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Highlights:

e This study designed a hydrokinetic energy conversion system (HECS), which
connects a permanent magnetic synchronous generator with a vertical axis turbine
through a pulley and belt transmission system.

e  The developed model of the Vertical Axis Hydrokinetic Turbine — Straight Blade
Cascaded (VAHT-SBC) can potentially produce a maximum power potential of
174.058 W on site with a current velocity of 0.92 m/s, however, in this condition the
turbine efficiency is the lowest (22.25%).

e A pulley ratio of 1:3 had the highest performance in this integration system, due to
its ability to generate a load of 50 W on site with a current velocity of 0.82 and 0.92
m/s.

Abstract. The Vertical Axis Hydrokinetic Turbine — Straight Blade Cascaded
(VAHT-SBC) is a type of energy generation technology developed to meet the
increasing demand for renewable energy. Previous studies have been carried out
to enhance the efficiency of the turbine through several aspects. To deploy a
turbine on site, a study on its power generation and conversion is needed. In this
research, the VAHT-SBC was integrated with a permanent magnet synchronous
generator (PMSQG) by a pulley and belt transmission system. This study was
conducted by experimental and numerical analysis. The CFD simulation result
showed that the highest torque of the turbine was found at 0° and 360°, with an
average value of 23.923 Nm and with current velocity at 0.92 m/s. The
experimental data showed that the voltage and frequency were proportional to the
generator rotational speed and inversely correlated with the load given to the
integration system. In the inverter, the voltage and frequency values were stable at
230 V and 56 Hz respectively. The VAHT-SBC prototype was able to produce a
maximum power of 50 W on site, with a current velocity of 0.82 and 0.92 m/s.
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1 Introduction

An alternative to reducing our carbon footprint is by massive adoption of
renewable energy to fulfill the market’s demand. A relatively cheap source of
renewable energy is hydropower. The utilization of kinetic energy from water is
called hydrokinetic energy, which can be installed on various types of energy
resources, such as rivers, ocean currents, and waves [ 1]. The technology to extract
hydrokinetic energy is the turbine [2], which has the same electricity generation
mechanism as a wind turbine [3].

The hydrokinetic turbine is a suitable option for energy extraction at low speed,
itis omnidirectional (independent to current direction), easy to maintain, and does
not require a yaw mechanism [4-7]. Based on their axis, hydrokinetic turbines are
divided into two types, namely horizontal axis turbines (HAT) and vertical axis
turbines (VAT) [8]. The lift force-based turbine has superiority due to the
streamlined blades of its rotor, which reduces the backward drag force and
enhances the lift force generated [9]. Studies on the shape of the blades have been
conducted to further improve its performance, proposing straight blades, helical
blades, troposkein curved blades, crooked helical blades, including Gorlov
turbines with V-blades [10-14]. Researchers have also studied hybrid
hydrokinetic turbines, such as a hybrid between the Darrieus and the Savonius
rotor to overcome its low efficiency and self-starting issues [15-17].

In addition to that, experimental and numerical studies have been carried out to
investigate the blade configuration design [18-20]. The results showed that a 9-
blade configuration consisting of a passive-pitch blade as the outer blade and a
fixed-blade for the other blades had the highest coefficient of power, i.e. 0.42,
which is 93% of its theoretical value. Hence, the present study continued to
explore the systems needed to support this specifically designed turbine
installation, i.e. the energy conversion and transmission systems. To meet the
energy required by the grid, a hydrokinetic turbine needs to convert the
mechanical energy produced by the rotation of the turbine into electrical energy
using a generator and a power converter. Characteristics that need to be satisfied
according to the gird qualifications are frequency, voltage, active and reactive
power control, and harmonics [21]. There are several types of generators that can
be integrated with a hydrokinetic turbine, one of which is the permanent magnet
synchronous generator (PMSQG) [22-23]. The PMSG is frequently used on wind
turbines due to its high performance at variable speed, including high efficiency
and high control capabilities of the power generation system [24].

The second system required to operate a hydrokinetic turbine is the transmission

mechanism to integrate the turbine with the generator. Its function is to transmit
the torque and rotating energy of the turbine to the generator. The transmission
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mechanism that was used in this study was a pulley and belt mechanism. When
compared to a gearing system, a previous study has proven that on average the
pulley and belt mechanism is more feasible in terms of cost and power production
[25].

The energy conversion system from a hydrokinetic turbine has unique
characteristics, such as its fluctuating torque, which affects the performance of
the generator, and its high torque with a low rpm value. As this research reached
the implementation stage, a specified energy conversion system was designed to
support the performance of the VAHT SBC with its special characteristics. This
research studied the integration between the innovated vertical axis hydrokinetic
turbine with a PMSG energy conversion and pulley and belt transmission
mechanism. The energy conversion and transmission mechanisms were assessed
experimentally to find out the characteristics of the generator, i.e. rotational
speed, voltage, and frequency in accordance with the variation of the load and the
pulley ratio. Another expected primary result was the potential power that could
be produced by the turbine. A minor numerical analysis study was carried out to
extract the turbine performance parameters that were unable to be drawn from the
experiment, i.e. the distribution profile of velocity and pressure. Although this
work used a VAHT-SBC, it is expected that it can also contribute to the design
of mechanical to electrical conversion systems for various types of hydrokinetic
turbines and other types of renewable energy technology with similar
characteristics.

2 Design and Construction for Hydrokinetic Energy

2.1 Design of Hydrokinetic

Prior this study, deep research has been conducted to enhance vertical turbine
performance by innovating the cascade blade by combining the fixed and the
passive pitch, as depicted on Figure 1. This model will be referred to as straight
blade cascaded (SBC). This modification succeeded to tackle the low efficiency
and self-starting issues of vertical axis turbines [ 18-20]. This combination allows
the turbine to have greater force and torque as well as a larger area so that the
pressure will be higher [26]. Besides, the SBC is useful to increase the turbine’s
power extraction without enlarging its dimensions [11].

VAHT-SBC has nine blades with three blades on each arm. The outer blade on
each arm has a passive-pitch mechanism, which enables the blades to adjust their
pitch angle in the range of -20° < B <20° [19-20]. The aspect ratio of the turbine
is 1:8 with chord and span length at 10 cm and 80 cm, respectively, using NACA
0018 as hydrofoil profile. The hydrofoil is fabricated using an iron plate layered
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by resin fiber composite, which is essential to achieve a similar blade shape as
NACA 0018.

ol Te——

Figure 1 Design of the VAHT-SBC.

2.2 Design of Hydrokinetic Power Generation System Integration

The hydrokinetic energy conversion system (HECS) as depicted in Figure 2 was
adapted from wind energy system conversion (WESC). The generator and the
electrical system in the HESC play a essential role in converting the mechanical
energy of the turbine to electrical form.

Power transmission model 220-240 Vac

Va . g
Permanent Magnet ;zc Vde 50-60 Hz
e Belt and pulley Synchronous e Regulator [ Inverter Load
Generator

Rotational Speed
Turbine

Figure 2 Block diagram of the power conversion system.

A transmission element is used to connect the rotating system. In this research,
the type of transmission system used was a pulley and belt transmission system,
as shown in Figure 3. This type of transmission connects the turbine shaft with a
shaft moved by a belt. The pulley used by the generator was 5.08 cm in diameter,
while the turbine pulley varied by 15.24 cm, 20.32 ¢cm, and 25.4 cm. Thus, the
pulley ratios were 1:3, 1:4, and 1:5 respectively. The pulley applied on the turbine
was a driving pulley, while the pulley applied on the generator was a driven
pulley. The generator is one of the most important components in an HESC
because it determines the power generated. This research utilized a permanent
magnet synchronous generator (PMSG) for its high performance with a capacity
of 600 W and 650 RPM as its highest rotational speed. Its rated torque is 0.52
Nm, while the rated and excitation voltage are 12/24/48 V and 0-220 Vdc,
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respectively. This three-phase generator, which generates AC voltage, was
connected to a rectifier.

Figure 3 Belt and pulley transmission system with a ratio of 1:5.

The components of the converter system consisted of a three-phase rectifier, a
step down voltage regulator, and an inverter. The output of the three-phase
rectifier used was DC voltage. The step-down voltage was used to lower the
voltage input from the rectifier to 14.5 Vdc as the standard of the inverter. In this
research, the capacity of the voltage regulator was set to 200 W with 60 Vdc as
the highest input. This selection of the regulator was based on the turbine capacity
to extract hydrokinetic energy. The last component to convert the current,
voltage, and frequency to meet the given load is an inverter. The inverter output
was AC current with sine wave modified voltage and a capacity of up to 500 W.
In an applied hydrokinetic system, the output of the inverter is transmitted to the
grid. However, because the main objective of this research was to assess the
performance of the integrated system, the grid was replaced by a dummy load
instead.

3 Numerical Study and Site Test Performance Setup

3.1 Simulation Setup

To gain the data and profile of the parameters that could not be obtained
experimentally, a computational fluid dynamic (CFD) simulation based on the
Reynold Average Navier-Stokes (RANS) solver was conducted. The RANS
solver is a coupled flow solver that simultaneously solves the momentum and
continuity equations [27]. The simulated geometry consisted of a rotational and
a stationary domain, representing the rotating turbine and the channel.

The dimension of the stationary domain was 3D x 10D m, where D is the diameter
of the turbine. The turbine was located 3.5D from the inlet [4,19,28] with its
dimensions listed in Table 1. The boundaries of the stationary domain were
defined as inlet, outlet, opening for the upper site, and wall for the channel wall
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and base, as presented in Table 2. After the design process of the geometry,
meshing was conducted to generate the control volumes where the calculation of
equations occurred, as shown in Figure 4. However, a turbulence model study
needed to be done first, to provide the proper model for this simulation. Thus, a
test with 15 variations in total was conducted, as presented in Table 3. The mesh
size settings were coarse, medium, and fine, while the turbulence models used for
the setting were laminar, K epsilon, SST, BSL Reynold stress, and SSG Reynold
stress.

Table 1 Dimensions of the VAHT-SBC.

Parameter VAHT-SBC
Cord length 0.1m
Span 0.8 m
Diameter 0.8 m
H/D 1
Aspect ratio 8
Hydrofoil NACA 0018

Table 2 Boundary condition setup.

Inlet Current velocity as the experiment sites (0.74, 0.82, 0.92 m/s)
Outlet Opening
Wall Opening
Turbine (blades and shaft) Rotating Wall — no slip
Lower surface Wall — no slip
Upper surface Wall — no slip

X

(2) (b)

Figure 4 Grid generation in (a) blade (top view); (b) all domains.

The test result showed that the configuration that gave the smallest error was the
meshing with fine sizing and the SST turbulence model, with an error of 2.59%.
The error represents the difference in torque between the CFD simulation and the
experimental data. The result of the turbulence model testing was aligned with
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previous CFD studies [19,28-31], which state that the most representative
turbulence model for fluid-solid interaction simulation is SST. This model
optimizes the strength of the k-® and k-¢ turbulence model and eliminates its
weakness.

Table 3 Turbulence model meshing test.

Setting  Number of element Average Turbulence model Deviation (%)
skewness
Laminar 33.73
K epsilon 25.44
Coarse 3141062 0.57 SST 15.83
BSL Reynold Stress 21.80
SSG Reynold Stress 18.15
Laminar 16.15
K epsilon 13.10
Medium 3512214 0.48 SST 3.18
BSL Reynold Stress 12.52
SSG Reynold Stress 14.51
Laminar 10.53
K epsilon 7.22
. SST 2.59
Fine 4862183 030 BSI Reynold Stress 523
13.18
SSG Reynold Stress

The next step was a gird dependency test to determine the optimal grid, as
tabulated in Table 4. Based on this table, the present study used a mesh setting
with 4,862,183 elements. There were various grid sizes for each domain. The grid
size of the rotating domain and the turbine were smaller because the detailed
calculation occurred in these domains. The turbulence model and grid
dependence test were run for a current velocity of 0.74 m/s of site A.

Table 4 Grid dependency test.

Number of Elements  Orthogonality Torque

3,755,643 0.852 19.86
4,476,906 0.861 20.13
4,862,183 0.905 23.37
5,532,165 0.920 23.39

This work also analyzed the y+ of various mesh settings. Figures 4(a) and 4(b)
represent the y+ graph of mesh settings with 3,755,643 and 4,862,183 elements.
The value of y+ in the graph shows that the position of the first node from a larger
grid size resulted in more fluctuation. This affected the increment of shear stress,
which resulted in a greater value of Cp compared to the y+ of the smaller grid
size.
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Tplus

Figure 5 Y+ of mesh with (a) 3,755,643 (b) 4,862,183 elements.

The CFD simulation was validated with the torque of the experimental data, with
an average error rate of the computational fluid dynamic of 5.49%, as presented
in Table 5. A different result was obtained because the numerical model was
considered ideal, whereas the possibility of encountering losses along the
experimental process was high. Nevertheless, the error was below 10%, which
confirms the validity of the simulation.

3.2 Site Test Setup

A site test of hydrokinetic power generation performance was done
experimentally in an open channel located at PDAM Umbulan Pasuruan. This
site is suitable for hydropower turbine implementation since it has untapped
hydrokinetic potential. It has 0.97 m width and 1.55 m depth with a current
velocity of 0.74-0.92 m/s. The detailed results of the site test are presented in
Table 5. For the site test, three sites with different flow velocities were chosen as
the test locations. The current velocity of the open channel was measured by using
a Dentan CM-IBX series current meter, which was placed 0.5 m upstream from
the turbine frame. There were 5 collected data for each measurement point.
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Table 5 Data of torque from experiment and CFD simulation.

Current Rotational

Location velocity speed E:f;;?;;ﬁ:gl tﬁi‘:;:::a(;(:::) E(I;Z;r
(m/s) (rpm)
Site A 0.74 61.736 23.923 23.37 2.59
Site B 0.82 63.156 25.154 23.83 6.3
Site C 0.92 63.772 26.077 24.1 7.58

A JTN 4603BN torque wrench was used to measure the torque of the turbine. The
torque wrench was locked to the tip of the turbine to measure the torque for every
30° shift in azimuth angle. The presented torque data in Table 5 are the average
values of a total of 13 azimuth angles. For each azimuth angle, the data were
retrieved 5 times.

The rotation speed of the turbine and generator were measured by a WIPRO DT
2235A tachometer with a unit of radian per second. The three experiments were
measured using a tachometer, including the rotation of the turbine in the channel,
the rotation of the generator coupled to a motor and when its rotation declined
due to the load, and the integrated turbine and generator before and after loading.
For every current velocity, the rotational speed data were retrieved 5 times. For
the electrical aspects, the data needed were the value of the voltage and the
frequency at the input and output of each component measured by a multimeter.
Because the generator used was a three-phase generator it was necessary to
measure the line to line voltage to find out the balance between lines R, S, and T.
The electrical data were retrieved three times for each presented data.

4 Result and Discussion

4.1 Turbine Performance

The turbine performance needed to be assessed prior to the installation of the
mechanical transmission and electrical system. The fluctuating torque and low
RPM characteristic was considered for the mechanical to electrical conversion
system. The correlation among current velocity, torque, and rotational speed is
presented in Table 5. Among the three data retrieved from the experiment
presented in Table 6, the data of current velocity had the lowest average
percentage of uncertainty at 2.15%. The average uncertainty of rotational speed
and the torque data from sites A, B, and C were 4.461% and 4.697% respectively.
The highest current velocity was found at site C with the highest torque and
rotational speed of the turbine. The turbine produced 23.923 Nm, 25.154 Nm, and
26.077 Nm at sites A, B and C respectively.
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Table 6 Uncertainty of experimental data.

Site Current velocity Rotational speed Torque

Site A 2.449% 4.445% 4.941%
Site B 2.000% 4.285% 4.352%
Site C 2.000% 4.652% 4.799%
Average 2.150% 4.461% 4.697%

The torque data were used to determine the power generated by the turbine. Thus,
it was used to measure the performance coefficient (Cp) as the ratio between the
power generated by the turbine and the potential power of water. Moreover, the
power data were used to determine the specifications of the generator and the
other electrical systems. The power generated was highest at site C (174.058 W)
with an inlet current velocity of 0.92 m/s, which proves that the increment of
power produced by the turbine is proportional to rpm and torque. In contrast, the
turbine power is inversely proportional to the resulting power coefficient value.
This is because the potential power of water is a function of current velocity with
the power of three. The efficiency of the turbine at sites A, B, and C in sequence
was 37.9%, 30%, and 22.25%. These data could be utilized to determine the
power conversion system that was installed into the integration system.

In addition to the torque from the experiment data, the numerical study yielded
the detailed torque fluctuation for each azimuth angle. Based on the data
presented in Figure 6, the highest torque was observed for azimuth 0° and 360°,
where the turbine arm is at a right angle from the water inlet, causing a large
torque value because of the high amount of force received.

40
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Figure 6 Torque fluctuation.
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Besides torque, the result of the numerical analysis showed the contours of the
velocity streamline and pressure as presented in Figure 7. There was a pressure
difference in the area around the foil with the highest value on Foil I, which then
gradually decreased near the other foils. The higher the pressure on the foil side,
the higher the force on the foil, which results in a higher shaft rotational speed
and torque. The streamline profile shown in Figure 7 shows the flow direction of
the current velocity in the turbine. The current velocity was highest at the rotation
edge of the turbine (3.45 m/s) due to the rotation effect of the rotating turbine.

115002

Imsd]

(a) (b)

Figure 7 Contour of (a) streamline profile and velocity vector, (b) pressure.

4.2 Hydrokinetic Energy Conversion System Performance

Since the highest power was generated at site C, the presented data on the
hydrokinetic energy conversion system were drawn from site C only. A pulley
and belt system was selected as the mechanical and transmission system
considering its fabrication and installation are easily done. This system ensures
that the resulting rpm and torque are in the range of the generator’s rpm and
torque. This is important, as the hydrokinetic turbine has a very low rpm
compared to the generator requirement. Figure 8 shows the average result of the
turbine and generator rpm that was connected to the turbine at the various pulley
ratios. The smaller the pulley ratio, the lower the rpm resulted from the
mechanical transmission, which also influences the torque output of the
mechanical transmission system.

For each pulley ratio, the given load was different due to the effect of the torque
generated by the motor, which was inversely proportional to the pulley diameter
and rpm, as presented in Figure 8. Meanwhile, the value of the output voltage of
the generator, the three-phase rectifier, the voltage regulator, and the inverter
were different for each pulley ratio. Characteristically, the voltage of the
generator and inverter are alternating current, while the voltage of the rectifier
and regulator are direct current.
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Figure 8 Rpm for various loads: (a) at pulley ratio 1:5, (b) at pulley ratio 1:4, (c)
at pulley ratio 1:3.

The value of voltage had a linear correlation with rpm, except for the output
voltage of the regulator and the inverter, which were constant at 15.5 Vdc and
tended to be stable at 232-233 Vac. As the rpm decreases, the output frequency
of the generator will decrease as well, which leads to a decrease of the voltage
since the voltage of the generator is a function of its rotation. However, this did
not apply to the inverter, which had a stable frequency of 56 Hz.

In the loading cases, the increment of load also increased the work of the
generator, which led to an increase of the electric current needed. The voltage of
all elements decreased with the rise of the load, as presented in Figure 9. A small
amount of decrement was found for the voltage regulator with 0.01-0.04 Vdc.
This decline was caused by an increment of the electric current supplying the
load. Besides, the increment of the load decreased the frequency of the generator
but increased the frequency of the inverter. However, the inverter frequency
fluctuation was insignificant.

For the HECS used in this work, the experimental data showed that the highest
power potential that could be extracted by the VAHT-SBC was 50 W. This value
was found in two points, namely site B (0.82 m/s) and site C (0.92 m/s) with a
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pulley ratio of 1:3. These high power values followed the high turbine torque and
high generator rpm. Meanwhile, the power that could be extracted from the power
conversion system at site A was 40 W.
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Figure 9 Voltage output of the generator and the rectifier for various loads: (a)
at pulley ratio 1:5 (b) at pulley ratio 1:4, (c) at pulley ratio 1:3.

5 Conclusion

From the three sites assessed in this study, site C with a current velocity of 0.92
m/s stored a hydrokinetic power potential of 174.058 W, however, the turbine
efficiency of 22.25% at that site was the lowest. The designed hydrokinetic
energy conversion system connected the permanent magnetic synchronous
generator with the turbine through a pulley and belt transmission system. Based
on the experimental data, the voltage of the generator and rectifier output was
proportional to the rpm value. The voltage at the output regulator and inverter
accounted for 17.5 Vdc and 232-233 Vac, respectively. The frequency of each
component was proportional to the rpm value, except for the inverter, which was
constant at 56 Hz. The loading is inversely proportional to the voltage and
frequency, but has a linear correlation with the frequency of the inverter. The
highest power potential that could be extracted by the VAHT-SBC was 50 W,
found at site B (0.82 m/s) and site C (0.92 m/s) with a pulley ratio of 1:3.
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