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Abstract

The simulations and experiments for two 400 W low-speed direct-drive permanent mag-
net synchronous generators (PMSGs) installed in a Floating Kuroshio Turbine (FKT) were
implemented. The towing tank experiments were carried out at National Taiwan University.
A generator can start to harvest current energy at the rotation speed of 30 rpm (corre-
sponding to the current flow rate of 0.36 m/s), and produce the rated power of 400 W
at 150 rpm. The speed is very low compared with the published reports. The energy con-
version efficiency of the FKT is up to 0.85. The results show that the generated direct
current (DC) power is more than 800 W at a flow rate of 1.5 m/s. The power coeffi-
cient for the FKT is about 0.4. The energy loss at each stage and the power difference
between the testing platform and the towing tank experiment were also analyzed. More-
over, the shape of the FKT is a new design. Compared with other structures, the proposed
FKT can easily follow the direction of the ocean current and the depth of the FKT can
be adjustable; when it doesn’t operate, it will float on the surface so that it is easy for
maintenance.

1 INTRODUCTION

As global warming becomes worse, the emission of CO2 must
be significantly reduced. Consequently, the development of
renewable energy is urgently needed. One of the methods to
produce energy is to utilize the ocean current. The advantages
of current power plants are clean, sustainable, carbon-free, and
pollution-free. In addition, marine energy is autonomous and
independent of supplies from overseas, thereby ensuring energy
security.

When generating marine energy, the current flow rate is one
of the key parameters related to the kinetic energy of the cur-
rent. Furthermore, the density of seawater (1030 kg/m3) is
about 858 times higher than the density of air (1.20 kg/m3).
Therefore, the energy density of the kinetic energy generated by
the ocean current can reach the same level as a wind turbine at
a much lower flow rate.

Because the ocean has an enormous potential for generat-
ing energy [1], numerous research teams have made various
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developmental background analyses and assessments into ocean
current power generation [2–4].

Currently, the development of a proper environment that
extracts marine energy from the current has been investigated
in areas such as Taiwan [5], Japan [6, 7], Florida (USA) [8–10],
and Ireland [11]. The tidal current turbine, SeaGen in Ireland,
has two generators with gearboxes [11]. The SeaGen U with
three 1 MW turbines is developed for water depth exceeding 35
m. The support structure is fixed on the bottom of the ocean.
In addition, the SeaGen F is developed with two 1 MW tur-
bines for the floating deployment application. Therefore, the
depth of SeaGen U and F cannot be adjusted, compared with
the proposed structure.

Japanese research teams have made studies into harvesting
energy from the Kuroshio current. For example, K. Shirasawa
from Okinawa proposed a new ocean-current turbine that has
an unconventional shape to operate a turbine in the middle
layer of a marine current [12]. As it is necessary to cancel the
resulting rotor torque, the turbine is therefore designed with a
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2 CHEN ET AL.

float at the top and a counterweight at the bottom. The tur-
bine maintains a stable position thanks to buoyancy and gravity.
The system only has one 1 kW generator which is not a direct
drive and the rated rotation speed is 458 revolutions per minute
(rpm). The float on the top and the counterweight on the bot-
tom of the turbine is to balance the rotation caused by the
torque when the turbine operates. There is only one generator
and a counterweight on the bottom in the system, compared
with the proposed structure. In addition, the New Energy and
Industrial Technology Development Organization (NEDO) in
Japan was also dedicated to developing Kuroshio turbines. They
have completed a 100 kW floating type of ocean current power
generation system, “Kairyu”, which was tested in the actual
Kuroshio current off the coast of Kuchinoshima, Toshima, in
the Kagoshima Prefecture [13–15]. Kairyu has two generators
(100 kW) and three nacelles. The middle nacelle has the capabil-
ity of diving depth adjustment and power transform. The other
nacelles have two generators installed. There is not a lateral foil
float, compared with the proposed structure. Ueno reported the
development construction and demonstration of the floating
type ocean current turbine system. It achieved the installation
procedure feasibility, submergence height, attitude stability and
power output of 70–90 kW at a flow rate of 1.5 m/s due to
the flow fluctuation turbulence velocities etc. [15]. The research
team from the University of Tokyo also investigated the back-
ground of the turbulence around Kuchinoshima [16]. Some
companies in Japan have developed a twin-turbine floating-type
system that has a weathervane function, where the depth is con-
trolled by adjusting the buoyancy and the blade pitch [17, 18].
They have conducted research into the device stability and the
cable stress of the ocean current turbine system [19]. More-
over, the motion of the twin-turbine system concerning the
starting conditions was analyzed [20]. The adjustment of the
blade pitch angles in different conditions in the real ocean was
also simulated [21]. The research team at Wanchi Steel Corpo-
ration in Taiwan successfully generated an average power of
26.31 kW with a flow rate of 1.27 m/s from the Kuroshio
current [22].

For a regular generator, a gearbox connected blades and a
generator is used to increase the rotation speed and then drive
the generator to produce power. However, the gearbox will
cause power loss and damage during the conversion. For a
direct-drive low-speed generator, the generator can be directly
driven by the blade at relatively low speed. Wei reported that
the low-speed generator has an efficiency of 85.5% at 200 rpm
which is higher than the proposed rotation speed of 150 rpm
[23]. S. Tanigaki reported a water bearing, drive train and proto-
type testing of the ocean current turbine in Kuroshio current.
The rated power output is 20 kW at a flow rate of 1.5 m/s
[24]. The rated rotation speed is 47.7 rpm. It also has two gen-
erators and a buoyancy body [24] which is also different from
the proposed FKT in this article. Wei reported that two 1 kW
direct-drive low-speed and high-efficiency PM generators using
silicon steel and Common Cold Steel Plate (SPCC) were simu-
lated, fabricated and compared [23]. The generator can generate
about 959 W at 200 rpm and the efficiency is about 86.4% at

200 rpm. The load is 160 Ω and the voltage is about 343 V at
200 rpm [23]. Han reported that a 5 kW distributed ocean cur-
rent energy hydrostatic transmission (HST) power generation
with a dual-pump confluence design, can efficiently generate
power in a low flow rate and deep environment. The working
pressure of the HST is reduced to avoid overflow and the dis-
persed micro-energy in the deep sea can be aggregated together
to active power [25]. Jiang reported a hybrid ocean wave-current
energy converter (HWCEC) which can harvest energy from
waves and current simultaneously with a single power take-
off. The current energy is extracted by using a current turbine.
Experimental results validate the dynamic modelling and show
the HWCEC can increase the output power between 24% and
89% over either the current turbine or wave energy converter
[26]. Weiss proposed a methodological approach to identify
potential zones for wind and wave energy exploitation, using
long-term data series with fine spatial and temporal resolution.
For wave energy, Brazil and New Zealand present good oppor-
tunities for the development of wave energy, with an estimated
extractable power of 372 TWh/month and 286 TWh/month,
respectively [27].

However, many studies into the Kuroshio current are only in
the research stage, so few data describe the actual power gen-
eration efficiency corresponding to the flow rate of Kuroshio.
This paper is focused not only on simulations, but also on the
actual generation of power from towing tank experiments. The
proposed current turbine is designed to harvest Kuroshio cur-
rent energy because the Kuroshio current is about 30 km away
from the eastern coast of Taiwan, and the flow rate of the cur-
rent is up to 1.5 m/s, which is very suitable for developing
a Kuroshio current power plant. Consequently, we propose a
floating Kuroshio turbine (FKT) system that considers the low-
speed direct-drive generator concept. The innovations of the
proposed system are: (1) The FKT system will be attached to
the middle layer of the ocean using a single mooring line, and
its buoyancy and gravity will be adjusted to control the work-
ing depth corresponding to the Kuroshio flow rate. This novel
design allows the FKT system to float to the surface of the
ocean for maintenance when the turbines do not operate, or
automatically dive to a deeper layer when the turbine operates.
This is because the force caused by the rotation of the blade
overcomes the buoyancy. Therefore, the FKT system can pre-
vent damage during serious weather conditions, including the
effect of waves on the efficiency. (2) Another innovation is that
the generator is the low-speed direct-drive type so that it can
produce power at a relatively low speed (∼30 rpm, correspond-
ing to the current flow rate of 0.36 m/s) and the rated power
of 400 W at 150 rpm. (3) In addition, the shape of the Floating
Kuroshio Turbine with a foil float is a new design, which makes
the FKT maintain a stable position under the sea, compared
with the Kuroshio turbine, Kairyu. (4) The concept of a low-
speed direct-drive generator will reduce the requirement and
cost of maintenance because the FKT system doesn’t contain
a gearbox.

The proposed 800 W FKT is composed of two 400 W per-
manent magnet synchronous generators (PMSGs). The 400 W
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CHEN ET AL. 3

FIGURE 1 An 800 W floating kuroshio turbine

FIGURE 2 Simulation procedure

low-speed direct-drive PMSG was designed using finite element
analysis software. The components parameters, such as materi-
als, winding types, the dimensions of the stator and rotor, the
mesh density, etc. were designed and simulated [28, 29]. After
fabrication, the 400 W low-speed direct-drive PMSGs were
tested using a testing platform. Finally, we also conducted an
underwater towing tank experiment of the FKT at the Depart-
ment of Engineering Science and Ocean Engineering, National
Taiwan University. The performance of the FKT system was
measured and analyzed at various flow rates. The picture of
the proposed FKT is shown in Figure 1, which is described in
Section 4.

2 FINITE ELEMENT SIMULATION

2.1 Design and simulation of the PMSG

Figure 2 shows the design procedure for the simulation pre-
sented in this paper. The PMSG structure was designed in

TABLE 1 Parameters of a PMSG

Item Values

Machine PMSG

Rotor position Inner rotor

Reference speed (rpm) 150

Rated Power (W) 400

Rated Phase Voltage (V) 128.45

Rated Phase Current (A) 1.01

Torque Constant (Nm/A) 27.93

Flux linkage 𝜆m (Wb) 1.2

Control type AC

Frequency (Hz) 25

Number of poles 20

Number of slots 24

Steel Type 50CS400

Magnet Type N45H

Rotor outer diameter (mm) 114.5

Stator inner diameter (mm) 116

Winding type Concentrated

Connecting type Y connecting

SolidWorks and imported into the ANSYS Maxwell software.
The model for the 400 W AC inner rotor PMSG was divided
into six parts including the core, the outer covering, the rotor,
the stator, the winding coil, and the permanent magnet, as
shown listed in Table 1. The inner diameter of the rotor is
25 mm; the outer diameter is 114.5 mm; the inner diameter of
the stator is 116 mm; and the air gap is 1.5 mm. In addition, the
PMSG has 20 poles at 25 Hz and 24 slots, and is a concentrated
winding type. The type of steel is 50CS400 grade with a N45H
type magnet. A Y-connection external circuit was used in the
Maxwell Circuit Editor. The generator is rated at 150 rpm and
can output a rated power of 400 W. In this simulation, at least
500 steps within 1 s were used to ensure the simulation quality
and accuracy.

2.2 Simulation results

The simulation results for the 400 W low-speed direct-drive
PMSG show that the alternative current (AC) power output was
then rectified by the full wave bridge rectifier circuit which is
composed of 6 diodes, 3 parallel capacitors and an 182 Ohms
resistor, as shown in Figure 3. According to the simulation
results, DC output voltage and current were 270 V and 1.48
A, respectively. The simulated power output is the product of
the DC voltage and the DC current. The power output curve
is shown in Figure 4, which is about 398 W with a load of 182
Ohms at 150 rpm, close to the target of 400 W. The average
torque is 27.66 N m at steady state, as shown in Figure 5. From
the relationship of torque, speed and power, the power output
at 150 rpm is 434 W, also close to the target.
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4 CHEN ET AL.

FIGURE 3 The simulated external circuit of DC power

FIGURE 4 Simulated DC power

FIGURE 5 Simulated PMSG torque

In addition, the magnetic field intensity and the magnetic flux
density was also investigated since the proper magnetic field
intensity can prevent magnetic saturation and increase PMSG
efficiency at different rotation speeds. After simulation, the
change in magnetic flux density and magnetic field intensity
were quite linear as the rotation speed increased. The maxi-
mum flux density was about 1.8 Tesla at 100 rpm and 2.1 Tesla
at 150 rpm. From the B–H curve, the PMSG has the proper
magnetic flux density without inducing magnetic saturation, as
shown in Figure 6.

FIGURE 6 Simulated B–H curve for the PMSG

FIGURE 7 Illustration of the testing platform [30]

3 TESTING OF TWO PMSGS

3.1 Testing platform

The two PMSGs, denoted as PMSG-1 and PMSG-2, were tested
on a testing platform that was composed of a motor, a reducer,
a torque meter, and an encoder, as shown in Figure 7 [30]. The
motor was controlled by the computer in order to ensure that it
rotates at the required speed. The reducer then reduces the rota-
tion speed and increases the torque, which can ensure that the
PMSGs are rotated and then produce AC power output. The AC
power output is transferred to a DC power output using a full
bridge rectifier circuit. The values of the torque and the rotation
speed of the PMSGs are measured using a torque metre and
an encoder. The power between the AC–DC transformation
increases from 0 to 25 W as the rotation speed increases from 30
to 150 rpm. The generated power follows two equations below:

P = I 2R = IV (1)

P =
T ⋅ n

9549
(2)
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CHEN ET AL. 5

FIGURE 8 Power loss for PMSG-1 in AC–DC transformation

FIGURE 9 Power loss for PMSG-2 in AC–DC transformation

where P is power; I is current; R is resistance; V is voltage; T is
torque and n is rotation speed.

3.2 Testing results

Figures 8 and 9 show the power loss for PMSG-1 and PMSG-
2 in the AC–DC transformation at rotation speeds between
30 and 150 rpm with the loads of 728, 364, 262, and 182
Ohms. The calculated internal resistance is about 15 Ohms at
around 150 rpm. Both PMSG-1 and PMSG-2 are able to gen-
erate power more than 400 W. In addition, it can be seen from
Figure 9 that PMSG-2 is more stable. The power loss at a load
of 182 Ohms and a higher speed is higher than that at a load
of 728 Ohms and a lower speed, as shown in Figures 8 and 9.
This is because current increases with increasing speed and
lower resistance so that the power loss on the internal resistance
increases.

Figures 10 and 11 show the DC power output as a function
of the rotation speed. The experiments were started at a speed
of 30 rpm, which was then increased by 10 rpm for each step.

FIGURE 10 DC Power output for PMSG-1 tested by using the testing
platform

FIGURE 11 DC Power output for PMSG-2 tested by using the testing
platform

The experiments were stopped once the power output reached
450 W in order to avoid overheating and damage. The power
output for both PMSG is about 400 W with a load of 182 Ohms
at 150 rpm. Both PMSGs can even reach about 450 W with a
load of 182 Ohms at 160 rpm. In addition, both PMSGs can
also generate over 400 W at about 170 rpm with a load of 262
Ohms. It can be seen that the power output for both PMSGs is
similar.

Figures 12 and 13 show the torque of the PMSG as a func-
tion of the rotation speed tested by using the testing platform.
Comparing Figures 10 and 11 with Figures 12 and 13, the rated
power, 400 W, can be generated at different speeds, torques and
loads. In general, the power and torque increase as the rota-
tion speed increases and the resistance reduces. For example,
the rated power can be generated by PMSG-2 at 150 rpm using
182 Ohms and a torque of 30 N m, or at 170 rpm using 262
Ohms and 28 N m. In order to obtain as much Kuroshio current
energy as possible, particularly when the flow rate is between
1.0 and 1.5 m/s, not only do we need to generate 400 W at
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6 CHEN ET AL.

FIGURE 12 Torque for PMSG-1 measured by using the testing platform

FIGURE 13 Torque for PMSG-2 measured by using the testing platform

150 rpm, but the torque also needs to be above 25 N m at
150 rpm. This is because the energy that can be captured from
the Kuroshio current is strongly dependent on the length of the
blades, which is relative to the torque. If the torques of both
the PMSG and the blades don’t match, the PMSGs may not
work well and the efficiency may be very low. The relationship
is shown in Equation (2).

Figures 14 and 15 show the comparison of the input, the
AC power output and the DC power output of PMSG-1 and
PMSG-2 with a load of 182 Ohms only. The input power was
calculated by multiplying the PMSG torque and the rotation
speed, shown as the line with a solid blue triangle. The AC
power output was directly measured from the AC 3-phase outlet
on the PMSG, shown as the line with a solid red circle. The third
curve is the DC power output measured from the full bridge
rectifier circuits, shown as the line with a solid green square.
From these figures, we can easily observe the loss at each stage.

FIGURE 14 Comparison of the PMSG-1 input, the AC power and the
DC power output at a load of 182 Ohms

FIGURE 15 Comparison of the PMSG-2 input, the AC power and the
DC power output at a load of 182 Ohms

The loss between the input and AC power output originates
from the mechanical energy being converted to electrical energy.
The energy conversion loss to the PMSG-1 is greater than that
of the PMSG-2 because the higher PMSG-1 torque requires
a greater input power. Furthermore, the energy loss between
the AC output and the DC output is derived from the internal
resistance of the rectifier circuits.

Figures 16 and 17 show the percentage of power loss from
AC to DC, the mechanical input to the AC output, and the
total power loss as a function of the rotation speed measured
by using the testing platform at a load of 182 Ohms. In general,
the percentage of power loss decreases as the rotation speed is
increased, and the best performance occurs at the rated rotation
speed. In addition, the difference between the input and the AC
output for the PMSG-1 at a load of 728 Ohms at 150 rpm is
26.3%, which then decreases to 15.6% when the load decreases
to 182 Ohms. The difference for PMSG-2 at a load of 728
Ohms at 150 rpm is 8.5%, which then decreases to 7.8% when
the load decreases to 182 Ohms. Furthermore, the biggest dif-
ference between the AC output and the DC output for PMSG-2
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CHEN ET AL. 7

FIGURE 16 The percentage of power loss for PMSG-1 at a load of 182
Ohms

FIGURE 17 The percentage of power loss for PMSG-2 at a load of 182
Ohms

is 15.8% at 60 rpm, which then decreases to 9% at 90 rpm,
6.8% at 120 rpm, and 6% at 150 rpm at a load of 182 Ohms.
The biggest difference for PMSG-1 is 12.3% at 60 rpm, which
decreases to 10.6% at 90 rpm, 7.6% at 120 rpm, and 4.3% at
150 rpm at a load of 182 Ohms. The total difference between
the input power and the DC output power amounts to 19.3%
for PMSG-1 and 13.3% for PMSG-2 at a load of 182 Ohms at
150 rpm.

Figures 18 and 19 show the energy conversion efficiency of
the PMSGs, calculated by using the ratio of the mechanical
energy of the motor to the output of the PMSG. The differ-
ence between both PMSGs at a low rotation speed is relatively
larger. This situation is improved when each PMSG is operated
at a higher rotation speed, especially around the rated rotation
speed of 150 rpm. The efficiency of PMSG-1 increases with the
increasing rotation speed. The highest energy conversion effi-
ciency of 0.8 is obtained at a load of 182 Ohms at 150 rpm.
However, the highest energy conversion efficiency achieved by
PMSG-2 was about 0.85 at a rated rotation speed of 150 rpm at
a load of 182 Ohms. As mentioned in the Introduction, there are
only few research reports focused on a similar system under the

FIGURE 18 Efficiency of PMSG-1 by using the testing platform

FIGURE 19 Efficiency of PMSG-2 by using the testing platform

different situations. The published report has an efficiency of
85.5% at 200 rpm with a load of 160 Ohms [30]. The difference
in efficiency between these two PMSGs may derive from the
different PMSG torque levels because a higher PMSG torque
requires a higher mechanical input energy at the same rota-
tion speed. Therefore, PMSG-2 has a higher power output than
PMSG-1 at the same rotation speed, as shown in Figures 14
and 15, which means that PMSG-2 has better energy conversion
efficiency.

Error (%) =
Psimulaition − Ptesting

Ptesting
(3)

Figures 20 and 21 show the simulated and measured DC
power output for the PMSGs from 30 to 150 rpm. Also, the
loads for the full wave bridge rectifier circuit connected to the
AC power output for both simulation and the testing platform
are 182, 262, 364, and 728 Ohms, respectively. It is obvious that
the simulation results are very close to the measured results
at different rotation speeds, particularly at the rated rotation
speed of 150 rpm. The biggest error between the simulated
power output and the measured power output calculated using
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8 CHEN ET AL.

FIGURE 20 Simulated and tested DC power output for PMSG-1 at a
load of 728 Ohms

FIGURE 21 Simulated and tested DC power output for PMSG-1 at a
load of 182 Ohms

Equation (3) appears at 728 Ohms and becomes smaller when
the load reduces to 182 Ohms because the PMSG is designed
to operate at a speed of 150 rpm. The errors at 728 Ohms range
from 41.7% to 8.3%, as shown in Figure 20. The biggest error
is 41.7% at 30 rpm, which decreases to 33% at 60 rpm, 27.8%
at 90 rpm, 17% at 120 rpm, and 8.3% at 150 rpm. The errors at
182 Ohms range from 47.4% to 0.3%, as shown in Figure 21.
The biggest error is 47.4% at 30 rpm, which decreases to 32.3%
at 60 rpm, 22.9% at 90 rpm, 7.3% at 120 rpm, and 0.3% at
150 rpm.

4 FLOATING KUROSHIO TURBINE

4.1 Introduction to the floating Kuroshio
turbine

Because the proposed FKT is moored by a single line, so that
it can easily follow the direction of the Kuroshio current. In
addition, the two turbines are the downwind type so that the
FKT can easily adjust any current direction. Furthermore, the
rotation directions of the blades of the two generators are

FIGURE 22 The floating turbine dives into the water when the generator
operates

FIGURE 23 The floating turbine floats on the surface when the
generator does not operate

counter-rotating and the FKT has the foil float on the top so
that the design can make the FKT maintain a stable position
under the sea. In this work, the relationship between the rota-
tion speeds of the generators and power output is analyzed
so that the influence of turbulence, wave, wake and current
direction on the power output and efficiency are significantly
alleviated.

In general, the flow rate of Kuroshio current is between
1.0 and 1.5 m/s, and the average flow rate is about 1.2 m/s.
For safety and efficiency reasons, the rated speed has to be
set at the upper limit. Otherwise, when the real Kuroshio flow
rate is more than the rated speed, the turbine will be damaged
and the generated power will be relatively lower. According to
Figures 22–25, power output at different flow rates, with differ-
ent loads, and at the average flow rate of 1.2 m/s was measured.
Two generators can produce power output of 800 W, achieving
the desired power output of this work.

Figure 1 in Introduction shows the 800 W FKT which
includes a foil float, vertical supports, a cross beam, rotor blades,
and a nacelle. The foil float is a wing-shaped design that cre-
ates lift when the current flows through the FKT. The vertical
supports are used to connect the foil float and the nacelle. The
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CHEN ET AL. 9

FIGURE 24 Power generation achieved by PMSG-1 during the towing
experiments

FIGURE 25 Power generation achieved by PMSG-2 during the towing
experiments

rotor blades are rotated by the current. The nacelle is used to
accommodate the PMSGs, an encoder, and other components
[31]. The diameter of the blade is 1 m and the distance between
two nacelles is 1.5 m which are decided by the results of fluid
dynamic simulation. According to the simulation, the distance
can make the FKT more stable during the operation. The goal
of the FKT is to generate 800 W of power output at a flow rate
of 1.5 m/s.

The effect of surface waves in the open ocean is considered
for the structure of the floating turbine. When the generator
operates, the floating turbine will dive into the sea due to the
towing rope and pressures as shown in Figure 22 so that the
waves have no effect on FKT during the operation; when the
floating turbine does not operate, it will float on the surface due
to the buoyancy of the foil float structure as shown in Figure 23,
so that it is easy for maintenance.

4.2 Experiment results

Figures 24 and 25 show the power generated by two PMSGs
during a towing tank experiment. The PMSGs were towed at

FIGURE 26 The rotation speed achieved by PMSG-1 versus the flow
rate during the towing experiments

FIGURE 27 The rotation speed achieved by PMSG-2 versus the flow
rate during the towing experiments

different rotation speeds at a load of 182, 262, 364, and 728
Ohms. The different rotation speeds corresponded to a carriage
speed between 0.7 and 1.5 m/s, as shown in Figures 26 and 27,
which is approximately the flow rate of the Kuroshio current
off the eastern coast of Taiwan. In the FKT system, the turbine
begins operating once the flow rate rises above 0.7 m/s. The
DC power output of the two PMSGs will be near to 400 W at
a carriage speed of 1.5 m/s. For PMSG-2, the output power at
a load of 182, 262 and 364 Ohms can exceed 400 W. The out-
put power can even increase to up to 466, 456, or 440 W when
the rotation speed reaches 150 rpm corresponding to a carriage
speed of 1.5 m/s, as shown Figures 26 and 27. For PMSG-1,
the output power at a load of 182, 262, and 364 Ohms is about
380 W. The connecting parts installed in each PMSG may cause
different power losses.

According to Figures 24–27, the relationships between rota-
tion speed, carriage speed, flow speed and power output are
shown.

Figures 26 and 27 show the rotation speed as a function of
the flow rate for four different loads. The rotation speed was
recorded by the encoder in the nacelle under the water as the
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10 CHEN ET AL.

FIGURE 28 Difference in power between the testing platform and the
towing experiments for PMSG-1

FIGURE 29 Difference in power between the testing platform and the
towing experiments for PMSG-2

current flows through the FKT. These curves clearly show the
relationship between the flow rate and the rotation speed. In
the towing tank, the FKT system starts working at flow rates
between 0.7 and 1.5 m/s at a load of 728 Ohms, and then from
a flow rate of between 0.75 and 1.5 m/s at a load of 364 Ohms,
then from flow rates between 1 and 1.5 m/s at a load of 262
Ohms, and finally from flow rates between 1.05 and 1.5 m/s at
a load of 182 Ohms.

The slopes for the eight curves illustrated in Figures 26
and 27 are almost the same, about 173(rpm × s/m), and are
linearly dependent on the increasing flow rate. However, at the
same flow rate, the rotation speed at different loads is higher for
PMSG-2 than for PMSG-1 due to the difference in torque for
the PMSGs and the connecting parts in the nacelle.

Powerdi f ference (%) =
Ptesting − Ptowing

Ptesting
(4)

Figures 28 and 29 show the difference in power between
the testing platform and the towing experiment for the same

FIGURE 30 Energy conversion efficiency for PMSG-1 in the FKT
system from the towing experiments with four loads

rotation speed by using Equation (4). As can be seen from
the curves for PMSG-2, the difference is more stable, approx-
imately below 5%. However, PMSG-1 has a greater difference,
between 5% and 10%, although the difference is between 15%
and 25% when the load is 728 Ohms. The reasons for the dif-
ference in power between the two PMSGs should be the same
as mentioned before. The difference in power for the rated rota-
tion speed at a load of 182 Ohms has the lowest value, that is,
5%.

At the same rotation speed, the produced voltage is about the
same. Therefore, when the load resistance decreases, the current
will increase, leading to higher power output. However, the cur-
rent value is limited by the power line and rated power (400 W).
The lowest resistance used in this research is close to the limit to
obtain maximum power. In addition, comparing the resistance
range between 182 and 728 Ohm for 800 W in this research and
the resistance of 160 Ohm for 959 W in the reference [30], the
resistance used in this research should be suitable. The optimal
resistance of the load will be studied later.

Figures 30 and 31 show the power coefficient (Cp) for the
PMSGs installed in the FKT from the towing experiments,
which are calculated from the input energy and the output
energy. The input energy is the current energy flowing through
the FKT system, and the output energy is the electrical energy
generated by the PMSGs seen Equation (5). The calculation of
current energy is the same as wind energy, so the equation of
wind energy is listed below. The experiments were performed at
different rotation speeds that are corresponded to the carriage
speeds at loads of 728, 364, 262, and 182 Ohms. Observing
the figures, the power coefficients for PMSG-1 and PMSG-2
can reach 0.32 and 0.4, respectively. The power coefficient for
PMSG-2 is about 0.4 between 90 and 170 rpm at a load of 182
Ohms, and the power coefficient for PMSG-1 is 0.32 near the
rated rotation speed at a load of 182 Ohms. This means that the
power coefficient for the FKT system can be high and stable if
the design and the assembly are well arranged.

P =
1
2
𝜌AV 3Cp (5)
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CHEN ET AL. 11

FIGURE 31 Energy conversion efficiency for PMSG-2 in the FKT
system from the towing experiments with four loads

where P is power output; 𝜌 is sea water density; A is the cir-
cle area of a blade; V is the current flow rate and Cp is power
coefficient.

5 CONCLUSION

In this study, a new type of a marine current turbine, the Floating
Kuroshio Turbine, was designed to harvest the kinetic energy
from Kuroshio currents. The depth for the FKT system can be
adjusted, dependent on the current flow rate and the weather
conditions, leading to a longer lifetime and lower cost of main-
tenance. In order to develop the generators for the FKT system,
ANSYS Maxwell software was used to design and simulate a
400 W low-speed direct-drive PMSG. The simulation results
show that the PMSG generates 398 W in a DC environment
(270 V and 1.48 A) at a rotation speed of 150 rpm and a load
of 182 Ohms. The maximum magnetic flux density is about 2.1
Tesla. In addition, the 400 W low-speed direct-drive PMSGs was
tested by using the testing platform at rotation speeds between
30 and 150 rpm. Consequently, the generated AC power out-
put for the two PMSGs was 417 and 411 W. After introducing
a rectifier circuit with an internal resistance of 15 Ohms, the
DC output for the two PMSGs became 398 and 388 W. Fur-
thermore, we compared the power loss in each stage, including
the internal loss and the AC-DC conversion loss. The power
loss between the input and the AC output is 15.6% and 7.8%,
at a load of 182 Ohms at 150 rpm for PMSG-1 and PMSG-
2, respectively. The power loss between the AC output and the
DC output is 6% and 4.3% at a load of 182 Ohms at 150 rpm
for PMSG-1 and PMSG-2, respectively. The total power loss
between the input and the DC output amounts to 19.3% and
13.3% at 150 rpm at a load of 182 Ohms for PMSG-1 and
PMSG-2, respectively. The energy conversion efficiency of the
two PMSGs is about 0.80 and 0.85 at the rated rotation speed.
Moreover, the error between the simulated and the measured
DC power output by the PMSG is 7.7% at a load of 728 Ohms,
reduced to 0.3% at a load of 182 Ohms at 150 rpm. Finally,

the experiments for the FKT were conducted in a towing tank
at carriage speeds from 0.7 to 1.5 m/s. The measured power
output by the two PMSGs was 466 and 382 W, and the total
DC output power was 848 W at a speed of 1.5 m/s. The dif-
ference in power between the testing platform and the towing
experiment at the same rotation speed was about 5–10% at the
rated rotation speed. The average power coefficient for the two
PMSGs was about 0.32 and 0.4, respectively, at a load of 182
Ohms. This means that the efficiency of the FKT is high and
stable. The novel FKT is highly suitable for harvesting marine
energy.
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