercial software that
is considerably useful for developing and analyzing a mechanical system as a single simulation
environment because it can be easily applied in various research fields such as structural analysis,
flow analysis, controllers, and dynamics.

Abstract: Wind turbine generators are eco-friendly generators that produce electric energy using wind
energy. In this study, wind turbine generator efficiency is examined using a powertrain combination
and annual power generation prediction, by employing an analysis model. Performance testing
was conducted in order to analyze the efficiency of a hydraulic pump and a motor, which are key
components, and so as to verify the analysis model. The annual wind speed occurrence frequency for
the expected installation areas was used to predict the annual power generation of the wind turbine
generators. It was found that the parallel combination of the induction motors exhibited a higher
efficiency when the wind speed was low and the serial combination showed higher efficiency when
wind speed was high. The results of predicting the annual power generation considering the regional
characteristics showed that the power generation was the highest when the hydraulic motors were
designed in parallel and the induction motors were designed in series.

Keywords: wind turbine; hydraulic transmission; generation efficiency; powertrain combination;
simulation

1. Introduction

1.1. Research Background

As carbon dioxide emission control has strengthened, owing to the concerns over limited resources
and environmental pollution, an interest in eco-friendly energy production technologies, such as solar
photovoltaic power generation and wind turbines, has been growing [1]. Among them, the wind
turbine generators that use aerodynamics have been extensively researched and developed, because
they can be easily installed even in a rough terrain or the ocean.

The main components of the existing wind turbine generators are gearboxes, generators, and
frequency converters. However, it has been reported that the major failures of wind turbine generators
occur in the main components, and an interest in maintenance has been increasing since one to three
failures occur in each wind turbine generator every year [2-5]. In recent years, the development
of permanent magnet generators, using rare earth, has allowed for the development of small-sized
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generators with a high torque density. However, the requirement for 600-800 kg rare earth per MW
may significantly affect development costs. Furthermore, generators with high torque density may
contribute to light weight, but the fundamental problems with maintenance cannot be addressed [6].
The maintenance costs of wind turbine generators are significantly affected by the structure complexity
and marine conditions. Wind turbine generators with hydraulic transmission systems have been
proposed to overcome such problems [7].

The stability of the internal components of wind turbine generators significantly affects the power
quality, and the generating voltage and frequency must be as stable as possible in order to produce
high-quality power [8]. Hydraulic transmission can maintain the output at an almost constant voltage
and frequency by continuously controlling the capacity of the hydraulic motor according to the variable
wind speed conditions. Therefore, it is possible to produce high-quality power, even if the gearbox
and frequency converter, which experience classic problems, are removed, in which case the safety
circuit becomes relatively simpler [9]. In addition, as the generator can be moved to the ground, only
the hydraulic pump is installed in the nacelle, making it possible to reduce the head mass by 20-40%
and tower mass by up to 50%, as well as to significantly save on maintenance costs [10]. However,
as hydraulic transmission has a lower overall system efficiency compared to mechanical transmission,
a detailed study on power generation efficiency is required for system development [11,12].

1.2. Requirement for Analysis Technology

Hydraulic systems have been applied in various areas, such as power plants, construction
machinery, aircraft, automobiles, and agricultural machinery, because they are easy to control
and their power density is high. However, as hydraulic systems are still being developed using
a trial-and-error method, in which the problems are addressed by improving and replacing each
component, they require considerable time and cost for research and development. In addition,
the introduction of an electronic control has increased the system complexity and the number of
parameters that need to be considered for the design, thereby significantly increasing the amount of
time and investment cost that is required for product development.

In particular, large equipment, such as wind turbine generators, require considerable time
and cost for prototype fabrication, performance testing, and efficiency evaluation. Furthermore,
it is significantly difficult to analyze the system performance for design change and to examine
component compatibility. However, the advances in computer performance have made it possible to
simulate complicated systems with high accuracy. Such computer aided engineering is being applied
to the development of numerous products, because it enables various requirements to be examined
from the initial development stage and may considerably reduce the cost and time that are required
for prototype fabrication.

1.3. Aim of this Study

In this study, a system simulation environment was developed using SimulationX (3.8), which is
commercial software, to save on the time and cost that is required for research and development.
The main components of a hydraulic system were tested for performance so as to verify the reliability
of the analysis model. In addition, the power generation efficiency of a wind turbine generator with
hydraulic transmission was analyzed through powertrain combination using the developed simulation
environment, and the optimal powertrain combination was confirmed by predicting the annual power
generation, considering the regional characteristics.

2. Methods

Simulation model development was divided into map base modeling, which was based on
specifications and design base modeling, which was based on drawings, depending on the application.
In this study, the analysis model was developed using map base modeling, which was suitable for
system performance prediction. For analysis model development, the logical feasibility was sufficiently
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examined for the component model and the more complicated models, and the logic of the analysis
model for the main performances was examined by constructing a system. However, the details of
the analysis model development procedure were not included, because they were not considered
appropriate for the purpose of this study.

2.1. Wind Turbine Generator System Configuration

In a wind turbine generator system, the rotation of a blade that was caused by the wind force
supplied mechanical energy to a hydraulic pump, which then converted the mechanical energy into
fluid energy. The fluid energy was supplied to a hydraulic motor, which converted it into mechanical
energy and drove an electric motor to produce electric energy.

Figure 1 shows the schematic diagram of the wind turbine generator system that was targeted
in this study. It basically consisted of a hydraulic pump, a hydraulic motor, a controller, and control
valves [13,14]. Even though there were safety and auxiliary circuits in the detailed circuit of the
wind turbine generator, they were not considered in this study because they did not affect the
characteristics of the system combinations, but they could have had an adverse effect on obtaining
analysis results rapidly.
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Figure 1. Schematic diagram of the wind turbine generator.

There were five powertrain combinations, whose schematic diagrams are shown in Figure 2.
Table 1 shows the major specifications of the components that were used in the combinations.
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Figure 2. Wind turbine generator powertrain combinations. (a) Step 1-2: parallel hydraulic motor
and serial induction motor; (b) Step 3—4: parallel hydraulic motor and parallel induction motor;
and (c) Step 5: large-capacity pump and large-capacity hydraulic motor.

Table 1. Wind turbine powertrain combination.

No. Pumpl Pump2 Motorl Motor2 Induction Motor
1 3771 cc/rev 1256 cc/rev 180 cc/rev 40 cc/rev 110 kW
2 2512 cc/rev 2512 cc/rev 180 cc/rev 71 cc/rev 110 kW
3 3771 cc/rev 1256 cc/rev 180 cc/rev 40 cc/rev 110 kW + 27 kW
4 2512 cc/rev 2512 cc/rev 180 cc/rev 71 cc/rev 110 kW + 27 kW
5 4400 cc/rev - 180 cc/rev - 110 kW

2.2. Component Test to Verify the Analysis Model

A test setup was prepared, as shown in Figure 3, so as to measure the efficiency of the hydraulic
pump and hydraulic motor, which were the major components of the target wind turbine generator
system. In the test setup, a rotation speed sensor was installed to measure the volumetric efficiency and
a torque sensor was used to examine the overall efficiency. The mechanical efficiency was calculated
using the measured volumetric efficiency and overall efficiency. The hydraulic pump measured the
pump efficiency according to the load, based on rotation speed, and the hydraulic motor measured
the motor efficiency according to the load, based on capacity, because the variable capacity was used.
Each measurement result was used for the analysis model verification.

~

Hydraulic motor Xg %

Figure 3. Development of a simulation environment of the wireline riser tensioning system.
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2.3. Analysis Model Development

A radial-type piston pump, which was suitable for low speed and high torque, was used as
the hydraulic pump of the wind turbine. A study reported that the efficiency of the hydraulic
pump that was applied to the wind turbine generators was more than 90% in a steady state [15].
Figure 4 compares the test results with the simulation results of the analysis model. The test results
confirmed that an overall efficiency of more than 88% was secured in the operating range.

Figure 5 shows the simulation and test results of the hydraulic motor. The hydraulic motor
exhibited a low efficiency in low-pressure areas, and its efficiency decrease with capacity. This is
because the mechanical efficiency of the hydraulic motor was low in low-speed areas, owing to its
structural characteristics.
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Figure 4. Results of the simulation and test of the hydraulic pump.

As the reliability of the analysis model significantly affected the system design when the system
analysis was conducted using simulation, it needed to have been verified before the simulation
model was utilized. The simulation and test results for the hydraulic motor and hydraulic pump
were extremely similar, which indicated that there was no problem conducting a system analysis
using simulation.

Figure 6 shows the analysis results and model of the induction motor. The model was developed
using the specifications that were provided by the product manufacturer. Furthermore, the analysis
model was developed so that power generation could be calculated by considering the efficiency of
the induction motor, using the provided rated output power and efficiency.



Appl. Sci. 2018, 8, 858 60of 11

) Simulation ) Simulation
% Displacement 25% — — — Test % Displacement 50% = — — Test
S %)
80 - ‘
[ Z : -
[ [ '
2 55 2 )
_‘:J RN T R O 00 i A O S A S oo S PR S e B R QSR - ST O 1S M W . e S s e
< € ;
E o) R . o — T -1 1) T S
5 / 5 ;
¢ é
50 |- 50 -
o 1 bar 40 | | bar
i 100 200 i 100 200
Pressure difference Pressure difference
) Simulation ) Simulation
% Displacement 75% — — — Test % Displacement 10096— — — Test
[~%s)
80 [ iy
S z
R, .
€ £ " |
§ 60 T 60 - 1
] Qo
é é
S0 |- 50 |—
. ] ] bar 0 | bar
i 100 200 i 00 200
Pressure difference Pressure difference
Figure 5. Results of the simulation and test of the hydraulic motor.
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Figure 6. Performance of the induction motor. (a) Torque map and (b) induction motor efficiency.

A nonlinear aerodynamic model was required so as to design the blade of a wind turbine, and
a detailed analysis was generally conducted using CFD (computational fluid dynamics), because there
was also an influence of turbulence. In addition, the turbine blade was one of the key technologies for
wind turbine generators, because damage that amounted to 10-20% of the total power was caused
by wind turbine wakes [16,17]. As the efficiency of the blade affected the quantitative annual power
generation but not the powertrain combination efficiency, the turbine blade model was developed
using a two-dimensional (2D) map, so that mechanical torque could be entered according to the
rotation speed of the blade and wind speed. The 2D map was derived using the Simulink software.
Figure 7 shows the 2D map and analysis model.
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Figure 7. Development of the wind turbine blade. (a) Simulation model and (b) torque map of the

wind turbine blade.

Figure 8 shows the system analysis model for step 5, and Figure 9 shows the simulation results
that were used to examine the basic performance. The simulation results showed that the power
generation efficiency of step 5 was low when the wind speed was low, and it was more than 80% when
wind speed was 8-12 m/s. In addition, the generated power was saturated and the power generation
efficiency declined sharply when the wind speed exceeded 12 m/s, because the maximum generated
power of the induction motor was limited to 100 kWh.
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Figure 8. Development of a simulation environment of the wind turbine generator: Step 1.
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Figure 9. Basic characteristics analysis results of step 5. (a) Turbine blade torque; (b) hydraulic pump;
(c) induction motor power; and (d) step 5 overall efficiency.

3. Results

As the wind turbine generators exhibited a significant difference in power generation, depending
on the installation area, the wind speed occurrence frequency for the installation area needed to be
investigated first. Figure 10 shows the annual wind speed occurrence frequency in Muan, Jeollanam-do,
which was an expected installation area, based on the wind speed measurement data in the area.
A wind speed of 4 m/s exhibited the highest frequency.
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Figure 10. Annual wind speed occurrence frequency in Muan, Jeollanam-do. (a) Occurrence days vs.
wind speed and (b) occurrence rate vs. wind speed.
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3.1. System Efficiency Analysis

Figure 11 shows the overall system efficiency and generated power of the wind turbine generator
for different powertrain combinations. The generated power was saturated when the wind speed
exceeded 11 m/s for the serial combinations (step 1 and step 2) and 12 m/s for the parallel combinations
(step 3 and step 4), and the single pump and motor combination (step 5). In addition, the power
generation efficiency was higher in the serial combinations when the wind speed was higher than
7 m/s. It was higher in the parallel combinations when wind speed was lower than 7 m/s.
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Figure 11. System efficiency analysis results according to powertrain combination. (a) Torque map and
(b) Generation efficiency.

3.2. Annual Power Generation Prediction

The optimal powertrain combination, which considered the system efficiency and the annual
power generation, could be derived using the wind speed occurrence frequency, shown Figure 10, and
the power generated at different wind speeds, predicted in Figure 11. Figure 12 shows the generated
energy according to the wind speed and the optimal combination. Step 2 exhibits the highest power
generation, and step 5, which is a serial combination, shows the lowest annual power generation.
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Figure 12. System power generation according to powertrain combination. (a) Torque map and
(b) generation efficiency.
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4. Conclusions

In this study, a simulation analysis model was developed in order to rapidly analyze the
system characteristics of a wind turbine generator, using powertrain combination. Before the system
construction, the system power generation efficiency and annual power generation were predicted
using simulation. The results of this study could be summarized as follows:

1.  The overall efficiency was examined by testing the performances of a hydraulic pump and
a hydraulic motor with hydrostatic transmission, which were the key components of wind
turbine generators. In particular, it was confirmed that the overall efficiency decreased with the
capacity of the hydraulic motor.

2. The serial combination of generators exhibited a higher power generation efficiency when the
wind speed was higher than 7 m/s, while the parallel combination showed a higher power
generation efficiency when the wind speed was lower than 7 m/s.

3. The analysis of e annual power generation energy, which considered the regional characteristics,
showed that step 2, which was a combination of the parallel hydraulic motor and serial generator,
was the optimal combination and step 5, which was the combination of the large-capacity pump
and motor, was the worst combination.

4. It was confirmed that power generation efficiency declined sharply when the wind speed
exceeded 10-11 m/s, because the maximum power generation capacity of the induction motor
was limited. This indicated that the maximum power generation capacity needed to be
determined, considering the regional characteristics for designing a wind turbine generator.

5. Itwas possible to predict system performance before the system construction and to systematically
and specifically approach problems that may have arisen after the system construction using
a simulation model.

6.  The system performance could be analyzed using an analysis model for designing the controller
and blade of a wind turbine generator. This would save the time and cost that were required for
research and development.

7. The major disadvantage of using a simulation in the concept design stage, was that it could not
perform the performance test on all of the components. Therefore, the performance tests on all of
the components are required.

8.  The system will be assembled based on the results of this study, and a full system performance
test will be performed. In addition, the verification of the full analytical model will be required
before applying it to the various fields that use analytical models.
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