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Abstract:  Tidal current turbines (TCTs) are newly developed electricity generating devices. Aiming at the stabilization of the
power output of TCTS, this paper introduces the hydraulic transmission technologies into TCTs. The hydrodynamics of the turbine
was analyzed at first and its power output characteristics were predicted. A hydraulic power transmission system and a hydraulic
pitch-controlled system were designed. Then related simulations were conducted. Finally, a TCT prototype was manufactured and
tested in the workshop. The test results have confirmed the correctness of the current design and availability of installation of the
hydraulic system in TCTs.
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1 Introduction

The consumption of the energy is rapidly in-
creasing with the industrialization of developing
countries. The rising price of oil in recent years and
the problems caused by excessive use of the tradi-
tional fuel make it urgent to exploit the renewable
energy. More and more countries around the world are
beginning to spend much time and money on the
renewable energy (Pelc and Fujita, 2002; Islam et al.,
2004; Richard, 2004), such as wind, ocean, and solar
energies. In the recent years, China government has
given more supports to promote the utilization of
renewable energy sources, in which the tidal current
energy was put in a prominent position.

Tidal current turbines (TCTs) are newly devel-
oped devices, which are used to capture the Kinetic
energy of the tidal current and convert it into electric-
ity. Many projects have been undertaken so far and
some prototypes have been tested or in testing suc-
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cessfully (Liu et al., 2011), such as the Seaflow (300
kw, 2003, UK Devon, MCT Company) (Fraenkel,
2001; 2004), the Blue project (300 kW, 2003, Norway
Hammerfest, Stram/Statoil/ABB) (Stone, 2003), and
the SeaGen (1.2 MW, installed in Mar., 2008,
Strangford Lough of Northern Ireland, MCT), and the
Roosevelt Island Tidal Energy (RITE) Project (35 kW,
started at Dec., 2006, East River of New York, Ver-
dant Power Company USA, and six-unit demonstra-
tion array for RITE Project was completed in May,
2007). In China, research on the tidal current energy
was started in the 1980s at Harbin Engineering Uni-
versity (HER) and the research was mainly focused on
the vertical axis tidal turbine, such as Wanxiang 1l (40
kW, 2005, HER, China). The study of horizontal axis
tidal turbine started in the last five years, was con-
ducted firstly by Zhejiang University and subse-
quently by the Ocean University of China and
Northeast Normal University. The current technology
in China is not as advanced as that of many other
western countries. In 2010, with the support of the
Ocean Energy Special Funds, more corporations are
now researching the tidal energy utility, such as China
National Offshore Qil Corporation, China Energy
Conservation and Environmental Protection Group,
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China Datang Corporation, Huaneng New Energy
Industrial Co., Ltd., and Harbin Electric Corporation.

Because of the harsh marine environment, there
are many key problems to be solved for the devel-
opment of TCTs (Bahaj and Myers, 2003), such as
power stability, optimization of turbine blades,
structural modal analysis, sealing of the system, and
components erosion. This paper focuses only on the
power stability of TCTs. The hydraulic transmission
and pitch-controlled technologies have been added to
the system. Firstly, the hydrodynamics of TCTs was
analyzed and the expected power output characteristic
of TCTs was given. Then a hydraulic power trans-
mission system and a hydraulic pitch-controlled sys-
tem were introduced in detail. The simulation results
in AMESim and Matlab/Simulink were presented.
Finally, a 20 kW prototype was manufactured and
used in the workshop to test the theoretical design and
the availability of the hydraulic system in TCTs.

2 Hydrodynamics of tidal current turbines

A TCT system is similar to a wind turbine and
mainly consists of a turbine, power transmission
system and generator attached to the pitch-controlled
system, and support foundation, etc. When water
flows through the turbine, it forces the turbine to
rotate, and then the rotation motion is transmitted to
the generator through the power transmission system-
gearbox or hydraulic system. In order to study the
power performance, the hydrodynamics of the turbine
should be analyzed first.

2.1 Momentum theory and blade element theory

Blades are the key components of the TCT, and
decide the efficiency of the turbine used to capture
ocean energy. Here the captured energy behavior of
the turbine has been analyzed based on momentum
theory and blade element theory.

From Fig. 1, in the stream-tube, supposing the
water is incompressible, according to Bernoulli’s

equation (Hou et al., 2006) pv®/2+ pgz+ p=c,

where p is the water density, v is the velocity, z is the
height, g is gravitational acceleration, p is the pres-
sure, and ¢ denotes a constant, the energy equations of
upstream and downstream can be expressed as fol-
lows (Burton et al., 2001):

pV; 12+ pgz+p,, = pv* 12+ pgz + p,
Vi I24+pgz+p,=pV*2+pgz+p,
thus, pv’ /12— pvi/2=p" —p~,

where v; and v, are the velocities of the upstream and
downstream, respectively; p* and p_ are the pressures
before and behind the turbine, respectively.

s Sz

Slj

Fig. 1 Stream-tube model of the turbine
S, S;: swept areas of the turbine; S,: expanded area of stream
tube; v: stream velocity through the turbine

The force acted on the turbine disc is
F=(p" —p)S, =(—Vv2)pS, /2. (1)

This force causes the momentum change of water
across the turbine, which is equal to pS,v(v, —V,).

According to momentum theory,
F = pSyv(v, —Vv,), (2)

let v, =av,, where a is the axial flow induction fac-
tor, and combine Egs. (1) and (2),

v=(v,+Vv,)/2.
The power extracted from the water is given by

P

capture = mlvl2 / 2 - mZVZZ / 2 = Cploslvl3 / 2' (3)
where m; and m, are the water masses at S; and S,
respectively, and Cp=(1+a)2(1—a)/2, which presents
the power coefficient.

Let OL&:O, and then a=1/3, so we obtain the

a

maximum power extraction coefficient 16/27, and the
optimal power Pgy in Fig. 2. However, the maximum
power extraction requires the rotation speed of the
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turbine to be controlled, which will be analyzed as
follows.
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V1, V, V3, and V, denote different velocities, A,, As, B3, and B, are the
optimal operation points, and A; and B; deviate from the optimal power
track

Fig. 2 Power performance of the turbine

Fig. 3 shows the forces acting on a blade airfoil,
from which these formulae can be drawn as follows
(e, 2002):

dF, :%pwzldr-CD(i),

dF, :%pwzldr-CL(i), (4)
dF, =dF sin(p +1i) —dF,cos(f +i) =sin(6 — &),

where §:arctang%, O=p+i, W=V’ + (or)?,

L

Fp is the drag force, F_ is the lift force, F¢ is the tan-
gent force causing the turbine to rotate, F is the re-
sultant force of Fp and F, Cp is the drag coefficient,
C_ is the lift coefficient, | is the chord, r is the radius
of the blade element, S is the fixed angle, w is the
rotational speed of the turbine, and i is the attack
angle. AB is the chord length as shown in Fig. 3.

Fig. 3 Analysis of force on blade element

In Eq. (4), 9 is a sharp angle, and we hope & can
be as small as possible in order to obtain a larger F, so
the ratio of Cp(i)/C_(i) should be as small as possible
and an optimal attack angle o, can be maintained.
Also, the wide range of C,, low Cp, and delayed stall
performance characteristic, should also be specifi-
cally noted.

From Fig. 4, the inflow angel @:arctanl,
wr

and i:arctanl—ﬁ can be obtained. When the
wr

velocity v changes, the rotation speed w also needs to
be changed to keep an optimal i.

Fig. 4 Blade element velocities

2.2 Power characteristic of tidal current turbines

Since the tidal current velocity varies sinusoi-
dally with the tide cycle, the ideal equipment can
produce energy over a wide range of current speeds,
although there is a rated running point. With the cur-
rent speeds changing, the power extraction of the
turbine also changes. From Eq. (3), the captured
power is proportional to the water velocity of the cube
if C, is fixed, but the power cannot exceed the rated
power in consideration of the electrical and mechan-
ical structure, so the power extraction characteristic of
the turbine should appear as shown in Fig. 5 (starting
velocity was taken to be 0.5 m/s).

Power (kW)
P
N
T T T T T T T T T T 1

0 05 1.IO 1.I5 2.I0 2j5 310 315 410
Velocity (m/s)

Fig. 5 Expected power output curve of a tidal current
turbine
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Fig. 6 gives the unit’s operational mode at dif-
ferent velocities. In Poyima zOne, the turbine should
track peak C, and in Pconstant ZONE, the power is kept
constant around the rated power. As discussed above,
when below the rated current speed, in order to
maintain the optimum tip-speed ratio or power ex-
traction maximum, the rotor speed should be adjusted
in proportion to the water speed v. It is possible to
control the load torque at the generator and thus
realize the variable speed operation. The method to
control the rotor speed through variable displacement
pump/motor will be studied later.

Pconstant ZONE

PN
N
AN\04

Velocity (m/s)

AN Pk o r N w s
T T —

Fig. 6 Operation mode at different velocities

When the current exceeds the rated velocity,
pitch control is then used to limit the rotor speed. In
this study, the pitch actuator and its hydraulic driven
system are designed, simulated, and tested.

3 Hydraulic power transmission of tidal
current turbines

3.1 Design of the hydraulic system

High turbine speed can cause some disadvan-
tages for the rotor design, such as increased difficulty
of seal design, inducing large noise, and causing ca-
vitations. In order to eliminate these problems, the
turbine rotation speed needs to be controlled. How-
ever, ordinary generator speed is always above
200 r/min. There must be a drive train system to ac-
celerate the turbine speed to satisfy the request of the
generator. Unlike the traditional gearbox power train,
here a hydraulic transmission system was chosen.
Compared with the gearbox, a hydraulic transmission
system has several advantages. Firstly, the turbine
torque fluctuation caused by the variation of water
speed is usually very large and therefore it is better to
use some soft drive train systems to alleviate this

fluctuation. Secondly, it affords the power for the
hydraulic pitch system described later. Thirdly,
displacement-type speed control of a hydraulic motor
can be used to adjust the turbine speed enabling the
turbine to capture as much energy as possible. Finally,
the electrical equipment was simplified when using a
hydraulic motor to keep the generator speed constant.
Fig. 7 gives the configuration of the hydraulic system:
the parts surrounded by a dashed line are the power
transmission system, and the other parts are for the
hydraulic pitch control.

1: turbine; 2: gearbox; 3: filter; 4: hydraulic reservoir; 5: pump; 6: fine
filter; 7: relief valve; 8: check valve; 9: cut-off valve; 10: manometer; 11:
accumulator; 12: pressure sensor; 13: hydraulic motor; 14: generator;
15: flow sensor; 16: pressure relief valve; 17: throttle valve; 18: propor-
tional directional valve; 19: hydraulic hose; 20: cylinder; 21: auxiliary
pump; 22: electrical motor. G and M denote generator and electrical
motor, respectively

Fig. 7 Configuration of hydraulic power transmission

In order to keep the optimal tip-speed ratio, the
turbine speed needs to be controlled, so the variable
displacement motor is used for this purpose. When
the turbine speed is slower, the displacement of the
motor is diminished, and vice versa. This can be seen
in the following formulae:

p= Thm (whm) _ Thm {[wpumpqpump - QRes (Ap)] / qhm} (5)
qhm qhm l

. o Tturbine - pqpump o

Wy i, —
turbine
J

f (wturbinelvlﬁ) - pqpump (6)
J )

turbine turbine

where Thm, @wnm, and gnm are the load torque, speed,
and displacement of the hydraulic motor, respectively,
p is the pressure of the hydraulic system, wpump and
Opump are the speed and displacement of the pump,
respectively, Qres(Ap) is the flow of the accumulator,
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and @hrurbines d)turbine  Tturbines and Jiurbine are the speeda
acceleration, torque, and moment of inertia of the
turbine, respectively. qpump and S are taken to be fixed

and Thmeownm. T (@i v, #) is the function of

Owrbine, V, and B

Fig. 8 is a photo of the completed hydraulic
system, where two accumulators were used, one for
the hydraulic power train system, and the other for the
hydraulic pitch-controlled system.

| Accumulator

Pitch
control
valve

Generator

Hydraulic
motor

L1 %

Fig. 8 Photo of hydraulic system
3.2 Performance of the hydraulic power train

In order to study the performance of the hy-
draulic power train, numerical simulation was un-
dertaken using Matlab/Simulink and AMESim
(Fig. 9). In the simulation, the water velocity data are
transmitted from the external file to the turbine sub-
system, and a look-up table is used to present the
turbine hydrodynamics performance. The hydraulic
power train system model was built in AMESim, and
is embedded in Fig. 9 in the form of s-function.

e_gene AMESim: w_rotor
> |T rotor Hydraulic_Marine_Current_Turbine_fixed_ T “motor

s-function

IOutl In1
Generator subsystem

Constant

Te_gene: electromagnetic torque; T_rotor: turbine torque; w_rotor:
rotary speed of the pump; T_motor: driven torque of generator; R:
radius of turbine; P: power

>R

Fig. 9 Simulation model in Matlab/Simulink

Fig. 10a presents the simulation results. It can be
seen that the turbine power is almost identical to the
pump power which is approximately 20 kW and the
output power of hydraulic motor is 15 kW, so the
efficiency of the hydraulic power train is approx-
imately 75%. Compared to the efficiency of a gearbox
which is always above 90%, although the efficiency
of the hydraulic transmission system is lower, the
power output becomes flatter and the succeeding
electrical equipment would be simplified. This can be
explained according to Fig. 11, which presents the
flows of the pump, hydraulic motor, and accumulator
in the simulation.

35
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g It
a 10 —— Power of turbine
— -+ Power of pump
- P f mot
(a) . . OYVEI'O mo 0{' .
Ob 2 4 6 8 10
5" Time (s)
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o
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Sampling point

Fig. 10 Results of the simulation and tests
(@) Simulated power of the pump, motor, and turbine;
(b) Power output results in tests

80 — Flow of pump
70 — - “Flow of accumulator
- -~ "Flow of motor

Flow rate (L/min)

Time (s)

Fig. 11 Flows of pump, motor, and accumulator

The equipment was tested in workshop. In the
tests, a controllable electrical motor was used instead
of a turbine, and a three-phase permanent synchron-
ous generator was adopted. Also, damp loads and
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storage battery were used to consume the generated
power. The damp loads were switched on or off ac-
cording to the voltage of storage battery. The test data
were recorded by the computer through an RS232
serial port. Fig. 10b gives the output power of the
workshop test, and the output power is approximately
13 kW and is smaller than that of the simulation,
which can be attributed to the deviation from the rated
operational conditions during the tests.

The efficiencies of the hydraulic power train are
discussed as follows. In the experiments, the pressure
and flow of the hydraulic power train, and the elec-
trical power, were measured. The total efficiency of
the hydraulic and electrical systems can be obtained,
which is the ratio of electrical power and the hydrau-
lic input power, and the efficiency is above 70%.
Furthermore, the efficiency can be improved to some
extent by the optimization of the hydraulic pipeline
layout (Lin et al., 2008). The 30% loss is attributed to
the mechanical efficiency of the hydraulic compo-
nents, and the leakage, etc., and will appear as heat,
which is an important problem for a tidal turbine.
However, during the operation of the tidal turbine at
sea, because the pump is below the water surface and
the motor is above the water, there will be some oil
pipes immersed in the sea water, and this would par-
tially cool the oil. With the dimensions of oil pump
and valve port enlarged in the large full-scaled tur-
bine, the power loss will be decreased.

4 Pitch-controlled system of tidal current
turbines

4.1 Pitch actuator

A pitch-controlled system or a yaw drive is
needed for a horizontal axis turbine to operate in a bi-
directional tidal current. In this study, the pitch-
controlled system is selected, and Fig. 12 gives the
structure of a pitch actuation system, which used a
rack and pinion gearing. The rack was driven by a
hydraulic cylinder and engaged with the gear which
was coupled to the blades by bolts.

For the pitch-controlled system, the demand of
rapid response is not very high because of the pre-
dictability and periodicity of the water current. So an
electro-hydraulic proportional direction valve was
selected to control the blade rotation direction, and an

accumulator was used to maintain the hydraulic
pressure. Also, a throttle valve was used to change the
blade pitch speed. Fig. 13 is the photo of the 20 kW
full-scaled pitch-controlled system.

i l——Rack and
: W pinion gearing

Fig. 13 Photo of the pitch system

4.2 Pitch controller and control strategy

When the pitch-controlled system is used as a
substitute for the yaw system, it is a position-
controlled system and has two demanded values
which differ from each other by almost 180°, as
shown in Fig. 14 in which the current flow direction
was measured on May 11, 2009 (Liu, 2009).

400
300
200

100

Flow direction (°)

0 50 100 150 200 250 300 350 400 450 500
Sampling point

Fig. 14 Measured direction of tidal current

0
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The hydraulic pitch driven system is presented in
Fig. 7. An electro-hydraulic proportional direction
valve was used to control the flow of oil to the actu-
ator cylinder. The valve opening is set in proportion to
the pitch demand. The pitch position demand comes
from the turbine controller and is compared with the
measured  pitch  position, and the pitch-
position error is transformed into a pitch-rate demand
through a proportional-integral-differential (PID)
control loop.

An accumulator was used to supply the hydrau-
lic energy temporally when the motor was shut off.
Also, a throttle valve was used to change the blade
pitch speed.

In the control codes of the pitch system, two
methods can be used to deal with the bi-directional
flow: the feedback control which was described
above, and the sequential control which acts accord-
ing to the period characteristic of the tide current. At
the same time, the pitch system can be used for power
control by introducing the power feedback, and shut-
down of the turbine by blade feathering and back-
paddling, etc.

4.3 Simulations and experiments

The performance of the hydraulic driven pitch-
controlled system was simulated in Matlab/Simulink.
Fig. 15 is the simulation framework of the pitch-
controlled system, where K, and K, are the amplifi-
cation parameter and flow gain of the proportional
valve, respectively. Gg(s) is the transfer function of
the proportional valve and it can be treated as a two-
order oscillation element (Wang, 2006). The control-
ler adopted PID, which was verified to be applicable
from the results of simulation and workshop tests.

Ug Al

PID

+

517

Fig. 16 gives the simulation and test results of
the pitch-controlled system. From the test results, the
governing time of the system controlled by PID al-
gorithm is approximately 1 s and the overshoot is
zero, which can be attributed to friction and damp.
The pressure of the hydraulic pitch system is ap-
proximately 3.75 MPa, which was thought primarily
to resist the friction force.

T

Pitch angle (°)

— - - Measured angle )

- - - - Simulated pitch angle

——— Simulated angle demand

O B N W A~ 0O O N
T T T T ™

0 2 4 6 8 1012 1416 18 20 22 24
Time (s)
Fig. 16 Results of the pitch-controlled system tests

5 Conclusions and perspectives

This paper studied a hydraulic power system
adopted in a TCT, which not only stabilizes the power
output, but also allows a TCT to operate at variable
rotor speeds to optimize power capture. Thus the
efficiency of the rotor is maximized. At the same
time, the hydraulic pitch-controlled system can be
used for bi-directional flow and power control, etc.
When the rated capacity might be exceeded, the hy-
draulic pitch system can be switched on to maintain
the rated output.

A case study based on a 20 kW horizontal axis
TCT was undertaken in this paper. The simulation and
workshop test results show that the hydraulic

FL
1 PL - 1 Xp
< A % — |
9%, K, +Cp+—s + m;s®+B,s+K i
ApSS
L1

fi: pitch demand; K: proportion factor; Ug, Al: input voltage and control current of the proportional amplifier; X,: spool displacement; K, Ke:
slide valve factors; Cy: cylinder leaking factor; Vi: compressed volume of cylinder; f.: bulk modulus of oil; Ay: piston area; p.: cylinder
pressure; F_: pitch load; Xp: displacement of cylinder; K, Bp, m;: elastic coefficient, damp coefficient, and the mass of cylinder

Fig. 15 Simulation framework of the pitch-controlled system
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power transmission efficiency exceeds 70%. The
performance of the hydraulic pitch system is also
investigated, and the results are satisfactory.

Furthermore, a full size system such as 1 MW or
larger can be realized in principle based on this work,
and some mechanical structures such as the pitch
actuator may be improved because of its large space
in the hub.
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