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Tidal current is the flow of seawater due to tidal phenomenon. Therefore, it is possible to predict the generated output of the
tidal current power generation system, which is more advantageous than other renewable energy sources, when the tidal
current power generation system is connected to the power grid and operated. This paper examines the gear ratio and rated
capacity of the generator that maximize the generated energy when the tidal current power generation system is operated by
using the maximum power-point tracking (MPPT) control method. This paper shows that the MPPT control method increases
generated energy, capacity factor, and energy conversion efficiency more than the fixed-speed method.

INTRODUCTION

The method of power generation from renewable energy sources
has been attracting attention as a countermeasure to global warming
and as a supplement to stabilize the energy supply. One form of
renewable energy is tidal current, which is the flow of seawater due
to the rise and fall of the tide. The direction of current speed reverses
every half-cycle. The length of the cycle varies with location, from
half a day to a full day (Kondo et al., 1996). Because of this, the
power generated by tidal currents is predictable. Another advantage
is that these systems are nearly uninfluenced by the weather. The
tidal current power generation systems we have investigated are
employing Darrieus-type water turbines. Their generators transform
the rotational energy of the turbine into electrical energy. We have
investigated the characteristics of Darrieus-type water turbines and
of generators in water channel experiments and in ocean tests with
the goal of utilizing these for tidal current power generation (Kihoh
et al., 1993; Shiono et al., 1999).

Tidal current power generation is quite similar to wind power
generation in that the incident power is subject to variation. It is
classified into two types: fixed-speed operation, in which the gener-
ator operates at nearly fixed speed, and variable-speed operation.
So far, we have employed squirrel-cage induction generators for
fixed-speed operation in our tidal current power generation systems
and carried out investigations of the gear ratio and rated capacity
of the generator so as to maximize the generated energy without
overloading. As a result, the annual capacity factor, which is a key
factor in power generation costs, is approximately 10% (Naoi et
al., 2011). Generally, the annual capacity factor of a photovoltaic
power generation system is approximately 12% and that of a wind
power generation system is approximately 20% (Ministry of Econ-
omy, Trade and Industry, 2010); thus, the capacity factor of a tidal
current power generation system is just a little lower than that of a
photovoltaic power generation system. We have investigated the
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tidal current power generation system employing the doubly fed
induction generator (DFIG), which has a variable-speed operation
with the goal of increasing the annual capacity factor. This allowed
the inverter of the secondary of the DFIG to be lower capacity than
the inverter of the synchronous generator.

Propeller-type turbines are currently the most common kind of
rotor used to harness wind power; during variable-speed operation
of a propeller-type wind turbine, speed is usually controlled with the
generator and a pitch control. Pitch control is considered the most
effective method for smoothing output when the wind exceeds the
rated speed (Matsuzaka and Tuchiya, 1997; Muljadi and Butterfield,
2001). In tidal current power generation, however, the turbine
operates under the sea. Seawater has a much higher viscosity than
air, and its density is approximately 850 times as high. The water
turbine must be strong enough to withstand the resulting forces.
Varying the angle at the blade-setting angle (to change the pitch
angle) would require internal linkages that would weaken the water
turbine. Therefore, we selected a fixed-blade Darrieus-type water
turbine for the new tidal current power generation system that we
have designed. The generator speed is controlled by the speed
control system of the DFIG.

The DFIG employed in this study is able to independently
control the active and reactive powers by adjusting the voltage
supplied to the generator rotor circuit from the inverter placed
between the power grid and the rotor circuit (Kai et al., 2008).
Characteristics of variable-speed operation employing DFIG have
been examined in numerous studies, including investigations into
generated output (Datta and Ranganathan, 2002; Uctug et al., 1994)
and speed control systems (Pena et al., 1996; Luo et al., 2007;
Mauricio et al., 2008). This discussion will focus on the above
investigations, which address the use of DFIGs for generated output.
Datta and Raganathan (2002) compared the generated output of
fixed-speed and variable-speed operation of squirrel-cage induction
generators with that of the variable-speed operation of DFIGs.
Uctug et al. (1994) examined the relation between the gear ratio and
generated output during maximum power-point tracking (MPPT)
control in a system connected to an inverter of a generator rotor
circuit containing thyristors. However, both of these investigations
addressed cases where either the gear ratio or rated capacity of the
generator was fixed or both were fixed.
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Fig. 1 Darrieus-type water turbine and blade shape: (a) Darrieus-
type water turbine, (b) Blade shape

The purpose of this paper is to identify the gear ratio and rated
capacity of the generator for a variable-speed operation, tidal
current power generation system employing a DFIG that will
maximize the generated energy without overloading it. First, we
describe an approximation of the characteristics of a Darrieus-type
water turbine, a probability density function of current speed, and a
method for calculating generated energy. Next, we examine a speed
control system for the tidal current power generation system that
will set the turbine speed as current speed changes to maximize
turbine output toward the generator speed corresponding to the
maximum turbine output. Finally, a procedure is proposed and
examined for determining the gear ratio and rated capacity of
the generator so as to maximize the generated energy without
overloading the generator when MPPT control is employed up to
the maximum annual current speed.

TIDAL CURRENT POWER GENERATION SYSTEM
BASED ON A DARRIEUS-TYPE WATER TURBINE

Output Characteristics of a Darrieus-Type Water Turbine

We have developed a Darrieus-type water turbine-based tidal
current power generation system on the basis of tests in water
channels and have demonstrated the generator in the ocean (Kihoh
et al., 1993; Shiono et al., 1999). Figure 1a shows the Darrieus-type
water turbine employed in this study. It is straight bladed; another
name for this turbine type is “straight-bladed vertical-axis water
turbine” (VAWT). The NACA 633-018 (Abbott and Doenhoff, 1959)
airfoil was the basis for the blade shape, but as shown in Fig. 1b, the
camber line was an arc fitted to the turbine rotational circumference.
The blades were equally spaced around the circumference.

We introduce the dimensionless torque coefficient CT here with
Eq. 1:

CT =
Tq

005�Srv2
(1)

where Tq is the turbine torque, � is the fluid density, S (= d×h) is
the swept area of the turbine, d is the turbine diameter, h is the
turbine height, r is the turbine radius, and v is the current speed.
The turbine output PTo is given by Eq. 2:

PTo =�T Tq (2)

where �T is the angular speed of the turbine. The energy PT i of
the tidal current incident to the turbine swept area S is defined as:

PT i =
1
2
�Sv3 (3)

The efficiency of the water turbine, i.e., the water turbine power
coefficient CP , is given by:

CP =
PTo

PT i

(4)

Approximation of Water Turbine Parameters with a Spline
Function

This section describes a method of approximating the parameters
of the water turbine, which is necessary to find the gear ratio that
will maximize the generated energy. The parameters obtained in
water channel tests were turbine rotational speed and generated
torque. Here, the (2m− 1)th spline smoothing function is used
to approximate the turbine parameters (Naoi et al., 2011). There
are few empirical values from the water channel for the power
coefficient CP at low tip speed ratios, so one concern is that
approximation of CP will result in nonzero values for this parameter
at � = 0. Therefore, the torque coefficient CT values found in
water channel tests were approximated with the spline smoothing
function. The tertiary (m= 2) spline smoothing function for CT is
shown in Eq. 5:

CT = d0 +d1�+d2�
2
+d3�

3 (5)

where d0 through d3 are various constants identified by the data.
Given the smoothed curves fs4x5 for the empirically obtained

data points and the coordinate systems 4x11 y15, 4x21 y25, 0 0 0 1
4xn1 yn5 for those points, we define the evaluation function � in
Eq. 6 to measure how reliably the smoothed curves fs4x5 actually
reproduce the observed values.

�=

n
∑

i=1

wi 8fs4xi5− yi9
2
+ g

∫ xn

x1

{

f 4m5
s 4x5

}2
dx (6)

Here f
4m5
s 4x5 is the mth derivative of fs4x5, and wi and g are

weighting coefficients with 0 <wi ≤ 1 and g > 0. The first terms of
these indices serve as measures of how faithful these smoothed
curves fs4x5 are to the data points. The second terms are measures
of how smooth the curves are. When � is minimized, fs4x5 is the
smoothest it can be at weight g.

Table 1 provides the specifications for the water turbine that
was built to measure turbine parameters in the water channel tests.
Coefficient wi was set to 1 in Eq. 6 and g was varied to minimize �;
the values of g are shown in Table 2. �w is the first term of Eq. 6

Table 1 Specifications of tested water turbine

Table 2 Minimum values of � and g for a given current speed
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Fig. 2 CP characteristics approximated with a spline function

and �g is the second term. Table 2 indicates that � is minimized at
a current speed of v = 102 m/s.
CP is given by the values of � and CT (Fig. 2):

CP = �CT (7)

Figure 2 indicates that � is minimized at v= 102 m/s; thus, the
curve represents the values most closely and is the smoothest.
Therefore, the investigations here were carried out at v = 102 m/s.

Probability Density Function for Current Speed

Generally, current speed and direction change at intervals of
approximately six hours. The current speed data employed here are
estimated values from near the center of Akashi Strait for the cal-
endar year 2003, courtesy of the Hydrographic and Oceanographic
Department, Japan Coast Guard (2003). Figure 3 shows how the
current speed varied.

In order to find the probability distribution employed as the
random variable for current speed, the time span tj when any
given current speed vj occurs must be identified. Data were
linearly interpolated to find the time span between tj and tj+1 for
current speeds vj and vj+1. This processing was carried out for the
observation period T . Since a Darrieus-type water turbine turns in
the same direction regardless of current azimuth, the current speed
can be considered as an absolute value. The probability that the
speed falls in a certain bin F 4�vj � ≤ v ≤ �vj+1�5 is given in Eq. 8:

F 4�vj � ≤ v ≤ �vj+1�5=

∑

ãTj

T
(8)

Fig. 3 Examples of the tidal current speed

Fig. 4 Probability density function

where
∑

ãTj is the total time within T during which the current
speed lies between �vj � and �vj+1�. The probability density function
f 4�vj �5 is given by Eq. 9:

f 4�vj �5=
F 4�vj � ≤ v ≤ �vj+1�5

ãv
(9)

where 0 ≤ v≤ �vm� and ãv = �vj+1� − �vj �. �vm� is the maximum
speed during T ; the absolute value symbols will be dropped for
simplicity. Figure 4 presents the derived probability density function
f 4v5, and ãv is 0.01 m/s.

Total Annual Generated Energy in Tidal Current Power
Generation System

Figure 5 shows a schematic diagram of the tidal current power
generation system employing the DFIG. Here, PTo is the water
turbine output, �T is the angular speed of the turbine, a is the
gear ratio, PGi is the power input to the generator, �G is the
angular speed of the generator, P1 is the stator active power, and
P2 is the rotor active power. P1 and P2 are considered positive in
the direction of the input to the generator. The system output P3

(= −4P1 +P25) is defined as the output of the system consisting
of the DFIG and the inverter. The inverter B can provide either
voltage compensation or reactive power compensation, but here, it
is set to input only active power.

As we will describe below, a nonlinear equation must be solved
to find the gear ratio a and rated capacity of the generator SB that
maximize the generated energy; this requires an iterative solution.
SB changes as a is varied in such solutions. Within the range of
variation examined here, however, we anticipated no changes in
generator constants if they are expressed in the per unit system,
so the electrical parameters of the generator were written in this
system.

Fig. 5 Tidal current power generation system
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Accordingly, the generated energy W during the observation
period T can be expressed as in Eq. 10, using the probability
density function f 4v5 described in the previous section:

W4a1SB5= SBT
∫ vm

v0

P34v5f 4v5dv (10)

where v0 is the cut-in current speed.

INVESTIGATION OF SPEED CONTROL SYSTEM

In this section, a speed control system is constructed for the
tidal current power generation system shown in Fig. 5, which is
capable of setting the angular speed of the generator �G, in order
to maximize the turbine output PTo , during varying current speed v.

Water Turbine Output and Slip

Figure 2 indicates that the power coefficient CP of the water
turbine reaches a maximum at a certain tip speed ratio �. The
maximum power coefficient at a given current speed is termed CPmax

and the corresponding tip speed ratio is termed �max . Accordingly,
the maximum water turbine power output PTomax for any v is given
by the product of the turbine input PT i given in Eq. 3 with the
maximum turbine power coefficient CPmax, as in Eq. 11:

PTomax =CPmaxPT i (11)

From the turbine radius r and the �max corresponding to the CPmax ,
we obtain the angular speed of the turbine corresponding to PTomax ,
as follows:

�Tmax =
v�max

r
(12)

The generator angular speed �Gmax is then given by the relation
between turbine angular speed �Tmax and the gear ratio a in Eq. 13:

�Gmax = a�Tmax (13)

We use Eq. 13 to find the slip s in Eq. 14:

s = 1 −
�Gmax

�s

= 1 −
a�Tmax

�s

(14)

where �s is the synchronous angular speed.
If we refer to the desired values of turbine output and slip found

in Eq. 11 and Eq. 14 during varying current speed as P ∗
Tomax and

s∗, the stator and rotor currents and the voltage supplied from the
rotor can then be found.

Voltage Supplied to Rotor

Equation 15 expresses the equation for the voltage from an
induction generator on the d–q rotating coordinate system (Novotny
and Lipo, 1996); here, the q axis represents a 90� delay with
respect to the d axis.
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(15)

where vds and vqs are the stator voltages on the d and q axes; ids
and iqs are the stator currents on the d and q axes; vdr and vqr are
the rotor voltages on the d and q axes; idr and iqr are the rotor
currents on the d and q axes; r1 and r2 are the stator and rotor

resistances; Ls1, Ls2, and M are the stator self-inductance, the rotor
self-inductance, and the excitation inductance, respectively; Xs1,
Xs2, and XM are the stator self-reactance, the rotor self-reactance,
and the excitation reactance, respectively; P represents d/dt; and
s is slip. Here, the rotor-side quantities in the equation were all
converted from the stator-side values.

Equation 16 is the transformation equation for the d–q coordinate
system for the stator phase voltage:

[

vds

vqs

]

=

√

2
3

[

cos�t cos4�t−2�/35 cos4�t+2�/35

sin�t sin4�t−2�/35 sin4�t+2�/35

]





ea
eb
ec



 (16)

where � is the angular frequency of the voltage source. Assuming
the rated voltage is maintained, ea, eb , and ec are given by Eq. 17:

ea =
√

2E sin�t

eb =
√

2E sin4�t − 2�/35

ec =
√

2E sin4�t + 2�/35











(17)

where E is the root-mean-square value of the stator phase voltage.
Substituting the stator phase voltages in Eq. 17 into the d–q

coordinate transformation in Eq. 16, we find the stator d and q
axis voltages vds and vqs , as follows:

vds = 0

vqs =
√

3E

}

(18)

In order to allow a lower secondary inverter capacity, excitation
current is supplied from the primary side. Thus, the desired value
for the stator current on the d axis i∗ds is as in Eq. 19:

i∗ds = −

√
3E

r2
1 +X2

s1

Xs1 (19)

If we assume that we can neglect losses in the gearbox, then we
obtain the desired water turbine output P ∗

Tomax found in Eq. 11 and
the power input to the generator PGi from Fig. 5:

P ∗

Tomax = PGi = 41 − s5XM 4iqsidr − idsiqr5 (20)

Using the desired value for slip s∗ in Eq. 14, the first and second
lines describing the steady state in Eq. 15, the desired value i∗ds for
stator current on the d axis in Eq. 19, and the relation between the
desired turbine output P ∗

Tomax and power input to the generator PGi

in Eq. 20, we can find the desired stator and rotor currents i∗qs , i
∗
dr ,

and i∗qr .
Using the third and fourth lines for steady state in Eq. 15, the

rotor d and q voltages vdr and vqr are described by Eq. 21 and
Eq. 22:

vdr = s∗XM i
∗

qs + r2i
∗

dr + s∗Xs2i
∗

qr (21)

vqr = −s∗XM i
∗

ds − s∗Xs2i
∗

dr + r2i
∗

qr (22)

Equation of Motion

The torque of the generator Te is obtained by dividing the power
input to the generator PGi, found with Eq. 20, by the angular speed
of the generator �G, as follows:

Te = pM4iqsidr − idsiqr5 (23)

where p is the number of pole pairs of a DFIG.
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Fig. 6 Speed control system

The equation of motion of this system is then:

J
d�G

dt
+D�G = TT − Te (24)

where J is the overall inertial moment of the turbine combined
with the generator, TT is the turbine torque, and D is the braking
coefficient. Here, in the steady state, Eq. 24 reduces in form to
Eq. 25:

Te = TT −D�G (25)

If we multiply both sides of Eq. 25 by �G and assume that the
gearbox losses can be neglected, Eq. 26 is obtained from Eq. 20:

PGi = PTo = PT −Pl (26)

where PT 4=�GTT 5 is the motive power generated by the turbine
and Pl 4=D�2

G5 is the loss due to the resistance of the seawater.
The turbine power coefficient CP in Fig. 2 is the turbine output PTo

obtained in the water channel tests divided by the turbine input PT i.
The turbine output PTo obtained in the water channel tests is the
motive power PT indicated in Eq. 26 minus the losses due to the
braking coefficient D; thus, the influence of D is accounted for
in steady state conditions. The influence of D under transient
conditions would be the delay in response due to changes in current
speed, but since the period of the tide is large at 12 h, the influence
of D is low. It is difficult to separate PTo, identified in water
channel tests, from PT and Pl in Eq. 26; in fact, our survey of the
literature found no reports of any such investigation. Therefore, it
was decided not to consider D in this paper. Figure 6 presents a
complete schematic of the speed control system constructed on the
basis of the investigations above. Since the period of tidal flows
is long, as mentioned above, a Proportional-Integral (PI) control
scheme was selected for compensation in this speed control system.

INVESTIGATING THE GEAR RATIO FOR MAXIMUM
GENERATED ENERGY

The following is an investigation of a procedure that identifies
the gear ratio and rated capacity of the generator that will maximize
generated energy without overloading when the tidal current power
generation system in Fig. 5 employs MPPT control for the angular
speed of the generator �G to maximize turbine power output PTo

during varying current speed v, up to the maximum annual current
speed vm. Figure 7 shows how operating points vary with turbine
output under the MPPT control method.

The gear ratio a and rated capacity of the generator SB that will
maximize the total annual generated energy W given in Eq. 10 are

found by evaluating ¡W/¡a= 0 and ¡W/¡SB = 0. However, it is
possible that the stator current Is , rotor current Ir , or rotor supply
voltage Er might exceed the rated values depending on obtained
values for a and SB . Therefore, the constraints shown in Eq. 27 are
imposed to ensure that Is , Ir , and Er remain within 1 pu of those
ratings.

h14a1SB5= Is − 1 =

√

(

i2qs + i2ds
)

/3 − 1 ≤ 0

h24a1SB5= Ir − 1 =

√

(

i2qr + i2dr
)

/3 − 1 ≤ 0

h34a1SB5=Er − 1 =

√

(

v2
qr + v2

dr

)

/3 − 1 ≤ 0



















(27)

Identifying values of a and SB to maximize W can be formulated as
an optimization problem in which Eq. 10 is the objective function
and Eq. 27 presents unequal constraints. The multiplier method is
well suited for optimization problems with unequal constraints
(Shimizu, 1976). In such problems, a slack variable l is introduced
to transform the equation into an equality constraint problem as in
Eq. 28:

hi + li = 0

li ≥ 0

}

4i = 1∼35 (28)

Next, we employ a penalty constant � and a Lagrange multiplier �
from the objective function in Eq. 10 and equivalent constraints in
Eq. 28 to establish a corrected penalty function Q, as in Eq. 29:

Q4a1SB1 l1�5= −W +

3
∑

i=1

�i8hi + li9+
1
�

3
∑

i=1

8hi + li9
2 (29)

Fig. 7 Characteristics of turbine output using the MPPT control
method
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where l = 4l11 l21 l35
T , � = 4�11 �21 �35

T , and � is a nonnegative
constant. Also, the reason for the negative sign on W is to change
the maximization problem into a minimization problem.

In the method of multipliers, a, SB , and l are found by fixing �
at some small constant value while setting � at arbitrary values so
as to minimize Q. The first task is to minimize l. When values
of li satisfy ¡W/¡li = 0, values of li satisfying li ≤ 0 are set to
zero, while values of li satisfying li > 0 and minimizing Q are left
as is, as in Eq. 30:

li = − 8hi + 4��i/259 (30)

Substituting Eq. 30 into Eq. 29, we find Eq. 31, a function of only
a, SB , �, and �:

Q4a1SB1�5= −W +
1
�

∑

iyI

{

hi +
��i

2

}2

−
�

4

3
∑

i=1

4�i5
2 (31)

where I = 8i � li > 09. a and SB minimizing Q must satisfy Eq. 32
and Eq. 33:

¡Q

¡a
= −

¡W

¡a
+

2
�

∑

iyI

{

hi +
��i

2

}

¡hi

¡a
= 0 (32)

¡Q

¡SB
= −

¡W

¡SB
+

2
�

∑

iyI

{

hi +
��i

2

}

¡hi

¡SB
= 0 (33)

Solving Eq. 32 and Eq. 33 provides values for the gear ratio a and
the rated capacity of the generator SB that result in a minimal value
of Q. Since these are nonlinear simultaneous equations, however,
initial values for a and SB are estimated, and Eq. 32 and Eq. 33
are iterated until Eq. 34 is satisfied.

3
∑

i=1

8hi + li9
2
+

{

¡Q

¡a

}2

+

{

¡Q

¡SB

}2

≤ � (34)

where � is a small positive constant. If Eq. 34 cannot be satisfied,
the Lagrange multiplier � is reset using the update rule in Eq. 35,
and the calculations are restarted using Eq. 29.

�i =

{

01 i ∈ I
�i + 42hi/�5 1 i y I

(35)

Table 3 shows the parameters of the water turbine and of the DFIG
employed during calculations of the gear ratio maximizing the
generated energy. The water turbine shown in Table 3 is the largest
one we have developed and actually observed in use in ocean
regions (Kihoh et al., 1993).

Table 4 shows the results for the gear ratio during fixed-speed
operation (Naoi et al., 2011) and the MPPT control method. The
“annual capacity factor” CF given in Table 4 refers to the ratio
of the total annual generated energy W to the amount of energy
that would be generated if the turbine operated continuously at its
rated capacity for one full year (Tani et al., 1996). The energy
conversion efficiency �E is defined as the ratio of the total annual
generated energy W to the energy in the tidal current available in
the swept area of the turbine S throughout a full year. As shown in
Table 4, the MPPT control method enables higher values for W ,
CF , and �E than fixed-speed operation and allows a lower rated
capacity of the generator SB .

Let us turn to the response of the speed control system shown in
Fig. 6 under MPPT if using the values of a and SB indicated in
Table 4 to maximize W . v is the current speed, considered to be
the input; vm is the maximum annual current speed; and the period

Table 3 Specifications and constants of the tidal current power
generation system

Table 4 Results of gear ratio for fixed speed and MPPT method

of the flow cycle is approximately 12 h. In this case, however, the
period was simulated as a regular sine wave with T = 4000 s, so
that a half-cycle is 2000 s. Figure 8 shows the variation in v and
Fig. 9 shows the simulation results. This simulation was performed
on MATLAB/Simulink.

Figures 9a and 9b show the desired values and the controlled
values for slip s and turbine output PTo . The desired values overlap
with the controlled values. s varied from 1.00 to −1005. For
this reason, the rated capacity of inverter A nearly equals the
rated capacity of the generator. PTo increased with current speed
and reached 18.28 kW at vm. Figure 9c shows the rotor-supplied
voltages vdr and vqr on the d and q axes. vdr varied from 5.56 V

Fig. 8 Current speed variation
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(a)

(b)

(c)

(d)

Fig. 9 Simulation results: (a) Slip s, (b) turbine output PTo , (c) rotor
d-axis and q-axis voltage vdr , vqr , and (d) tidal current power
generation system output P3

to −43000 V with respect to the current speed changes, and vqr
varied from 189.2 V to −19503 V with respect to the current speed
changes. Also, the root-mean-square value of the rotor-supplied
voltage remained within the rated value. It is not shown in the
figure, but both the stator and rotor currents remained within the
rated levels. Figure 9d shows the system output P3, which increased
with current speed and reached 17.08 kW at vm; it was lower than
the turbine output PTo because of generator losses. The system
efficiency �S , the ratio of P3 to PTo at vm, was 93%. Power can be
drawn not only from the primary side but also, via the inverter,
from the secondary side, implying that it is possible to increase �S .
This analysis ignores the losses in the inverter and elsewhere,
however, so the actual �S is likely to be lower.

CONCLUSIONS

This paper describes an investigation of a procedure for setting
the gear ratio and rated capacity of the generator of a tidal current
power generation system employing a DFIG and operating MPPT
control method. These parameters were set in order to maximize

the generated energy without overloading the generator. Also, a
speed control system was constructed that sets a desired value
for generator speed so as to maximize the water turbine output
during variations in the current speed. The following findings were
revealed in this paper:

1. A gear ratio and rated capacity of the generator were found
that maximize the generated energy, from the viewpoint of effec-
tively extracting tidal current energy at all current speeds. The
MPPT control method was then compared with fixed-speed opera-
tion; it was found that the generated energy was increased, the
necessary rated capacity of the generator was decreased, and the
capacity factor increased by approximately 14%.

2. The response of a speed control system employing the gear
ratio and rated capacity of the generator that maximize generated
energy was examined. It was shown that the system output increased
with current speed and reached 17.08 kW at maximum annual
current speed.
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