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Nomenclatures

Term Stand for
a Axial induction factor
a’ Tangential induction factor
c Chord length
Co Drag coefficient
C. Lift coefficient
Cwm Rotational torque coefficient [=T/(pAV2dg/4]
Cp Output coefficient [=P/(pAV?/2)]
D Rotor diameter ratio[=(rear diameter)/(front diameter)]
d Wind rotor diameter
E Generator induced voltage
Fo Drag force
FL Lift force
Fn Thrust force
Fr Tangential force
f Frequency
I Generator induced electric current
L Dimensionless axial distance between wind rotors [=1/dg,]
I Distance between tandem wind rotors
MELO012 Wind rotor blade profile
N Wind rotor rotational speed
Nor Rotational speed of inner armature
Ncr Rotational speed of outer armature




Ns Synchronous speed
R Dimensionless rotor radius
r Rotor radius
p Number of poles
P Output power
Pa Maximum extracted output from wind
P, Wind pressures
P Wind pressures at positions (2)
P/ Wind pressures at positions (3)
Po Net output power
Q Volume flow rate
Remax The maximum Reynolds number
I'Hub Radius at the hub
ITip Radius at the tip
S Slip[= (Ns -N7)/ Ns]
T Rotational torque
Ter Rotational torques of inner armature
Ter Rotational torques of outer armature
u Rotational velocity[=awr, «=27N/60]
\Y Wind velocity
Va3 Wind velocity at both positions (2), and (3)
Vs Downstream wind velocity at position (4)
W Relative speed
z Blade number
a Attack angle




Yii Blade setting angle
£ Lift to drag ratio
&in Blade inlet angle
Pout Blade outlet angle
n Generator efficiency
A Tip speed ratio

Yo, Air density

7 Blade twist angle

< Subscripts >

Stand for

BEP Best efficiency point
F Front wind rotor
G Generator

opt Optimal
R Rear wind rotor
r Local (at radius r)
T Relative
1 Output
2 Input

rotor Wind rotor
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Chapter 1

Introduction

Wind power is a significant promising source of renewable energy that will play a
very important role in the 21st century. As wind turbines are very effective to generate
the electrical energy from wind power. There is a great need/obligation to exploit the
renewable energy because of the rapid decrease of the earth's fossil energy sources, and
the global warming resulting from utilizing them. Wind exists everywhere on Earth,
and in some places with considerable energy density. Wind power was widely used in
the past, for mechanical power as well as transportation. Certainly, it can be utilized
effectively for generating the electrical power because it is a sustainable, home grown
and clean source of power.

Wind turbines can either operate at fixed speed or variable speed. For a
fixed-speed wind turbine, the generator is directly connected to the electrical grid.
Whereas in a variable speed wind turbine, the generator is controlled by power
electronic equipment. Different research has been conducted on how to optimize the
behavior of wind power units. Some researches concentrated mainly on the simulation
of the performance of the horizontal wind turbine of single rotors using commercial
software. Others made a comparison between theoretical and experimental work in the
field. Some other research focused on tandem wind rotor blades, and their results
showed higher performance than single wind rotors. All these previous attempts used
either gearboxes, or pitch control mechanisms, or even both, which is different from the
concept used in this research.

The author introduces a new/unique technological development in the field of wind
turbines, through a vision of a new design of intelligent wind turbine generators that
may make a revolution in the field of the wind power unit industry. This work
proposes a propeller type horizontal axis wind power unit with tandem wind rotors.
The front and the rear wind rotors drive the inner and the outer armatures of the
generator whereas the rotational speeds of the tandem wind rotors are adjusted in
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cooperation with the two armatures of the generator in response to the wind speed. It
was Verified experimentally that the output was increased and kept constant at the rated
operation of the unique wind power unit without using either gearboxes, or pitch control
mechanisms.

1.1 Importance of Renewable Energy

The modern life style depends tremendously on the use and existence of fossil fuels,
such as oil, gas, and coal, as shown in Fig. 1-1. With levels of these fuels constantly
decreasing, it is important to become less dependent on fossil fuels and more dependent
on renewable energy sources. The decreasing levels of fossil fuels are not the only
reason to begin using renewable energy, but also pollution has become a huge problem
in many countries around the world, especially in the developing world. With the
increase of carbon emissions, air quality can be very low in some areas, and this can
lead to respiratory diseases and cancer. The main reason to switch to cleaner energy

10/16/2000 3:38pm

Nuclear © Coal @

Fig 1-1 Fossil energy resources
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production methods is the global warming aspect due to the solar insolation, and green
house effects © © . The more carbon dioxide pumped into the atmosphere has a
dangerous effect. It is possible to slow down and dilute the effects of global warming
through the wide spread use of renewable energy resources ®©.  Renewable energy is
proving to be commercially viable for a growing list of consumers and uses as it
offers our planet a chance to reduce carbon emissions, clean the air, and put socities on
a more sustainable footing. It also offers countries around the world the chance to
improve their energy security and spur economic development. Renewable energy
sources such as shown in Fig. 1-2, can meet many times the present world energy
demand, so their potential is enormous ™. They can enhance diversity in energy
supply markets, secure long-term sustainable energy supplies, and reduce local and

(14)

Hydropower, Aswan dams-Egypt

Fig 1-2 Renewable energy resources
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global atmospheric emissions.

Renewable energy is derived from natural processes that are replenished constantly. In
its various forms, it derives directly from the sun, or from heat generated deep within
the earth. Included in the definition is electricity and heat generated from solar, wind,
ocean, hydropower, biomass, geothermal resources, and bio-fuels and hydrogen derived

(17)(18)(19)

from renewable resources One of the important examples of exploiting the

@9 Two dams straddle

hydropower energy is the dams built on River Nile in Egypt
the river at this point: the newer Aswan High Dam, and the older Aswan Dam or Aswan
Low Dam, as shown in Fig. 1-2. The aim of this water project was to prevent the
river's flooding, generate electricity and provide water for agriculture. Without
impoundment, the River Nile would flood each year during summer, as waters from
East Africa flowed down the river as they did in ancient times. These floods brought
nutrients and minerals that made the soil around the Nile fertile and ideal for farming.
As the population along the river grew, there came a need to control the flood waters to
protect and support farmland and cotton fields. In a high-water year, the whole crop
may be entirely wiped out, while in a low-water year there was widespread drought and

famine. Egypt depends on Aswan Dams as a main clean and renewable source of

Fig. 1-3 Typhoon striking coasts of Japan *V
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electric power.

1.2 Wind Energy

Wind power technology is one of the most promising technologies for electricity
generation. Winds can vary in strength, from the lightest breeze to the terrifying
power of hurricane or tornado. In Japan, high and strong wind is called “typhoon”,
which hits the islands at the mid-autumn, mostly in September, such as shown in Fig.
1-4. In America, these strong winds are called hurricane. A hurricane is a wind
blowing faster than 118 km per hour ®®. Wind energy is one of the most promising
alternatives to fossil and nuclear fuels. It can supply power at remote places where
electrical grid cannot reach. Advanced technologies in the field of electronics, and
long experience in the work of wind turbines, made the market of wind power units far
better than before because of the fruitful advantages. Wind energy is estimated to be
able to supply at least twenty percent of world renewable energy needs in the near
future. Wind power is utilized in many countries around the world, especially at
northern part of Europe, USA, and some parts of Asia, like Japan, and other parts in
Africa, such as Egypt. Day by day number of wind power units is increasing all over
the world.

1.2.1 Wind power utilization in Japan

At the end of 2007, the total wind power capacity in Japan was 1,538 MW (1,331
turbine units) for an annual net increase of 229 MW. Compared with EU countries,
Japan is very isolated, and so the influence of wind generation on grid stability is
considered very large, regardless of how small the penetration ratio is. Moving to
offshore installations has not yet begun due to deep-water conditions, but a national
investigation was initiated in 2007 ©®®. The Japanese government introduced a
Renewable Portfolio Standard (RPS) law in April 2003 with the aim of stimulating
renewable energy to provide 1.35 per cent of total electricity supply in 2010. The
leading regions for wind power development in Japan are Tohoku and Hokkaido in the
north of the country, with an installed capacity respectively of 275 and 159 MW, and
Kyushu in the south, with 113 MW, as shown in Fig. 1-4. Japanese turbine



Chapter one Introduction

Hokkaido Area
159MW, 187 Units

Tohoku Area
275MW, 239 Units

Chugoku Area
13MW, 18 Units

Kanto Area
54MW, 72 Units

Kyushu Area
113MW, 115 Units

Chubu Area
& 27TMW, 41 Units

Kinki Area

Shikoku Area
- 14MW, 20 Units

¥ 16MW, 22 Units

Okinawa Area
12MW, 26 Units

Fig. 1.4 Japan wind turbine locations, and its power productions ¢

manufacturer Mitsubishi took about a third of the supply market in 2004, the remainder
being serviced by European companies “®. Two issues have created challenges for
Japanese wind developers. Firstly, the country is relatively densely populated in areas
where construction is feasible, and secondly, some of the terrain is complex, with the
added risk of typhoons. Both the Japanese Wind Energy Association and the Japanese
Wind Power Association have therefore been supporting further R&D activity in the
areas of grid stability, technical safety, lightning protection and generation output
prediction. Partly as a result of these issues, serious consideration is being given to
offshore development round Japan’s coastline, although this is limited by available

water depth.
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1.2.2 Wind power utilization in Egypt:

Egypt had made much effort to step up the use of renewable energy, such as the
broad project for winning wind energy. A national strategy for wind energy was put in
place as early as 1988 with the plan to have 6000 MW wind farms by the year 2017.
The production aim is 21 billion kWh saving 4.68 Million tons of oil equivalent. The
Ministry of Electricity & Energy of Egypt has embarked on this wind energy program
to utilize the promising areas, especially the west shore of the Gulf of Suez where wind
speed reaches 10 meters per second being one of the best locations worldwide. Other
promising areas include East Oinat where the wind speed reaches 7 meters per second,
and the north coast reaching 6.5 meters per second. The best site was selected at
Zafaraana on the Red Sea, as shown in Fig. 1-5, where it was planned to have over 6000
MW wind farms ®@) Egypt accomplished a significant achievement in electric
generation from wind energy. A wind farm at Zafarana of 63 MW connected to
national grid in 2001 as shown in Fig. 1-8. There are also potential projects increased
the installed to capacity to 100 MW in 2004. It is targeted to have total installed
capacity of 600 MW by the year 2010.

1.3 Wind Power Units

People have harnessed the wind force peacefully, and its most important usage probably
was the propulsion of ships using sails before the invention of the steam engine and the

ranean Sea
T4

W 1

B\ ShaWw@l-Sheikh B 1
LR R

(a) Site of Zafarana wind park ©® (b) Zafarana wind power units ¢

Fig. 1-5 Zafarana wind park, Egypt
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Fig. 1.6 Poul La Cour windmill

internal combustion engine. Wind has also been used in windmills to grind grain or to
pump water for irrigation or, as in some parts of Europe, to prevent the ocean from
flooding low-lying land. At the beginning of the twentieth century electricity came into
use and windmills gradually became wind turbines as the rotor was connected to an
electric generator. The first electrical grids consisted of low-voltage DC cables with
high losses. Electricity, therefore, had to be generated close to the site of use. On
farms, small wind turbines were ideal for this purpose and in Denmark Poul La Cour,
who was among the first to connect a windmill to a generator, as shown in Fig. 1-6 %©,
An example of La Cour’s great foresight was that he installed in his school one of the
first wind tunnels in the world in order to investigate rotor aerodynamics. Gradually,
however, diesel engines and steam turbines took over the production of electricity and
only during the two world wars, when the supply of fuel was scarce, did wind power
flourish again. However, even after the Second World War, the development of more
efficient wind turbines was still pursued in several countries such as Germany, the US,
France, the UK and Denmark.
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In the mid 1950s Juul introduced what was later called the Danish concept by
constructing the famous Gedser turbine, which had an upwind three-bladed, stall
regulated rotor, connected to an AC asynchronous generator running with almost
constant speed™®. With the oil crisis in 1973, wind turbines suddenly became
interesting again for many countries that wanted to be less dependent on oil imports;
many national research programs were initiated to investigate the possibilities of
utilizing wind energy. Large non-commercial prototypes were built to evaluate the
economics of wind produced electricity and to measure the loads on big wind turbines.
Since the oil crisis, commercial wind turbines have gradually become an important
industry with an annual turnover in the 1990s of more than a billion US dollars per year.
Since then this figure has increased by approximately 20 per cent a year.

1.3.1 Types of wind turbines:

Wind turbines are mechanical devices specifically designed to convert part of the
kinetic energy of the wind into useful mechanical energy. Several designs have been

devised throughout the times "),

Most of them comprise a rotor that turns round
propelled by lift or drag forces, which result from its interaction with the wind.
Depending on the position of the rotor axis, wind turbines are classified into
vertical-axis and horizontal-axis ones, as shown in Fig. 1-7 ®. Most successful
vertical-axis wind turbine is the Darrieus rotor. The most attractive feature of this type
of turbine is that the generator and transmission devices are located at ground level.
Additionally, they are able to capture the wind from any direction without the need to
yaw. However, these advantages are counteracted by a reduced energy capture since
the rotor intercepts winds having less energy. Furthermore, despite having the
generator and transmission at ground level, maintenance is not simple since it usually
requires rotor removal. In addition, these rotors are supported by guy-ropes taking up
large land extensions. By these reasons, the use of vertical-axis wind turbines has
considerably declined during the last decades. Nowadays, almost all commercial wind
turbines connected to grid have horizontal-axis two-bladed or three-bladed rotors. The
rotor is located at the top of a tower where the winds have more energy and are less
turbulent. The tower also holds up a nacelle. The gearbox and the generator are
assembled inside. There is also a yaw mechanism that turns the rotor and nacelle. In
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Horizontal Axis Vertical Axis

Fig. 1-7 Wind turbines types according to rotational axis

—»
Wind Wind >
| in
Q g
—>
—>
Upwind Downwind

Fig. 1-8 Wind turbines types according to wind direction ¢

normal operation, the rotor is yawed to face the wind in order to capture as much energy
as possible. Although it may be very simple in low power applications, the yaw
system is likely one of the more complicated devices in high power wind turbines.
Finally, the power electronics are arranged at ground level.

Horizontal-axis wind turbine units can be classified also as downwind or upwind
types according to the direction of wind facing the wind power unit, as shown in Fig.
1-8 ©®?_ Downwind machines have the theoretical advantage that they may be built
without a yaw mechanism, if the rotor and nacelle have a suitable design that makes the

10
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nacelle follow the wind passively. For large wind turbines this is a somewhat doubtful
advantage, however, since cables are needed to lead the current away from the generator.
A more important advantage is that the rotor may be made more flexible. This is an
advantage both in regard to weight and the structural dynamics of the machine, i.e. the
blades will bend at high wind speeds, thus taking part of the load off the tower. The
basic advantage of the downwind machine is thus, that it may be built somewhat lighter
than an upwind machine. The basic drawback is the fluctuation in the wind power due
to the rotor passing through the wind shade of the tower. This may give more fatigue
loads on the turbine than with an upwind design.On the other hand, the basic advantage
of upwind designs is that one avoids the wind shade behind the tower. By far the vast
majority of wind turbines have this design. On the other hand, there is also some wind

i

b) Europe’s largest onshore
wind farm in Scotland ©*.

c) World’s largest offshore d) Author at world’s largest onshore wind
wind farm in Denmark ®* farm of Altamont pass, California, USA

Fig. 1-9 Different types of wind farms

11
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shade in front of the tower, i.e. the wind starts bending away from the tower before it
reaches the tower itself, even if the tower is round and smooth. Therefore, each time the
rotor passes the tower, the power from the wind turbine drops slightly. The basic
drawback of upwind designs is that the rotor needs to be made rather inflexible, and
placed at some distance from the tower (as some manufacturers have found out to their
cost). Inaddition, an upwind machine needs a yaw mechanism to keep the rotor facing
the wind.

Unless it is a single wind turbine for a particular site, such as an off-grid home in the
country, most often when a good wind site has been found it makes sense to install a
large number of wind turbines in what is often called a wind farm or a wind park.
Obvious advantages result from clustering wind turbines together at a windy site.
Reduced site development costs, simplified connections to transmission lines, and more
centralized access for operation and maintenance, all are important considerations.
Wind farms are divided into main three types: onshore, nearshore, and offshore as
shown in Fig. 1-9. Onshore wind farm installations are in hilly or mountainous
regions which tend to be on ridgelines generally three kilometers or more inland from
the nearest shoreline. Nearshore wind farm installations are on land within three
kilometers of a shoreline or on water within ten kilometers of land, while offshore wind
farms are generally considered to be ten kilometers or more from land.

1.4 Previous Work on Wind Power Units:

Wind turbines can either operate at fixed speed or variable speed. For a
fixed-speed wind turbine the generator is directly connected to the electrical grid. For
a variable speed wind turbine the generator is controlled by power electronic equipment.
There are several reasons for using variable-speed operation of wind turbines; among
those are possibilities to reduce stresses of the mechanical structure, acoustic noise
reduction and the possibility to control active and reactive power 3.

Different research has been done to study and to optimize the behavior of wind
power units. Some research concentrated mainly on simulation of the performance of
the horizontal wind turbine using single rotors using commercial software. Others
made comparison between theoretical and experimental work in the field. Some other

12
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research was based on experiments using tandem wind rotor blades, and their results
showed higher performance than single rotors. Methodologies were developed to
estimate the chord distribution airfoil and blade twist along the radius of the blade by
using axial and angular moment conservation equations, blade element theory and
optimization processes ®¢2,

1.4.1 Doubly fed induction generators

Most of the major wind turbine manufactures are developing new larger wind
turbines in the 3-to-6-MW range ©”. These large wind turbines are all based on
variable-speed operation with pitch control using a direct-driven synchronous generator
(without gear box) or a doubly-fed induction generator. Fixed-speed induction
generators with stall control are regarded as unfeasible for these large wind turbines.
Nowadays, variable-slip, i.e., the slip of the induction machine is controlled with
external rotor resistances, or doubly-fed induction generators are most commonly used
by the wind turbine industry for larger wind turbines. The major advantage of the
doubly-fed induction generator, which has made it popular, is that the power electronic
equipment only has to handle a fraction (20-30 %) of the total system power ®®. This
means that the losses in the power electronic equipment can be reduced in comparison
to power electronic equipment that has to handle the total system power as for a
direct-driven synchronous generator, apart from the cost saving of using a smaller
converter.

According to Carlson et al. the energy production can be increased by 2-6 % for a
variable-speed wind turbine in comparison to a fixed-speed wind turbine ©. Zinger et
al. stated that the increase in energy can be 39 % “9. Mutschler et al. has shown that the
gain in energy generation of the variable-speed wind turbine compared to the most
simple fixed-speed wind turbine can vary between 3-28 % depending on the site
conditions and design parameters “. Calculations of the energy efficiency of the
doubly-fed induction generator system, has been presented before “?. Datta et al. have
made a comparison of the energy capture for different schemes of the electrical
configuration, i.e., fixed-speed wind turbine using an induction generator, full
variable-speed wind turbine using an inverter-fed induction generator, and a
variable-speed wind turbine using a doubly-fed induction generator. According to his

13
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research, the energy capture can be significantly enhanced by using a doubly-fed
induction machine as a generator and the increased energy capture of a doubly-fed
induction generator by over 20 % with respect to a variable-speed system using a cage
rotor induction machine and by over 60 % in comparison to a fixed-speed system “%.
Aspects such as the wind distribution, electrical and mechanical losses of the systems
were neglected in that study. Control of the doubly-fed induction machine is more
complicated than the control of a standard induction machine and has all the limitations
that the line-fed synchronous generator has, e.g., starting problem, synchronization and
oscillatory transients. Wang et al. found through simulations that the flux is influenced
both by load changes and stator power supply variations “. The flux response is a
damped oscillation and the flux and rotor current oscillate more severely when the
speed is increasing compared to when the speed is decreasing. Heller et al. have
investigated the stability of the doubly-fed induction machine mathematically. They
have shown that the dynamics of the doubly-fed induction machine have poorly damped
eigenvalues with a corresponding natural frequency near the line frequency and that the
system is unstable for certain operation conditions “®.

1.4.2 Single rotor wind turbines

The design of wind energy conversions systems is a difficult task because it must

take into account many complex design aspects “°.

Varol et al. studied the aspect of
the correct position of the aerofoil with regard to the wind direction “”.  Wind power
and the impact of wind power technology both on energy markets and on electric
system stability become necessary to be flexible so that to allow predicting energy

output 49960

The results of models should provide elements for preliminary blade
turbine design and for evaluating the extracted wind power.

A methodology was developed by Mejia et al. to estimate the chord distribution
airfoil and blade twist along the radius of the blade by using axial and angular moment
conservation equations, blade element theory and optimization processes. This
methodology took into account the concept related with getting wind power for
different chord blade values and selecting one that facilitates to get the maximum value

for wind power.

14
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Simulation of power generation output was carried out by using a wind-speed

probability distribution function obtained from data collected at the Guajira region of

Colombia ®Y.  Experiments were done together with simulation using airfoil NACA

63-420, using 3 bladed single wind rotor of a radius of 30m at a rated wind velocity

6.00 ‘ %0
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Eq500 | e
'g '..' ----- Twist angle z%
I AN :
$3.00 v g
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Fig. 1-10 Chord blade distribution and attack
angle along the blade radius ©V.
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Fig. 1-11 Comparison between theoretical and
experimental output values ®V
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Fig. 1-12 Output coefficient against tip speed ratio ¢

15m/s. Blade twist and chord distribution was simulated as shown in Fig. 1-10.
Power curve simulated was compared with experiments as shown in Fig. 1-11. Through
these figures, a decrease of the chord blade in order to guarantee better lift and power
generation can be achieved. Likewise, the twist angle helps with the purpose of
having a maximum aerodynamic efficiency along the blade. It is observed that the
theoretical results are in agreement to experimental results until reach the wind speed of
17 m/s.

Maximum output control of wind turbine and induction generator connected with
two back to back voltage source converters to grid were studied by Bana Sharifian et al.
®2) " The currents were controlled by indirect vector control method. Output coefficient
Cp was expressed as a function of tip speed ratio A, and the blade setting angle .
Simulations showed that the value of maximum Cp was 0.48 at /=0 degrees, and A=8 as

shown in Fig. 1-12.

1.4.3 Tandem rotors wind turbines

16
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The idea of tandem wind rotors is that using two sets of blades instead of one to

increase the output. Previous attempts were done using this idea because when a

traditional wind turbine with a single rotor system is used for energy conversion, only a
part of the available energy in the wind is exploited.

by installing a second rotor in the wake.
0.4

----- 1st rotor /
0.3 -
— 2nd rotor /

0.2 /

0.1

Further energy can be extracted
At the same time, the maximum energy that

Mean CP

0.0

0 7 14 21 28
Rotor speed (rpm)

Fig. 1-13 Output against rotor rotational speed ©2
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Fig. 1-14 Comparison between output of single
and counter rotating rotors ¢

17



Chapter one Introduction

can be extracted by two rotors of same diameters is increased from 59% to 64% of the
available energy that is the Betz limit for two rotors “Y. A counter-rotating wind
turbine system was proposed by W.Z. Shen ®2. This system consisted of two 3-bladed
rotors of equal diameter of 20.5m and separated by an appropriate distance. One of the
rotors was rotating in counter-clockwise direction while the other in clockwise direction.
The performance of the model was simulated using Navier-Stokes code EllipSys3D.
Figure 1-13 shows the simulated output of the two rotors at wind velocity V=10m/s
through different rotational speeds, while Fig. 1-14 shows simulated output at different
wind velocities. It is shown from these figures that the second wind rotor can achieve
reasonable output which can increase the efficiency of the wind power unit.

In 2002, Appa Technology Initiatives has built a prototype in California and
performed some field tests on his prototype model that consisted of a 6 KW
counter-rotating wind turbine system with two 2-bladed rotors of 4m diameter, and tip
speed ratio A=6, while using a gear box, and a mechanical efficiency=.8 ©¥. The
results of these tests indicated that a contra-rotating turbine system could extract
additional 30% power from the same wind stream.

In 2005, Jung et al. has considered experimentally and numerically (using the
quasi-steady strip theory) a 30 kW CRWT that are consisted of an upwind auxiliary
rotor of 5.5m and a downwind main rotor of 11m. The prototype of tandem wind
rotors with a gearbox is shown in Fig. 1-15 ®5 " For a counter rotating wind turbine
where two rotors are rotating in opposite directions, the flow is usually unsteady.
Despite the fact that this data was spread out in different areas, a fairly good correlation
between the test data and analysis results is noticed. The results of the experiments
indicate that the current counter rotating system is very effective in extracting energy
from the wind: the maximum Cp reaches as high as 0.5.

Professor Ushiyama, from Japan proposed two kinds of two staged wind turbines
consist of the co-axial type and the counter-rotating type ©®. The co-axial-type is used
to improve the torque characteristics and the counter-rotating type is used to increase
the relative rotational speed of the generator. Figure 1-16 shows the experimental set up
and the measuring devices of the wind tunnel test. Model wind turbines of front stage
were 3, 4, and 6 bladed propeller type and 0.6m in diameter. The rear stage ones were 2
and 3 bladed propeller type and Im in diameter. Test runs were conducted to determine

18



Chapter one Introduction

‘Tandem wind rotors
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Fig. 1-15 Prototype of tandem wind rotors with gear box ©¥
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Fig. 1-16 Experimental apparatus of professor Ushiyama ©°
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block brake, reading number of revolution and torque respectively. The torque
coefficient Cy and the power coefficient Cp were calculated from these data. As for the
counter-rotating type, same torque value was applied to both the front and the rear stage
rotors while reading the number of revolutions and torque respectively.

The trial machine used to make the experiments consist of front stage of 6 bladed
propeller type rotor diameter of 1.2m, and rear stage of 3 bladed propeller type rotor of
diameter 0.8m. The power characteristics of the trial machine are shown in Fig. 1.17.
From this figure it is shown that the higher the setting wind speed, the larger the output
of the machine. The maximum output corresponding to each wind speed were 2.6W for
6m/s, 19.8W for 8m/s, and 38.9W for 10m/s respectively. The rated output of the tested
generator was 36W at 950rpm, while the total rotational speed of the front and rear rotor
of the tested machine was 768rpm at 10mls. Thus, the larger output than rated value
could be obtained at lower rotational speed than rated rpm. These experiments showed
that self-starting characteristics of co-axial type were improved by front wind turbines
installed for two-bladed wind turbine. Also, relative rotational speed of counter-rotating
type was increased, and test result of the trial machine demonstrated the technical
possibility of counter-rotating type wind powered generator.

It is important to notice that all of these previous attempts use different concepts

40 ‘ ‘
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g ¥ \
V=8 (m/s) \
20
/
/
10 \
V=6 (m/s)
0

0 300 600 900 1200
Rotational speed (miril)

Fig. 1-17 Power characteristics ©
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than the concept used in this research because they used either gear boxes or pitch
control mechanisms or even both.  On the contrary, the operation of the proposed wind
power unit using the tandem wind rotors in this work is in cooperation with the double
rotational armature type generator without the need of the gearbox, and the pitch control
mechanisms.

1.5 Objectives of this Study:

As was shown previously, the propeller type wind turbines are very effective to
generate the electric power; however, these conventional turbines had some weak points
that can be summarized as follows:

1. The size of the wind rotor must be correctly/appropriately selected in conformity
with the wind circumstances. Although large-sized wind rotors generate high output at
strong wind, they do not operate properly with weak winds. On the contrary,
small-sized wind rotors are suitable for weak wind, but their power generation is low.
This problem can be solved using the proposed wind power unit. The counter-rotation
under the rated wind speed makes output higher in poor wind circumstances, while at a
high wind velocity, it generates higher output than the single wind rotors.

2. It is necessary to be equipped with the brake and/or the pitch control
mechanisms, to suppress the abnormal rotation and the generated overload at the
stronger wind. This point is solved in the unique wind power unit because at higher
wind velocities, the rear wind rotor rotates in the same direction of the front rotor
(blowing mode) forcing the abnormal rotational speed of the front wind rotor to slow
down without using brake and/or the pitch control mechanisms.

3. The fluctuation of the wind rotor speed may lead to a poor quality of the electrical
power. In the proposed unit, the relative rotational speed between tandem wind rotors
which corresponds to the electrical output frequency is adjusted automatically pretty
well with response to the wind velocity keeping good quality of the electric power.

This work proposes/presents a new unique type horizontal wind power unit
composed of the large-sized front wind rotor, the small-sized rear wind rotor and the
peculiar generator with the inner and the outer rotational armatures as shown in Fig.

21



Chapter one Introduction

W < Rotor >

Front wind rotor
T!// Rear wind rotor

Quter armature
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< (Generator >

Fig. 1-18 Unique wind power unit

1-18. The front and the rear wind rotors drive the inner and the outer armatures. This
unit is unique, as during the experiments on the small scale rotors, the rotational speeds
of the tandem wind rotors are adjusted pretty well in cooperation with the two armatures
of the generator in response to the wind speed. The rotational torque is
counter-balanced between the inner and the outer armatures in the generator. As for
the wind rotors, the rotational torque of the front wind rotor must equal that of the rear
wind rotor, but in the opposite direction, while the rotational directions of both
rotors/armatures are free. The rotational direction and speed of the rotor/armature are
automatically determined in response to the wind circumstance. The output must be
kept constant and this can be done if the rotors are designed so as to keep the relative
rotational speed multiplied by the rotational torque equal a constant. The operation of
the unique generator with double rotational armatures is verified in the field.

1.6 Thesis Contents:

This research is a part from series of studies that were done to develop and improve
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the performance of the intelligent wind power unit which was invented by Professor
Toshiaki Kanemoto. This research has passed through many steps. First there was
preparing of the main parts of the wind power unit which are used in the experiments,
such as testing the unique generator of double rotational armatures, and was designing
the tandem wind rotors that will be attached to the generator. Second there was a
period for studying the performance of the previously mentioned generators equipped
with the designed wind rotors in the field test. Lastly, many experiments were done to
better understand the advanced technology of this unique wind turbine unit.
So, the chapters of this thesis were organized as follows:

® Chapter one is an introduction shows the importance of exploiting the renewable
energy, concentrating on wind power. The topics tackled were the global
warming, the fossil energy, the renewable energy, review on wind power units,
previous work concerning single tandem rotors, and the objectives of this study. It
was shown that the propeller type wind turbines are very effective to generate the
electric power; however, these conventional turbines had weak points that is the
size of the wind rotor must be correctly/appropriately selected in conformity with
the wind circumstances. Although large-sized wind rotors generate high output at
strong wind, but they do not operate properly at weak winds. On the contrary,
small-sized wind rotors are suitable for weak winds, but their power generation is
low. Also, it is necessary to be equipped with the brake and/or the pitch control
mechanisms, to suppress the abnormal rotation and the generated overload at the
stronger wind. Moreover, the fluctuation of wind rotor speed may lead to a poor
quality of the electrical power. All these previous weak points can be solved
through the superior operation of the proposed unique wind power unit.

® Chapter two concerns the proposal of a unique wind power unit. The topics
discussed were the superior operations of the unique wind power unit, the
development of the doubly fed induction generator with double rotational armature,
the bench test and the experimental results. The development of the permanent
magnet synchronous generator with double rotational armatures was also discussed,
its bench tests, and experimental results. The design of the front and rear wind
rotors was explained. Experiments were done to determine the optimal number of
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blades for both front and rear wind rotors, which were 3 blades for the front, and 5
for the rear wind rotor. Blades were designed through simple aerodynamic theories,
namely blade element theory, using MELOQ12 profile, while the front wind rotor was
2m in diameter and the rear wind rotor was 1.33m.

® Chapter three concerns the experiments that were done on the unique wind power
unit by the help of a pick-up type truck. The field site is described, data
measuring tools shown, experimental procedures explained, and the performance of
the unique wind power unit through using single and/or tandem wind rotors are
analyzed. The effect of the setting of the rear blades, and the bulb loads on the
operating conditions are discussed. Finally, trails of reasonable operations are
introduced. The wind power unit could not operate properly at wind velocity less
that 4 m/s. The performance of the wind power unit was affected markedly by the
blade setting angles of both tandem wind rotors. The optimal values for single
wind rotor was s = 0 at lower applied load, and 20 degrees at higher applied
loads. In case of tandem wind rotors fr =fr =20 degrees gave relatively better
response to the wind velocity.

® Chapter four is a discussion for the advanced technologies that were done as a step
for optimizing the performance of the unique wind power unit. Different factors
were examined to notice their effect on the performance, such as the aerofoil cross
sectional profile of the rotor blades, including the chord and the camber. Distance
between both tandem wind rotors was tested to find the reasonable axial distance
between them. When using cambered blades instead of flat blades, the maximum
output coefficient of the cambered blade increased 1.6 times more than that for the
flat blade, while the relative tip speed ratio was increased also by nearly 1.4 times.
The optimal diameter ratio between the rear and the front wind rotors that leads to
relatively high output was found at D=0.84.

® Chapter Five shows the conclusions from this study. This is followed by the

acknowledgments and the references.

24



Chapter 2 Preparation of Wind Power Unit

Chapter 2

Preparation of Wind Power Unit

The author has contributed in developing the unique wind power unit that has
superior operations, and smart behavior with response to the wind circumstances. This
chapter discusses the superior operation of the unique wind power unit, the bench tests
on the peculiar generators developed by the author, and the design of both tandem wind
rotors.

2.1 Superior Operation of Unique Wind Power Unit

As in the case of upwind type as shown in Fig. 2-1, when the large sized front

Front
“ -
Wind
Wind Rotor
Outer Armature

Peculiar

Generator
Rear

Wind Wind
Rotor

Fig. 2-1 Upwind type wind power unit
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Fig. 2-2 Superior operations of unique wind power unit

wind rotor rotates, torque develops in the inner rotational armature of the peculiar
generator. This torque is counter-balanced by the torque generated at the outer
armature in cooperation with the torque generated from the rear wind rotor.  So, as for
the wind rotors, the rotational torque of the front wind rotor must be the same, in the
opposite direction, as that of the rear wind rotor, but the rotational directions of both the
rotors/armatures are free. The rotational direction and speed of the rotor/armature are
automatically adjusted in response to the wind circumstance, as shown in Fig. 2-2.
Through this figure, it can be seen that both wind rotors start to rotate at a low
wind speed, namely the cut-in wind speed, but the rear wind rotor counter-rotates
against the front wind rotor. The increase of the wind speed makes rotational speeds
of both wind rotors increase, while the rotational speed of the rear wind rotor appears to
be faster than that of the front wind rotor because of its smaller size. The rear wind
rotor reaches the maximum rotational speed at the rated wind speed. Below the rated

wind velocity, both rotors rotate at the best efficiency points. Over the rated wind
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velocity, the rated operation starts, where the output is kept constant. With more
increment of the wind velocity over the rated value, the rear wind rotor decelerates
gradually, stops then begins to rotate at the same direction of the front wind rotor so as
to its torque coincides with the larger rotational torque of the front wind rotor.

Such behavior of the rear wind rotor happens because the smaller sized rear wind
rotor can not generate an equal counter torque value against the attacking wind during
rotating at the turbine mode (counter direction to front rotor). When the rear wind rotor
rotates in the same direction to front rotor, the blowing mode forces the abnormal
rotational speed of the front wind rotor to slow down. As a result, the above operating
conditions enables it successfully to guarantee good quality of the electric power,
namely power supply frequency, and output in the rated operation without the
conventional brake and/or the pitch control mechanisms. That is, the relative
rotational speed between the front and the rear wind rotors affects directly the quality of
the electric power. The power supply frequency can be kept constant when the wind
rotors are designed so as to keep their relative rotational speed constant. The output
can also be kept constant when the wind rotors are designed so as to keep the value,
which is the relative rotational speed multiplied by the rotational torque, constant.
Moreover, the counter-rotation under the rated wind speed makes the output higher in
the poor wind circumstances, which is a remarkable advantage for the area which has no
acceptable wind circumstance at the power generation such as found in Japan.

I * Ps=P+P:

P2
i

Transformer
Pw
{ Output controller
Double armatures type ~ D's : System output
induction generator P: : First generator output

P: : Second generator output
Tandem rotors )
Pw: Wind power output

Fig. 2-3 System diagram of double armature type induction generator
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In order to test the performance of the unique wind power unit in the field,
preparations of the peculiar generator was done, and tandem wind rotors were designed
as follows.

2.2 Double Rotational Armature Type Doubly Fed Induction
Generator

The author has contributed in developing the double rotational armature type doubly
fed induction generator without the conventional stator, to drive successfully the tandem
wind rotors. This generator is installed in the large-scale unit for the grid-connected
electric power system. Figure 2-3 shows the system diagram which has the advantage
that it is not necessary to control mechanically the rotational speed because the
revolving electromagnetic field is induced from the grid-connected electricity. The
rotational speed and the output can be easily adjusted by the frequency modulation,
namely the rotational slip control of the inner armature, through the inverter. Besides,

the initial and running costs are less than those of the synchronous generator.

2.2.1 Specifications of the generator

Inner rotational armature Outer rotational armature
221 152
Shaft of front
wind rotor

Shaft of rear
wind rotor

Fig. 2-4 Doubly-fed induction generator with double rotational armatures
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Figure. 2-4 shows the dimensions of the doubly fed induction generator. There are

two feed circuits for this generator type; namely primary and secondary feed circuits.
The primary feed circuit represents the output of the generator, and connected to the
outer rotational armature. The secondary feed circuit represents the input and is
connected to the inner rotational armature. The synchronous speed of this generator is
Nt=900 min™ where Nt =Ng-Ng (N and N are the outer and the inner rotational speeds,
and give the positive value in the N direction). The rated output power is 1.2KW, while
the output voltage is 200V, the current is 3.5A, the frequency is 60Hz, the number of
poles p is 8, and the rotational speed ranges from 360 to 1260 min™.
As from the basic concepts of the induction generator, the rotors always rotates at a
relative speed slightly different than the synchronous speed “® ©7. The difference
between the synchronous speed Ns and the rotors relative speed Nt is termed as the slip
of the generator. Thus,

the slip S is given by: S= (Ns -N1)/ Ns (2.1)
While the synchronous speed of the induction generator is given by:
Ns =120f/p (2.2)
— 38882
1.Generator 0o 80800‘_—_——-
2. Torquemeter 0L © 0g ©0000
3. Tachometer \
4.Coupling
—3 < o —@
5.Motor 000 °
6.Powermeter \
7.Inverter ®
8.Lamp ©

Fig. 2-5 Apparatus of experiments.
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2.2.2 Experimental apparatus

Figure 2-5 shows the apparatus used for the experiments. The work of the tandem
wind rotors was replaced by a motor. The motor shaft was connected to the shaft of the
inner armature while the shaft of the outer armature of the generator was kept stationary
because the electrical characteristics depend only on the relative rotational speed
between both armatures. The rotational speed of the motor which represents the
relative speed of the front and the rear wind rotors was controlled by using and inverter.
Another inverter was used to control the input frequency of the secondary circuit of the
generator. Torque was measured using a torque meter. The output power was
consumed through set of lamp loads which were controlled manually through on/off
switches.
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Fig. 2-6 Effect of external Load, and relative tip speed on
frequencies, and voltages
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2.2.3 Bench tests

Bench tests were done while keeping the output frequency f; constant and equals
60Hz, and also keeping the output voltage E; constant and equals to 200V through using
different load values. This situation represents the actual work needed from the
generator when it is connected to the grid. Figure 2-6 shows the characteristics where P,
f and E are the output/input, the frequency and the voltage, while subscripts 1 and 2
represent the values of the outer and the inner armatures.

As Nt =Ng-Ng, and Ns =120f/p  then Nt =120/p(f1-f2) (2.3)
The input frequency f, is in inverse proportion to the relative rotational speed Nt
irrespective of the output Py, though the phase must be changed at the higher relative
speed than the synchronous speed Ny=900 min™. The input voltage E, does not depend
only on Nt but also on P;, namely the load. The input P, comes to be negative at the
higher rotational speed than the synchronous speed Ny=900 min™, as shown in Fig. 2-7.
That is, P, changes fruitfully from the input to the output, and the net output from the
generator is Po=P;-P,. So, in order that the generator works fruitfully, it must be
rotated by a relative speed Nt higher than the synchronous speed of the generator
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Fig. 2-9 The relative tip speed and the torque against the wind speed.
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Fig. 2-10 Frequencies and voltages against the wind speed

(generating mode), because below this speed it will need to consume P, from the source
( motoring mode)

The characteristics of the generator are also presented against the wind speed.
Figure 2-8 shows the output P,, the input P, and the net output power Py, while Fig. 2-9
shows the relative rotational speed Nt and the rotational torque T. Figure 2-10 shows the
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output and input voltages E;, E; and the output and input frequencies fi, f,. So, if
tandem wind rotors could be design so that it fulfills the values of the relative rotational
speed Nt and the rotational torque T, and if the input frequency f,, and the input voltage
E, could be adjust to get the output frequency fi, and the output voltage Ej, then a
constant and steady net output power Py could be obtained at the rated operation of the

generator.

2.3 Double Rotational Armature Type Synchronous Generator

The author has also contributed in developing the permanent magnet synchronous
generator without the conventional stator, to drive successfully the tandem wind rotors
in the field tests. This synchronous generator was used successfully in hydroelectric
turbines. The main difference between this type and the previously mentioned induction

generator, is that there is no existence for the slip.

2.3.1 Specifications of the generator
The dimensions of the synchronous generator is shown in Fig. 2-11. It is an AC
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rings armature armature
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A
£
£
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e8]
N
A
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Fig. 2-11 Double rotational armature type synchronous generator
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Fig. 2-12 Synchronous generator bench test apparatus

3-phase, with p=4 poles, output P=1 kW, the induced frequency f=50 Hz, and the

induced voltage E=100 V while the relative rotational synchronous speed between the

double armatures is Nt=1500 min™ at the rated operation. This value can be easily

calculated from equation (2.2) that also can be applied on this generator type as follows:
f,=50 Hz, p=4 poles, then N;=120 x 50/ 4 = 1500 min™

2.3.2 Experimental apparatus

Figure 2-12 shows the apparatus used for making the experiments. These
experiments were done to know/grasp the characteristics of the permanent magnet
synchronous generator. The armatures were driven by two isolated motors instead of the
tandem wind rotors. The motor was directly attached to the shaft of the inner armature,
while another separate motor is attached to the shaft of the outer armature through a
timing belt. The output of the generator was consumed through lamp loads through a
wattmeter. Torques on the shafts of the motors were measured through torque meters.

2.3.3 Bench tests

Bench tests were made in order to know the fundamental characteristics of the
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Fig. 2-13 Values of the timing belt and bearing losses

generator, before supplying to the field tests. In general, the inner and the outer
armatures rotate at counter directions at the beginning of the motion, so that to counter
balance the torques of both armatures (Tgr=Tgr). Losses from the timing belt and the
bearings can be measured through equaling the speeds of both the inner and outer
armatures Ngg, and Nge  Figure 2-13 shows the values of frictional losses of the timing
belt and bearings. Figure 2-14 shows the rotational torques Tgr and Tggr for various
relative speeds Nt against the induced electric current I, where these torques include the
mechanical torques in the generator and Tggr IS given by the absolute value. That is,
these are the shaft torques in practical use of the field tests. The rotational torques of
both shafts Tgr, Ter are directly proportional to the induced electric current |
irrespective of the rotational speeds and the output but Tgr is slightly larger than Tgr
due to the mechanical torque of the larger bearings.

Continuously, experiments were done through applying different values of loads
which took step increasing values from 0 (no load) till 2000W. When no load was
applied, it was found that the induced voltage was linearly proportional with the

rotational speeds of both the inner and outer armatures of the generator Nggr, and Ngras
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Fig. 2-14 Shaft torques against the induced electric current

shown in Figures.

Experiments were done so that the outer armature rotational speed Ngg, and the
inner armature rotational speed Ngr took different step values, where the output Pg
(=Torque x 27N+ /60), the induced voltage E, and the electrical efficiency 7c of the
generator against induce current I. The output increases with the increase of the induced
voltage E at the same I, while E is proportional to the relative rotational speed Nt and |
determine the rotational torque ®”. Figure 2-15 shows the relationship between the outer
armature rotational torque Tgr and the inner armature rotational torque Tgg, in keeping
the rotational speed of the outer armature constant at Neg=750 min*, while changing the
rotational speed of the inner armature Nrg and the output. Rotational torques do not
include the mechanical torques such as bearings in the generator, and Tggr is given by
the absolute value though the direction of Tgg is against Tgr. It is obvious that both
torques show the same absolute value irrespective of the relative rotational speed and
the output, because the rotational torque should be always dynamically
counter-balanced between the inner and the outer armatures. It is important to notice
that the manufacturing of this unique generator, and also the experiments were done by

36



Chapter 2 Preparation of Wind Power Unit

24 \ T T
= N, min* N_=750 mint
< 20 e .50
& o -150
|_
16 ¢ 250 R
& =350 gP
= 450 Ko
12 ° -550
» -650 ~
4 =750
8- 2 -850
4
A
0 i%
0 4 8 12 16 20
TGR N.m

Fig. 2-15 Relationship between the torques of the inner and the outer armatures

the cooperation with highly professional experts and personnel specialized mainly in the
field of electric generators.

The next step will be designing the tandem wind rotors that will be used in
experiments.

2.4 Design of Tandem Wind Rotors

At the beginning, and before presenting the steps of designing the wind rotor blades,
it is important to tackle some basic topics concerning the energy available in wind
which is basically the kinetic energy of large masses of air moving over the earth’s
surface. Blades of the wind turbine receive this kinetic energy, which is then
transformed to mechanical or electrical forms. The efficiency of converting wind to
other useful energy forms greatly depends on the efficiency with which the rotor
interacts with the wind stream. In order to design the wind turbine rotor, some important
topics should be recalled. First, the fundamental principles involved in the wind energy
conversion process should be discussed.
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Fig. 2-16 Wind power extracted though rotor blades

2.4.1 Power extracted from the wind

Assume an area through which air is blowing, such as shown in Fig. 2-16 8 9,
Disk shown represents the area swept by the rotor blades. Applying Bernoulli principles
between positions (1), and (2), then between (4), and (3) we have:

V, and P are upstream wind velocity, and pressure at the entrance of the rotor blades, at
position (1)

Vo3= Velocity passing the area swept by the rotor blades, at both positions (2), and (3).
P,*, and P, are the pressures at positions (2), and (3).

v, and P, are downstream wind velocity, and pressure at the exit of the rotor blades, at
position (4).

05p0V2+P =05pv,,° +P.* (2.4)
0.50v,” +P. " =0.5pv,," + P, (2.5)
P'—P =05p(V?-v,%) (2.6)

Thrust will be as
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T=AR -P )=050AV?-v,") 2.7)

Thrust is also be given as the change of momentum, where Q is the volume flow rate,

SO,

T =V —v,) = pAv,(V —V,) (2.8)
Equalizing equations (2.10), and (2.11)

0.50A(V 2 —v,”) = pAV,, (V —V,) (2.9)

V,; =0.5(V +v,) (2.10)

There is a value of a that maximize the power extracted from wind. Previous

velocities then can be expressed in terms of a as follows:
V,; =V (1-a) (2.11)

Then from equations (2.7), and (2.8)
v, =V (1-2a) (2.12)
The actual power extracted by the rotor blades is the difference between the
upstream and the downstream wind powers. That is

P, =0.5pAv,,(V? -v,”) (2.13)

P, =0.5pAV(1-a)V? -V ?(1-2a)?
P, =0.5pAV3(1-a)[l- (1-2a)?]
P, = PL-a)[Ll- (- 2a)?] (2.14)

To get the value of a that gives the maximum extracted power, equation (2.17) is
differentiated with respect to a then equalized with zero (dP, /da =0), which will lead

to a=1, or a=1/3. Value of a=1 is rejected, because at which power extracted will equal
zero, while at a=1/3 power has a maximum value of P, =16/27P. This means that to

get maximum power extracted from the wind, the velocity of wind passing through the
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area swept by the rotor blades should equal 2/3 of the upstream velocity, while the
velocity at the downstream will equal to 1/3 of the upstream one. So, in general,

P, =0.5pAV°C, =C,P (2.15)
Or Cp=P4,/P = P,/(pAV*/2) (2.16)

Where C, here represents the fraction of the upstream wind power, which is
captured by the rotor blades. The remaining power is discharged or wasted in the
downstream wind. In case of tandem wind rotors, a part of this remaining power rotates
the rear wind rotor which is located just behind the front wind rotor. The factor C, is
called the power coefficient of the rotor or the rotor efficiency which has a maximum
value called “Betz limit” which equals C, =16/27=0.59 as was shown previously.
In practical designs, the maximum achievable Cy, is below 0.5 for high-speed, two-blade
turbines, and between 0.2 and 0.4 for slow speed turbines with more blades as shown in
Fig. 2-17.
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Fig. 2-17 Power coefficients of wind rotors of different designs (26)
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Fig. 2-18 Predictable operation of the proposed unit

2.5 Determination of Optimal Blade Numbers

It is important to determine how many blades should be used for both front and rear
wind rotors. For modern wind power units, 3 blades are commonly used more than 2
blades because of its advantages not only because it generates more output, but also it is
dynamically more stable. The author prepared the apparatus that was used to
determine the optimal blade numbers of tandem wind rotors.

2.5.1 The apparatus used for experiments

The model shown in Fig. 2-18 is composed of the tandem wind rotors and the
conventional induction generator whose stator is directly connected to the rear wind
rotor shaft and plays the role of the outer rotational armature, was preliminarily
prepared and set at the outlet of the wind tunnel (the nozzle diameter is 600mm). As
was mentioned before, the rotational direction of the rear wind rotor changes in
response to the wind speed as predicted above, while the front wind rotor rotates in the
same direction.

2.5.2 Simulating the work of the peculiar generator
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It is not easy, however, not only to know the rotational torque but also to get the
fruitful materials for optimizing the blade profile, using the above model. Continuously,
the shafts of the wind rotors were connected directly and respectively to two isolated
motors which were controlled using inverters in place of the peculiar generator, as
shown in Fig. 2-18. In this apparatus, the rotational torque of the rear wind rotor must
be forced to coincide with the rotational torque of the front wind rotor, replacing the
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Fig. 2-19 Torque characteristics and operating point
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armature works. Figure 2-19 shows the rotational torque T (subscripts F and R mean
the front and the rear wind rotors) against the rotational speed of the rear wind rotor Ng,
in keeping the rotational speed of the front wind rotor N and the wind speed V constant
(Ne=1000min™, V=6.6m/s and 11.3m/s). The rotational torque T is evaluated here
without the mechanical torque of the bearings and the pulley system, which are
pre-examined using this apparatus without the wind rotors. The torque Tr is naturally a
negative value but was presented with the positive value in this figure, to be compared
easily with Tg. The negative rotational speed of the rear wind rotor N is in the turbine
mode, and the positive speed is in the blowing mode. The torque of the front wind rotor
T is scarcely affected by the rotational speed Ng, though Tg is affected by the wind
speed V. On the contrary, the torque of the rear wind rotor Tg is affected obviously by
not only the wind speed but also the rotational speed of the rear wind rotor. The torque
Tr becomes large with the increase of the wind speed V and the rotational speed Ng. The
tandem rotors run at the operating point where Tg=-Tg, as mentioned above and marked
in Fig. 2-19.

2.5.3 Blades used in experiments

The flat blades, which were labeled the flat blade A, with the thickness of 1.5mm
were prepared as shown in Fig. 2-20, to verify fundamentally the superior operation of
the tandem wind rotors. The diameter of the front wind rotor equipped with the blade
AF is de =550mm and the rear wind rotor equipped with the blade AR is dg=390mm,
where the diameter of both cylindrical hub is 50 mm, and front hub does not have the
nose cone. The rotational torque of the wind rotor was counter-balanced by the
rotational speed controller, namely the inverter, in accordance with the above procedure.
The maximum Reynolds number based on the blade chord and relative velocity at the
blade tip is Remax=5x10" in the experiments. Unfortunately, it is impossible to make the
Reynolds number as large as the prototype, on account of the wind tunnel capacities.
The model tests do not give the absolute values of the prototype, but it does indicate the
best materials for discussions on the wind rotor work as the first step.
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2.5.4 Optimizing the blade number

Using the previously described apparatus, experiments were done to study the effects of
the blade number on the characteristics of the wind rotors as shown in Fig. 2-21, where
the front and the rear blade setting angles are fr= fr=45 degrees. It is important to
pay attention to the behavior of the rear wind rotor. That is, the rear wind rotor must

run not only in the opposite direction (counter-rotation) against the front wind rotor

44



Chapter 2 Preparation of Wind Power Unit

_ 1000
£ v=12.1m/s| - 1000
= k=
e 500 E s
- =z
LL A -
< 0 Flatblade A| ="
=45 p=45 0
-500 500
-1000 -1000
0.4
£
z
0.3
|_
0.2
0.1
0
15
= =
o o
10
5
0c 0N i
0 300 600 900 1200 1500 0 300 600 900 1200 1500
. - -1
N_  min* N, min
a) Effect of front blade number b) Effect of rear blade number

Fig. 2-21 Fundamental characteristics of tandem rotors

when the relative rotational speed Ny is faster or the rotational torque is smaller, but
also in the same direction when the relative rotational speed is slower or the rotational
torque is larger. As shown in Fig. 2-21(a), the rotational torque T and the output P are
scarcely affected by the number of the front blades Zg, but the front wind rotor with two

blades (Zr=2) is not acceptable because of the absence of the counter-rotation. This
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figure suggests that the optimal blade number of the front wind rotor is Zg=3 judging
from the rotational direction and the output.

On the contrary, the rear blade number Zg has great influence on the
characteristics as shown in Fig. 2-21(b). The rotational speed of the front wind rotor
Nr becomes obviously slower and the speed of the rear rotor Ng becomes faster, as the
absolute value, with the increase of the blade number of the rear wind rotor.
Furthermore, the rear wind rotor with many blades is not acceptable as for the
counter-rotating case but makes the rotational torque and the output increase. Taking
account of the counter-rotating situation and the output, the optimal blade number of the
rear wind rotor is Zg=4-6. These results, however, may not be applied to the prototype
as they are because these are special case obtained from the flat blades accompanying

with the flow separation/stall on large scale ©©.

2.6 Design of Large Sized Front Wind Blade

Horizontal axis turbine of a rotor radius “R” has a swept area “A” simply given by:
A=nr? (2.17)

From equations (2.17), the radius of the wind turbine rotor can be estimated from the

Y N S (2.18)
057V °C,

During rotating, the velocities that act on the aerofoil are shown in Fig. 2-22, where W

following equation:

is the relative velocity, and the rotational velocityu = wR, where @ =27N/60 is the
angular frequency of the rotor. Drag force Fp component acts always in the direction of
W, while the lift force F_ is always acting perpendicular to Fp. These force components
are dependent on the relative velocity acting on the aerofoil W, and the angle of attack
a. It is assumed that the forces on a blade element can be calculated by means of
two-dimensional aerofoil characteristics using the angle of attack determined as shown
above. Figure 2-22 also shows all the velocities and forces relative to the blade chord
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Fig. 2.22 Simple diagram for velocities and forces acting on blade element

line . Resultant relative velocity at the blade can be:

W =V2(1-a)? +’r’(1+a’)’ (2.19)

Where a’ is the tangential induction factor. W acts at flow angle ¢ to the plane of
rotation, such that

tang = % (2.20)
Where £ is the blade setting angle, is then given by
B=d—a (2.21)
Lift and drag forces can be
dF, =0.5pW 2C, cdr (2.22)

47



Chapter 2 Preparation of Wind Power Unit

dF, =0.50W °Ccdr (2.23)

c is the chord length , while Z is the number of rotor blades

Sgr (1—cosg) (2.24)

L

The tip speed ratio /, is defined as the ratio of the blade tip speed to the free stream
wind speed can be:

Ao =2F A, =2ZR (2.25)

In the same manner, the local speed ratio is defined as the ratio of the blade speed, at an
intermediate radius r, and the free stream wind speed.

A =2 (2.26)

So, from equations (2.20), (2.26), the relation between ¢ and A, can be:

tang, =L+ (2.27)
A, (1-a)
The thrust force resulting will be
dF, =dF_cos¢+dF, sing (2.28)

This thrust force is used in calculating the stresses that act on the tower on the wind
power unit. The tangential force resulting will be

dF, =dF_sing—dF, cos¢ (2.29)
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The torque (T) acting on a section will be:
dT =0.5pW?*(C, sing—C, cosg)crdr (2.30)

The mechanical power will be

P =z "dT (2.31)

Thub

If S is changed from the hub to the tip, this will make the blade to be twisted along its

length. This will lead to better performance for the blades.

2.6.1 Design point parameters

In this study, the rated conditions for the prototype wind rotors were set as; the
output of the generator P, is 1 kW as the optimum single wind rotor at the wind velocity
V=11 m/s. Taking p=1.224 kg/m®, Cp=0.4, then the radius of the large sized front wind
rotor can be:
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Fig. 2-23 Drag and lift coefficients against the attack angle
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Or the diameter of the front wind rotor de=2m. The hub diameter was chosen as 290mm
to suit the size of wind generator. An aerofoil of MEL012 was chosen for the design of
the prototype wind rotor blades used in the experiments. Figure 2-23 shows the drag and
lift coefficients Cp and C, against the angle of attack « for MEL012 aerofoil. The angle
of attack giving the maximum C_ is a=11 degrees, but the angle a=8 degrees was
chosen as the design condition irrespective of the radial position, so as to avoid the flow
stall on a large scale at the lower rotational speed when the rotational speed decreases
unexpectedly. Axial distance las between both wind rotor twist centers is tentatively
chosen as las 160mm. The dimensions dr and Il were not optimized yet at this stage,
though these may affect more or less not only the output but also the rotational
behaviors of the wind rotors.

At the design point, the wind velocity was set at V=8 m/s in consideration of the
Japanese wind circumstances. The rotational speed of the front and the rear wind rotors
are Ne=400 min™ and Ng=-500 min™. The rotational torque Tg=-Tg= 4.78 N-m was
determined so as to get the output P=450 W, at the front and the rear tip speed ratios Ar
=Ar =7. The blade number of the front wind rotors is 3.

2.6.2 Procedure of design using Blade Element Momentum Model

Now all necessary equations for the Blade Element Momentum model have been
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Fig. 2-24 Flow, and twist angles of front wind rotor
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Fig. 2-25 Chord length and accumulated torque of front wind rotor

derived and the algorithm can be summarized as the 8 steps below. First, the blade is
divided into several elements from the hub to the tip. All these different control
elements are assumed to be independent, so that each strip can be treated separately. The
total torque and power acting on one blade are to be equal to the summation of torques
and powers of all elements of the blade. Assuming that values of input parameters are
given such as that the radius at the tip rrp, the hub radius ryw, V, o and C, Cp, rotor
speed N, then simply the following algorithm is applied.
Step 1. Divide the blade into a number of elements “n”.
Step 2. Initialize a and a’, typicallya=1/3,a’ = 0.
Step 3. Compute the flow angle ¢ for each element using equation (2.20).
Step 4. Compute the blade twist angle S using equation (2.21).
Step 5. Compute the chord length ¢ from equation (2.24)
Step 6. Compute dT as a function in ¢ from equation (2.30).
Step 7. Calculate the mechanical power P, using equation (2.31).

Figure 2-24 shows the flow angle ¢, and the blade twist angle g while Fig. 2-25
shows the chord length and the accumulated torque Tg, designed by the help of the
above procedures. Figure 2-26 shows the profile of the front wind rotor previously

designed.
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Fig. 2-27 Fields of the flow simulation with grid generation

2.7 Rear Blade Design

The diameter of the rear wind rotor was tentatively chosen as dg=1.33m, and
number of blades Zg=5. The counter-rotational torque of the rear wind rotor must
coincide with the rotational torque of the front wind rotor designed above, but the
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Fig. 2-28 Flow around the tentative tandem wind rotors

convenient design procedures for the rear blade interacting with the front wind rotor is

yet not known. It is not easy to determine the profile of the rear wind rotor without

knowing the inlet flow conditions of the rear wind rotor. Therefore, the trail was

achieved by simulation using CFD.

2.7.1 Simulation using CFD
The flow around the front wind rotor was simulated by the commercial CFD code

CFX-10 with k-&turbulent model, to get the inlet flow condition of the rear wind rotor.
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In the simulation, the cylindrical field was set in 20dr in the radial direction, and
was divided into two domains. One is the rotational domain surrounding the wind rotor
with 80,668 tetra-type elements (0.5 mm on the blade surface) and 6,294 prism-type
elements, which was in 2dg in the radial direction, 1dg upstream and 3dg downstream of
the rotor. The other is the stationary domain with 799,060 prism-type elements
surrounding the rotational domain, as shown in Fig. 2-27). The flow around the tentative
tandem wind rotors with two dimensional blades was simulated in a trial by the above
code and is shown in Fig. (2.28) accompanied with the plotted experimental results,
where Vum and Van are the axial and the swirling velocity components divided by the
inlet wind velocity V, R is the dimensionless radius divided by dg/2, and the sections
M1-M3 and the blade profile are also given in the figure. It can be confirmed that the

above code can predict roughly the actual axial velocity.

2.7.2 Comparison between experimental and simulated data

The flow around the front wind rotor equipped with the blades shown in Fig. (2.28)
was simulated by the above code. Figure (2.29) shows the relative flow angles
measured from the tangential direction at the downstream of the front wind rotor, where

50 ‘
~S‘:g'- \ -- ¢Fin
- 40 \
é . \\ ------ ¢FOUt
.‘ \ ° ¢
R F
30 ".“ ‘.\ ‘
?‘ \\ ZF:3
vegmis S
=o Mm/S L N
10 |- g e
N_=400 min ¢
0 \ \
0.0 0.2 0.4 0.6 0.8 1.0
R

Fig. 2-29 Relative flow angles measured from the tangential direction
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orin and ¢@roue are the simulated inlet and outlet relative flow angles, ¢ is the angle
determined above by the equation (2.20) at each radial position of the front blade. The
angle ¢ is close to ¢grout, that is, ¢= may give the outlet flow angle. Accordingly, the rear
rotational torque, namely angular momentum change, was determined with the
simulated outlet flow angle of the front wind rotor, which is corresponding to the inlet
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Fig. 2-31 Chord length and accumulated torque of rear wind rotor
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Fig. 2-32 rear wind rotor blade

flow angle of the rear wind rotor, and the outlet flow angle of the rear wind rotor

predicted by the equation (2.20).

Figure 2-30 shows the flow angle ¢g, and the blade twist angle S while Fig.
2-31 shows the accumulated torque Tg. Figure 2-32 shows the profile of the rear wind
rotor previously designed. The chord was derived from the equation (2.24) and the
blade setting angle with angle of attack a=11 degrees is Sz=0 degree at the blade tip.

Conclusions

Experiments were done to verify the superior operations of the unique wind power
unit. Bench tests were done on both unique wind turbine generators, namely the doubly
fed induction generator with double rotational armatures, and the permanent magnet
synchronous generator with double rotational armatures. Front and rear wind rotors

were designed.

Concerning the doubly fed induction generator with double rotational armatures, the

following points were noticed:
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1. In order to keep the output frequency constant at f,=60 Hz, , its found that the input
frequency f, is inversely proportional with the relative rotational speed between
tandem wind rotors Nr.

2. To keep the output voltage constant at E;=200V, the input voltage E, will not
depend only on Ny but also on P, namely the load

3. The input P, comes to be negative at the higher rotational speed than the
synchronous speed Nt=900 min, which means adding the power to the output.

4.  When keeping the output voltage at 200V, and the output frequency constant at 60
Hz, it was shown that the output increases with the increase of the induced voltage
E at the same |, while E is proportional to the relative rotational speed Nt and |
determine the rotational torque.

Preparations were done to start the field tests on the wind power unit consisting of
the permanent magnet synchronous generator with double rotational armatures,
equipped with the tandem wind rotor mentioned before. This synchronous generator
was used successfully in hydroelectric turbines. The main results are as following

5. It was verified experimentally that the torques of the inner and the outer armatures
are equal and counter balance (Ter=TcF).

Concerning the design of the tandem wind rotors, the following points were noticed:

6. The optimum number of blades for the front wind rotor is three, while for the rear
wind rotor is five.

7. Tandem wind rotors of MELO012 profile were designed and manufactured using
basic aerodynamic theories, mainly Blade Element Momentum model.

8. The diameter of the large sized front wind rotor was 2m , while the diameter of the
small sized rear wind rotor was 1.33m.
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Chapter 3

Wind Power Unit Field Tests

The next step after preparing the unique type wind power generators with double
rotational armatures, and designing and manufacturing the tandem wind rotors was to
examine the performance of the wind power unit in the field. Experiments were first
done using the doubly fed induction generator with double rotational armatures,
equipped with the previously designed tandem wind rotors. The field test site was
located on a hill close to the seashore of Wakamatsu city in Japan.

3.1 Site wind circumstances

First, the wind intensities and directions were measured at the site, so that to study the
wind circumstances before making the experiments on the wind power unit. Figure 3-1
shows the daily averaged velocity in magnitude and direction at the field test site. The
season at this time had comparatively good wind circumstances for generating the
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Fig. 3-3 Momentary wind velocity in the field

power, but unfortunately both the magnitude and direction of the wind velocity were
varied from day to day. Figure 3-2 shows the hour averaged wind velocity on January,
the 7™, 2007 where there was comparatively strong wind. The wind velocity also was
varied from hour to hour, but fortunately the northeasterly wind was nearly constant in

magnitude and directions. Figure 3-3 shows one of the momentary wind velocity V that
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Fig. 3-5 General view of the field test circuit

was averaged for one minute at the wind rotor position. The rotational speeds of both
wind rotors were effected markedly by the turbulent and/or gust conditions. The
rotational speeds against the wind velocity are shown in Fig. 3-4 accompanying with the
velocity. The front and the rear wind rotor speeds increase with the increase of the
wind velocity, however, both wind rotors did not reach the designed rotational speed,
that is Ne=400 min™ and Ng=500 min™ at V=8 m/s. The reason for that may be
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because the wind rotors can not respond rapidly to the wind velocity due to the large
inertia moments due to friction, because the total weight of the unit over the tower is
around 175kg including the generator, the rotors and the yaw mechanism.

3.2 Control circuit of wind power unit

The wind turbine unit was prepared for making the experiments, as shown in Fig.3-5.
Measurements of the operating conditions, and input and data were easily recorded and
displayed through a screen, attached to the control panel unit. The unit was mounted on
a tower that was made of two cylinders flanged at their ends, and connected to each
other through bolts. The tower was supported by guy wires in four directions at a
position of 3500mm and 6500mm from ground, as shown in Fig. 3-6. These guy wires
are also used to absorb the vibrations of the wind power unit, and to help in erecting and
lowering the tower, as shown in Fig. 3-7. The full length of the tower is 8000mm, and it
is divided in two parts at a position of 5000mm from ground. The unit was equipped by
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Fig. 3-7 Erecting and lowering the tower and wind power unit using guy wires

a magnetic braking system for safety requirements, and also it is used when it is
required to make maintenance for the wind power unit. Also, yaw mechanism was
attached to the unit just under the seat of the wind generator to direct the wind power
unit at positions where it can get best wind conditions. The motion of the yawing
system was done by the help of warm and warm wheel, which permit the unit to rotate
360 degrees around the tower axis as shown in Fig. 3-8. This rotation was done
manually using switches that can control the motion. The future plan is to attach a wind
measuring device that can detect the speed and direction of the wind then direct the
wind power unit automatically to the proper direction.

Although the site was encouraging, but in general, the Japanese wind is weak and
fluctuating, while higher wind velocities were needed to test the wind power unit in
different wind circumstances. For this reason, the wind power unit was mounted on a
moving truck to stimulate better wind conditions, and to simulate the work of the wind
tunnel through making the experiments under different wind velocities. To make these
experiments, another new location was selected for the truck travel.

3.3 Field test location
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Braking

mechanism

Yaw

mechanism

Fig. 3-8 Yaw and braking mechanisms

Site of the tests using the pick-up truck was chosen this time just beside the
see-shore of Wakamatsu ward, where there are 10 huge wind turbine units working
effectively and connected to the electric grid.
Two straight roads, each of them is of about 1.5
Km were used in the experiments. One road was
located in the north-south direction, while the
other one was located at the east-west direction.
The wind at both roads was calm and its
direction was nearly constant, that is, the site
was suitable for making the experiments using
the pick-up type truck which needed to be
driven straightly at constant speed, as shown in
Fig. 3-9. The site has a comparatively high

wind velocity, at nearly a constant magnitude
and direction. Also, safety precautions were put Fig. 3.9 Straight road of
in mind when choosing the timing of the tests. 1.5km used in the tests
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Fig. 3-10 Field experiments on the pick-up type truck

Fig. 3-12 Laser-type tachometer

Fig. 3-11 Cup-type anemometer

Most of the experiments were done at holidays (Saturday, and Sunday).

3.4 Test equipments and measuring tools:

Experiment apparatus was equipped with a cup-type anemometer for measuring the
wind velocity. The anemometer was fixed to the body of the truck at relatively
reasonable height, as shown in Figs. 3-10, 3-11. Laser type tachometers were adjusted
just over the shafts of the large sized and the small sized tandem wind rotors so that to
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Inner armature

Wind Power Unit Field Tests

Outer armature

Fig. 3-13 Measurements of rotational speeds of double rotational armatures

measure their rotational speeds, as shown in
Figs. 3-12, and 3-13. Output of the wind power
unit was consumed/absorbed through sets of
bulbs that can give different resistances
representing the applied load applied on the
wind power unit. These resistances are
connected to the circuit using on/off switches,
which can control the values of the total
resistances. The resistances depend mainly on
the induced voltage and the induced electric
current affecting the temperature of the
filament. Therefore, these resistances were
replaced by standard power at 100 V bulbs as
an indication for the temporal load, as shown
in Fig 3-14. All these input and output data
were automatically accumulated and stored in a
personal computer through software which
records all these data every one second. The
data sheet of the software includes the
rotational speeds of the large sized and the
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small sized wind rotors, the relative rotational speed between them, the wind velocity,
the induced current, the induced voltage, and the output power of the wind power unit,
as shown in Fig. 3-15.

The pick-up truck used was of 2ton loading capacity, and its space was SO
convenient not only to carry the experimental equipments and testing tools, but also it
could have convenient space for the operator to set, notice, and adjust the behavior of
the wind power unit during the movement of the pick up truck, as was shown in Fig.
3-10. The movement of the truck was simulating the work of the wind tunnel in the
bench tests. The wind velocity was controlled by controlling the driving speed of the
truck, so that the driver of the truck is always in contact with the observer/operator who
sits with the wind power unit to notice its behavior and to ensure achieving the required
input data during the experiments. These experiments were done using two different
crossed roads as mentioned previously, the wind in one of them blows at it from the
west/east directions while at the other road the wind blows from the south/north
directions. The road is decided according to its wind conditions which can give better
experimental results.

3.5 Experimental Procedures:

The experiments were done through controlling three main parameters, which are
the load, the blade setting angles, and the wind velocity. The desirable load values can
be set using the on/off switches, the blade setting angles of the front and the rear wind
rotors are set manually in each experiment, while the wind velocity can be simulated by
adjusting the truck speed. At first, the truck speed increases gradually in a straight line
till the anemometer measures the required wind velocity. At this instant the truck is
driven at a constant speed along the straight rode till few meters before the end of the
stroke, and then the truck decelerates and stops. Always there is a continuous feedback
from the observer/operator who is sitting, watching and operating the different input
data and the truck driver. The car can be driven for nearly 1.5km along a straight line in
each stroke. So, during each stroke, the truck passes though three main periods, which
are the acceleration period, the steady state period, then the deceleration period. Figure
(3.16) shows one of the rotational speeds of the front and the rear wind rotors Ng, Ng,
and the wind velocity V accumulated from start to stop of the truck. Data of input and
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Fig. 3.16 Accumulated rotational speeds through measurement time

output parameters are stored automatically in the PC every one second, while data of
every stroke is labeled manually and stored in the computer. After finishing all the
strokes, the data recorded inside these files are filtered so that the data corresponding to
the acceleration and deceleration of the truck are excluded in order to get the results at

the steady state flow conditions.

Every time input data is changed while experiment is repeated and input and output
data are recorded. For example, blade setting angles of both tandem wind rotors are set
at 10 degrees, while load is set to a value of 423W, and the truck moves till its speed
stimulate a wind velocity of 4m/s. The results of this experiment are recorded. The
experiment is done again with the same previous conditions except changing the wind
velocity to be 5m/s, and again the data is recorded. Every time the velocity of the wind
is changed while the other data are kept constant until all the required wind velocities
are fulfilled. All previous data are filtered, stored and plotted.

Again, the experiment is done while keeping the blade setting angle of the front wind
rotor at 10 degrees, and the load at 423W, while changing the blade setting angle of the
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Fig. 3.17 Performances of single wind rotor (Front blade)

rear wind blade to 20 degrees. These values are kept constant while changing the wind
velocity through adjusting the speed of the truck, as was done before. So these
experiments are repeated with changing the values of the small sized rear wind rotor,
while keeping the rest of the parameters constant, while changing the wind velocity.
After changing all blade setting angles, the experiments are repeated while changing the
load and the wind velocity while keeping other parameters constant, and so on.

All previous experiments which were done on the wind power unit were used for the
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case of single wind rotor using the large sized front wind rotor only, and also for the
case of tandem wind rotors, so that to study the effect and behavior of the small sized
rear wind rotor on the performance of the unique wind power unit.

3.6 Performances of Single Wind Rotor (Front Blades)

To study the performances of the front wind rotor as a single stage, the rear wind
rotor was detached from the unit while the shaft attached to inner armature was locked.
The blade setting angle of the front rotor was set at S-=0 degree which is corresponding
to the design value. Experiments were done using loads of values 400w, 1000w, and
3000w.

3.6.1 Effect of load:

Performances of single wind rotor (front blade) are shown in Fig. (3.17). Figure
(3.17-a) shows the rotational speed of the single wind rotor against the wind velocity. It
can be obviously seen that the wind rotor hardly rotates in the lower wind velocity V
while keeping the load constant, but begins to rotate suddenly at V higher than 5m/s
under the load lower than 1kW, where the experiments were stopped at V higher than 11
m/s to avoid the abnormal rotation. Although the wind rotor at load of value 3000W
permitted higher wind velocities, but it continued o rotate at low rotational speed.

The output P was also increased suddenly in accompanying with the increase of the
relative rotational speed of the wind rotor, as shown in 3-17 (b). Figure 3-17 (c) shows
the blade tip speed ratio against the wind velocity. It is shown obviously that the tip
speed ratio is affected by the rotational speed of the single wind rotor. The values of
A were high at low load values, while were so low at high load values. Figure (3.17-d)
shows the induced voltage and induced current against the wind velocity. These values
of induced voltage and induced current are clearly affected by the wind velocity.

3.6.2 Effect of Blade setting angle:

The effects of the setting angle S- on the rotational speed are shown in Fig. 3-18.
LS has taken the values of Odegrees, 20degrees, and 30degrees, while the value of the
load was kept constant at 1000w. From this figure, it is clearly shown that the rotational
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Fig. 3.18 Effect of the blade setting angle on the performances (Front blade)

speed Nr increases gradually with the increase of the wind velocity V, while the value of
Pr=20degrees gave better rotational speed performance, because the experiment was
stopped below a wind velocity of 11m/s for safety of the experiment. Figure 3-18 shows
that the value of S-=20degrees may be suitable for the load=1000 W in the measured
data, because the output P also increases gradually with the increase of the wind
velocity V, however, it never reached the generator capacity because of the very slow
rotational speed. The output P at the designed S-=0 degree may reach the required
capacity.

Through these previous experiments, it was shown that for a single wind rotor, it
hardly rotated in the lower wind velocity V while keeping the constant load, but began
to rotate suddenly at V higher than 5m/s under the load lower than 1kW. The former
may be caused not only by the mechanical torque and the magnetic force, but also by
the flow stall on large scale due to the excessive attack angle. At sudden increase of the
rotational speed Ng, the output P also increased suddenly in accompanying with the
increase of induced voltage E and the induced electric current 1. At the larger load 3kW,
however, the wind rotor speed Ng increased gradually with the increase of V, but Ng was
very low and the output P is tiny. These data suggests that there is an optimum load
suitable for the wind velocity.
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When wind rotor rotates, it extracts power from wind and generates a forward
torque that rotates the armatures of the generator. Continuously, there will be a back
torque resisting this rotation. When the forward and back torques becomes the same,
this will lead to an equilibrium condition. At different speeds, there will be particular
generated torques, and there will be also resisting torques, which will be given by the
loads applied on the electrical generator. If the wind rotor is rotating the armatures of
the generator, then if there is no load the generator will rotate with high speed but
because there is no back torque resisting its motion. The moment at start loading the
generator, means that power generated from the mechanical side due to the rotation of
the wind rotor will feel that something is trying to slow it down. For every wind power
unit, there is a curve describes the characteristic of the load torque. If this wind turbine
is supplying energy to some kind of load, then it will have its own T versus N
characteristics against this load. The wind power unit always operates properly when
the load torque is overcome by the generated torque, and this always happens at the
rated wind velocity of the wind power unit.

Through previous results, it was shown that for single wind rotor, it hardly rotates
at lower wind velocities V while keeping the load constant, but begins to rotate suddenly
at V higher than 5m/s under the load lower than 1kW, where the experiments were
stopped at V higher than 11 m/s (A¢ higher than designed 7) to avoid the abnormal
rotation. The former may be caused not only by the mechanical torque and the magnetic
force, but also by the flow stall on large scale due to the excessive attack angle. At a
sudden increase of the rotational speed Ng, the output P also increases suddenly in
accompanying with the increase of induced voltage E and the induced electric current I.
At the larger load 3kW, however, the wind rotor speed Ng increases gradually with the
increase of V, but N is very low and the output P is tiny. These data suggest that there
is an optimum load suitable for the wind velocity.

When a wind rotor rotates, it extracts power from wind. During rotation, there will
be a back torgue resisting this rotation. When the forward and back torques is the same,
this will lead to equilibrium condition. At different speeds, there will be particular
generated torques, and there will be also load torques, which will be given by the
electrical generator. Suppose that the wind rotor is rotating the armatures of the
generator. So, if the there is no load, then the generator will not give any back torque.
The moment we start loading the generator, means that power goes in the mechanical
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side, then rotors will feel that something is trying to slow them down, and that they have
to work against it. This is what meant by the back torque every time power is generated
and actually converted into the electric energy. For every wind power unit, there is a
curve describes the characteristic of the load torque. If this wind turbine is supplying
energy to some kind of load, then it will have its own T versus N characteristics against
this load. The wind power unit always operates where the load torque is overcome by
the generated torque, and this always happens over specific wind velocities. These wind
velocity together with the applied load may suggest particular suitable blade setting
angles.

3.7 Performances of Tandem Wind Rotors

After studying the effect of wind velocity and the blade setting angle at the single
rotor, the rear wind rotor was attached to study its effect on the performance of the unit
as a tandem with the front wind rotor. The

—
'

. = 1000 : | \
blade setting angles were changed from 0 = 3.=20deg. N,
degrees to 30 degrees through an _= 500 Load=900W
increment of 10 degrees for each step on -
| 3 o=
each wind rotor. For example, at the 0| o™ .
beginning, the front blade setting angle is \&4\?R
adjusted to 10 degrees, and the same is -500 \Nz
done to the rear blade setting angle, then w\g\ﬂ
these values remain the same during -1000  Fp deg- Ng . P N,
ing with different wind velocities. | o0, 10 T -
moving with different wind velocities. In = - 20 . e
each time load is changed to see its effect. o 30 —— =
Then experiments are repeated again and 600 -
again, while changing only one parameter,
: 300 P
and keeping the others constant. :/
L
0 o
3.7.1 Effect of blade setting angles 0 5 10 15 20
V m/s

The effects of the rear blade setting

angle Sr on the performances are shown

72

Fig. 3.19 Effect of the rear blade
setting angle on the performances



Chapter3 Wind Power Unit Field Tests

E

< |B=20deg, B,=20deg. ah > | p=20deg., S =20deg. /?i
| -/ 60 /A

_ [
4 —Load W
60 —— ,ﬁ(’;ﬂ/ Load W
5| 423 = 30 / 60 ——
1023 — / /4 423 —
o % 1023 —
0 0 |
600 750 ‘ ‘ ‘
B 20deg NF & > .=20deg., B,=20deg. /‘
300 | 3,=20deg. o 600 |  Load W_|
60 ——
Pﬁflfr F R 423 —=— /
0 ﬁ 60— —— 450 1303 —u
\\ 423 —  —— o
\ e

-300 300 /

-600 | 150 /

N, /, .
-900 | 0 ﬂ_./-/*/

0 4 8 12 16 20 0 4 8 12 16 20
V mls V mls

. -1
NF , NR min

Fig. 3-20 Effect of the bulb load on the operating conditions

in Fig. 3-19 in keeping the front blade setting angle =20 degrees and the load 900 W.
At these operating conditions, the rear wind rotor never counter-rotates against the front
wind rotor at the lower wind velocity V. With the increase of the wind velocity, the rear
wind rotor with fg larger than 20 degrees begins to counter-rotate successfully, but the
rotor with fr=10 degrees does not change its rotational direction. Figure 3-20 shows the
effect of load on the performances with blade setting angles Sr= fr=20 degrees. The
load affects obviously the rotational speed of the rear wind rotor Ng in the lower wind
velocity than 12 m/s, but scarcely affects the speed of the front wind rotor Ng
irrespective of the wind velocity V. Besides, the rear wind rotor counter-rotates at the
slower wind velocity with the decrease of the load, namely the magnetic force. The
relative rotational speed Nt contributes to the induced voltage E, the induced electric
current g depends on the load, and the output is obtained electrically from V3EI, while
given mechanically by Tear. In the measured data, the operating condition with the load
1023 W gives the higher output P.
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single wind rotors

3.7.2 Comparison with single wind performances

Figure 3-21 compares the performances of the case of tandem wind rotors with the
case of the single wind rotor, though these specifications are not yet optimized. The
rotational speed of the front wind rotor Ng is slightly slow due to the interactions from
the rear wind rotor, as compared with the single wind rotor. The output of the tandem
wind rotors, however, is remarkably higher due to the counter-rotation of the rear wind
rotor. The output of the single wind rotor, however, may be higher than that of the
prepared tandem wind rotors, if making the increase of the rotational speed free even at
higher wind velocity without considering the dangers and the blade setting angle f==0
degree.

The rear wind rotor never counter-rotates against the front wind rotor at the lower
wind velocity V because not only the rear wind rotor cannot generates the sufficiently
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counter-rotational torque Tgr corresponding to Tg of the front wind rotor but also the
outer armature pulls the inner armature by the magnetic force due to the comparatively
higher load. With the increase of the wind velocity, the rear wind rotor with Sr larger
than 20 degrees begins to counter-rotate successfully, but the rotor with fr=10 degrees
does not change the rotational direction because the rear blade with the larger attack
angle cannot generate the fruitful counter-rotational torque due to the flow stall on
larger scale. Judging from the counter-rotation expected to this wind turbine unit and
the output, the rear wind rotor with =20 degrees may be acceptable in the measured
data.

3.8 Trials of Reasonable Operations

As recognized in the above discussions, the performances are affected not only
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Fig. 3-22 First trail of reasonable operations
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by the wind velocity V but also by the blade setting angles fr, fr and the bulb load.
This wind turbine unit was operated in trail by changing the rear blade setting angle fr
and the load, while keeping the front blade setting angle S-=20 degrees. The output
was kept constant at P=430 W in the wind velocity higher than V=12.6 m/s, and was the
aximum at each V in the slower wind velocity. In the trial, the output in the rated
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operation was selected as close as possible to the rated power P= 430W in the measured
data, and the maximum output was selected in the measured data at each lower wind
velocity, because the blade setting angles and the load could not be changed
continuously on the truck. Figure 3-22 shows the operating conditions denoted with the

selected rear blade setting angle Sk and the load, where the load is not related directly to
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the output because the bulb resistances is changed by the filament temperature as
mentioned before. The selected outputs with the rotational speeds are plotted and these
are represented by the cubic polynomial curve. The unit may be successfully operated
by adjusting suitably the blade setting angle and the load.

Another trail was done also so that to operate the wind power unit successfully,
which is shown in Fig. 3-23, where the operating conditions denoted with the selected
front and rear blade setting angles - and S , and the load. Here, the rotational behavior
of the wind power unit is close to desired behavior, but the rated output is too small. The
output was kept nearly constant at P=120 W in the wind velocity higher than V=8.6 m/s,
and was the maximum at each V in the slower wind velocity. Figure 3-24 also shows
the operating conditions denoted with the selected front and rear blade setting angles S
and fr , and the load. Here, the rated output of the wind power unit is close to desired
output, but the rotational behavior of the tandem wind rotors is not similar to the desired
behavior. The rear wind rotor did not work in the blowing mode although through
higher wind velocities. The output was kept nearly constant at P=981 W in the wind
velocity higher than V=11.4 m/s, and was the maximum at each V in the slower wind

velocity

Such operations, however, are not expected and not acceptable for the proposed
wind turbine unit because the final target of the serial researches is to get automatically
the above operation by the tandem wind rotor works in cooperation with the double
armatures of the generator. Consequently, it is necessary to improve more and more the
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Fig.3-25 Torques and induced currents of inner armature at different rotational speeds
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blade profiles to make them suitable for the front and the rear wind rotors.

3.9 Improvement in wind rotor profile:

From the field test on the truck, it was shown that the small sized rear wind rotor
which is attached to the inner armature of the generator sometimes hardly counter
rotates with the large sized front wind rotor, especially at low wind velocity and high
applied load. For this reason, the author designed a new profile for wind rotor blade
putting in mind the operating conditions that can be taken from Fig.3-25, where at the
very low inner armature rotational speed which is corresponding to Ng=50 min-1, and
Ter=7.69 kgf-cm, the wind power unit can have a cut in wind velocity of V=2 m/s. This
happens because the profile of the new proposed blade has constant chord length c=150
mm from the hub to the tip, as shown in Fig 3-26 in order to produce the desirable
torque, and the attack angle is kept constant (a=18 degrees) from the hub till 3/4 the
length of the blade towards the tip, as shown in Fig. 3-27 to get high lifting force at low
wind velocity, and to make the rear wind rotor able to counter rotate against the front
wind rotor. The rest of the blade length has increasing attack angle so that to gain the
fruitful power at higher wind velocities. This will be corresponding to a rated wind
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Fig. 3-26 Improved wind rotor profile
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Fig.3-27 Angles of improved blade design

velocity V=8 m/s, Nr=750 min-1, and a torque Tcr=157 kgf-cm. The author feels that
this new blade design has more promise for higher performance for the unique wind
power unit.

Conclusions:

The next step after preparing the unique type wind power generators with double
rotational armatures, and designing and manufacturing the tandem wind rotors was to
examine the performance of the wind power unit in the field. Experiments first were
done using the doubly fed induction generator with double rotational armatures,
equipped with the previously designed tandem wind rotors. The field test site was
located on a hill close to the seashore of Wakamatsu city in Japan. After studying the
wind conditions in the field, and the magnitudes and directions of the wind velocities
were analyzed, the following main points were found:
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1. The highest wind velocity which was around V=7m/s started from 12 o’clock at
night and reached its peak of V=8m/s at four o’clock morning, then started
gradually to fall down till it reached V=3.5m/s around 9 o’clock morning, then
become steady around this value till the end of the day. This cycle was
repeated during January 2007.

2. The wind power unit could not operate properly at low wind velocity less that 4
m/s (cut in wind speed).

Experiments were done by the help of a pick up truck. The new site of the tests
was chosen this time just beside the see-shore of Wakamatsu ward, where there are
10 huge wind turbine units working effectively and connected to the electric grid.
Two straight roads, each of them is of about 1.5 Km were used in the experiments.
One road was located in the north-south direction, while the other one was located at
the east-west direction. The wind at both roads was calm and its direction was

nearly constant. The main results of the experiments were as following:

3. The performance of the wind power unit is affected markedly by the blade
setting angles of both tandem wind rotors. The optimal values for single wind
rotor was Sr = 0 at lower applied load, and 20 degrees at higher applied loads.
In case of Tandem wind rotors fr =fr =20 degrees gave relatively better
response to the wind velocity.

4. The profiles of the tandem wind rotors need to be modified/optimized so that to
overcome the static torques of the generator due to electromagnetic and
frictional losses.

5. In general, this synchronous type permanent magnet generator together with the
designed wind rotors could achieve the required performance in the field by the
controlling the load together with the blade setting angles. But this recommend
an optimization for the rotor profiles.

Some trails were done in which the wind power unit could operate successfully. This
was done by adjusting the blade setting angles S, fr and the bulb load. Such
operations, however, were not expected and were not acceptable for the proposed wind
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turbine unit because the final target of the serial research was to get automatically the
above operation by the tandem wind rotor works in cooperation with the double

armatures of the generator.

6. A new blade design was introduced that may give higher performance for the

unique wind power unit.
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Chapter 4

Advanced Technology

The previous field test results on the truck have shown that there is a need for
optimizing the profiles and dimensions of the tandem wind rotor blades. The numbers
of blades for both tandem wind rotors were optimized before, as was shown in chapter 2.
Although counter rotation between tandem wind rotors was experimentally verified in
the field, but because the profile of tandem wind rotors were not optimized yet, the rear
wind rotor was hardly able to rotate as tandem wind rotor at low wind velocities and
high loads.

This chapter shows the experiments which were done to improve the behavior of
the wind power unit concentrating on optimizing the dimensions and profile of the
tandem wind rotors. Optimal value for diameter ratio between the rear and front wind
rotors was proposed. Suitable values for axial distance between tandem wind rotors,
blade setting angles, and different blade profiles were presented. In general, the
improvement in the rotor profile and dimensions may improve the performance of the
wind power unit.

4.1 Tandem Rotors Against Single Wind Rotors:

Figure 4-1 shows the output and the rotational torque coefficients of the wind
rotors with the optimal blade numbers Zg=3 and Zz=5, where Cy, is the rotational torque
coefficient [=T/(pAV?dr/4]. The experimental coefficients at the various wind speeds are
represented with one curve against Ar, that is, the similarity laws were confirmed to the
wind speed, for not only the single wind rotor but also the tandem wind rotors. The
best relative tip speed ratio giving the maximum output was about three times as fast as
that of the single/front wind rotor given by the fine dot line.  This was induced mainly
from the rear wind rotor speed Az. The maximum output was about three times as high
as that of the single wind rotor.
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The optimal tip speed ratio 7-8 of the conventional propeller type wind turbine
can not be obtained naturally in the single wind rotor, because the flat blades works at
the abnormal attack angle such as the negative angle in the blade tip side and the
positive angle in the blade root side.

4.2 Effect of Chord on the Performance

The flow separates from the flat blade surface due to the abnormal attack angle,
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and the flow separation affects markedly the wind rotor work. To investigate such
effects, another flat blade profile called blade B was used as shown in Fig. 4-2. Chord
of the front and the rear blades were changed linearly in the blade height, and the
surface areas are almost the same those of the flat blade A previously used in chapter 2.
Figure 4-3 shows the output and the rotational torque coefficients, Cp and Cy, in
comparison with those of the flat blade A. Both coefficients of the flat blade B are
higher than those of the blade A and the relative tip speed ratio Ar giving the maximum
Cp becomes slightly faster. The attack angle of the flat blade changed markedly from
the positive at the blade root to the negative at the blade tip. The negative attack angle
close to the blade tip causes the flow stall on the pressure surface of the blade, and such
a stall deteriorates the rotational speed and torque. The drag force induced from the
stall becomes large with the increase of the attack angle and/or the blade chord. That
is, the rotor work of the flat blade B with the short chord at the tip are slightly good as
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compared with the blade A with the long chord, as the rotational torque is determined
mainly by the flow condition in the tip side.

4.3 Verification of Superior Operations Using Cambered Blade:

The superior operations of the unique wind power unit were presented at chapter 2
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using flat blade A. Another blade profile called Blade C shown in Fig. 4-4 which has a
moderate camber, and its profile is two dimensional without the twist was used to verify
the superior operations and study the effect of the chamber on the performance.
Experimental rigs and procedure used are the same as the previous ones done on the flat
blade A, while the front wind rotor has the nose cone. Figure 4-5 shows the
performances of the model rotors, where the rated wind speed was set at V=11 m/s,
while front and rear optimized blade numbers are Zg=3 and Zg=5 same as flat blade A as
previously mentioned in chapter 2. Front and the rear blade setting angles are
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L= r=25.2 degrees, and the axial distance between both wind rotors is L=0.08 (=I/dF,
I: axial distance given in Fig. 4-4, dg: diameter of the front rotor). It is confirmed, as
predicted before, that the rotational speeds of the front and the rear wind rotors Ng and
Nr, are adjusted successfully and automatically and the output is kept constant in the
rated operating mode without using break/pitch control mechanisms. Besides, the
abnormally high rotation of the large sized front wind rotor Ng is suppressed well by the
rotation of the rear wind rotor Ng in the blowing mode at the faster wind velocities.

4.4 Effect of Blade Camber and Thickness

The work of the rotor could be improved more when the two-dimensional cambered
blade C was used, in comparison with flat blade A. Figure 4-6 shows the coefficients
Cp and Cy of the cambered blade C. It is noticed significantly that the work of the
cambered blades is obviously better and the relative tip speed ratio giving the maximum

Cp become higher.
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Fig. 4-6 Effect of camber and thickness on the characteristics
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4.5 Effect of Blade Setting Angles

There is a direct effect of blade setting angles on the output coefficient Cp. The
effect of blade setting angles on the maximum output coefficient Cpmax and the tip speed
ratios giving Cpmax (Ateep, Arsep, Arsep: the relative, the front and the rear tip speed
ratios at best efficiency point) of the flat blade A are shown in Fig. 4-7, when the front
blade angle G- is changed in keeping the rear blade angle fr=45 degrees or fr is
changed in keeping =45 degrees. The optimal angle of the front blade was nearly
close to =13 degrees at =45 degrees and the angle of the rear blade is nearly close
to fr=22 degrees at fr=45 degrees. It is shown that the relative tip speed ratio Aris
faster due to Ar as for the optimal setting angle of the front blade as shown in Fig. 4-7(a),
and Argep Is faster due to Ag as for the optimal setting angle of the rear blade as shown
in Fig. 4-7(b). Such results mean that the attack angles must be optimized as the tandem
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Fig. 4-7 Effect of blade setting angle on maximum output
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wind rotors, taking account of the flow interactions between both wind rotors.

This experiment was done again using another new blade profile called Blade E,
which has no camber, and is two dimensional, as shown in Fig. 4-8, so that to make the
blade chord length closes to the profile of the prototype. Figure 4-9 shows the output
coefficient Cp and the rotational torque coefficient Cy against the relative tip speed ratio
Ar at the front blade setting angle S-=11.3 degrees. The output and the rotational torque
are affected markedly by the rear blade setting angles S. The flow discharged from the
front wind rotor has large swirling velocity component, because the rotational torque of
the front wind rotor corresponds to the angular momentum change of the flow thorough
the wind rotor. That is, it is very important to optimize the setting angle, namely the
attack angle, of the rear blade. Figure 4-10 shows the optimal relative tip speed ratio

Atopt giving the maximum output Cpmax While keeping the front blade setting angle
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constant, S-=11.3 degrees, where Arope and Aropt are the tip speed ratio of the front and
the rear wind rotors. The highest value of the output coefficient is given at nearly
Pr=13degrees as for Blade E. It is necessary, however, to optimize the setting angle at
each radial position, because the swirling velocity component at the inlet of the rear

wind rotor changes markedly in the radial direction.

4.6 Suitable Diameter Ratio

These blade setting angles were used to investigate the effect of the rotor diameter
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ratio D [=(rear diameter)/(front diameter)] on the performance. Figure 4-11 shows that
the output coefficient Cppax and Cuopt increase with the increase of D, until these reach
the maximum values at D=1. Such tendencies are similar to those obtained from the
blade E.

Figure 4-12 show the front and the rear rotational speed Ng and Ngr against the
relative rotational speed Nt, where the rotational direction of the front rotor is positive.
It is important to pay attention to the behavior of the rear wind rotor. That is, the rear
wind rotor must run not only in the opposite direction (counter-rotation) against the
front wind rotor when the relative rotational speed Nt is faster, but also in the same
direction when the relative rotational speed is slower. That is, the diameter ratio D=1 is
not acceptable because the front wind rotor runs in the same direction of the rear wind
rotor when the relative rotational speed is slow. Resultantly, the diameter ratio D=1 does
not fulfill the idea of the intelligent wind turbine generator mentioned above. Therefore,
the optimal diameter ratio having the sufficient output is at D=0.84. This values was
the diameter ratio between the rear wind rotor and the front wind rotor just before D=1.
The experiments were done on other different blade profiles, and the same result was
found at each different profile used.

4.7 Suitable Axial Distance
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At the optimal profiles where D=0.84, f-=11.3, and fr=11.3 degrees, the effect of
the axial distance L between both wind rotors on the performance was examined as
shown in Fig. 4-13. Output was higher at the smaller distance between both wind rotors,
because when the distance between the tandem wind rotors is long, the flow will be
biased to outside as shown in Fig. 4-14. Data suggest that the best location of the rear
wind rotor is to be set as close as possible to the front wind rotor, taking the bend of the
blade into account.

Conclusions

Although a counter rotation between tandem wind rotors was experimentally
verified in the field, the profile of tandem wind rotors were not optimized. However,
the rear wind rotor was hardly able to rotate as tandem wind rotor in low wind velocities
and high loads. Experiments that were done to improve the behavior of the wind
power unit concentrating on optimizing the dimensions and profile of the tandem wind
rotors. The main results can be summarized in points as follows:
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The superior operation of the peculiar generator was verified using different blade
profiles. The abnormally high rotation of the front wind rotor Ng, which can not be
avoided by the conventional single wind rotor without the breaking and/or pitch
control mechanism, is also suppressed well by the rotation of the rear wind rotor Ng
in the blowing mode at the faster wind speed.

When the chord of the blade was changed so that the blade is linearly tapered from
the hub to the tip, the output coefficient was increased by 18%.

When using cambered blades instead of flat blades, the maximum output coefficient
of the cambered blade was increased nearly 1.6 times more than that for the flat
blade, while the relative tip speed ratio was increased also by nearly 1.4 times.

Blade setting angles have direct effect on the behavior of the wind rotor. Every
different blade profile has its own optimal blade setting angles that gives relatively
better performance. For flat blade A, the optimal angle of the front blade was nearly
close to f-=13 degrees at rear blade setting angle Sr=45 degrees and the angle of
the rear blade was nearly close to fr=22 degrees at =45 degrees. For blade E, the
highest value of the output coefficient was given at nearly Sr=13degrees.

Diameter ratio “D” between the small sized rear wind rotor and the large sized
front wind rotor has great effect of the output. The maximum output and torque
coefficients increase with the increase of D, until these reach the maximum values
at D=1, but this value does not fulfill the idea of the intelligent wind turbine
generator mentioned above. Therefore, the optimal diameter ratio having the
sufficient output was found at D=0.84.

Effect of the axial distance L between both wind rotors on the performance was
examined, and data suggested that the best location of the rear wind rotor is to be
set as close as possible to the front wind rotor, because the output is higher at the
smaller distance between both wind rotors. The reason is that when the distance
between the tandem wind rotors is long, the flow will be biased to outside and
fewer wind will reach the rear wind rotor.
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Chapter 5

Conclusions

Wind power is a significant promising source of renewable energy that will play a
very important role in the 21st century. Wind turbines are very effective to generate
the electrical energy from wind power. There is a great need/obligation to exploit the
renewable energy because of the rapid decrease of the earth's fossil energy sources, and
the global warming resulting from utilizing them. Propeller type wind turbines are very
effective to generate the electric power; however, these conventional turbines had some
weak points that can be summarized as follows:

® The size of the wind rotor must be correctly/appropriately selected in conformity
with the wind circumstances. Although large-sized wind rotors generate high
output at strong wind, but they do not operate properly at weak wind. On the
contrary, small-sized wind rotors are suitable for weak wind, but their power
generation is low. This problem could be solved using the proposed wind power
unit. The counter-rotation under the rated wind speed makes output higher in poor
wind circumstances, while at high wind velocity, it generates higher output than the
single wind rotors.

® It is necessary to be equipped with the brake and/or the pitch control mechanisms,
to suppress the abnormal rotation and the generated overload at the stronger wind.
This point is also solved in the unique wind power unit because at higher wind
velocities, the rear wind rotor rotates in the same direction of the front rotor
(blowing mode) forcing the abnormal rotational speed of the front wind rotor to
slow down without using brake and/or the pitch control mechanisms.

® Fluctuation of wind rotor speed may lead to poor quality of the electrical power.
In the proposed unit, the relative rotational speed between tandem wind rotors
which corresponds to the electrical output frequency is adjusted automatically
pretty well with response to the wind velocity keeping good quality of the electric
power.
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This work proposes/presents a new unique type horizontal wind power unit
composed of the large-sized front wind rotor, the small-sized rear wind rotor and the
peculiar generator with the inner and the outer rotational armatures. The front and the
rear wind rotors drive the inner and the outer armatures.  This unit is unique, as during
the experiments on the small scale rotors, the rotational speeds of the tandem wind
rotors are adjusted pretty well in cooperation with the two armatures of the generator in
response to the wind speed. The rotational torque is counter-balanced between the
inner and the outer armatures in the generator. As for the wind rotors, the rotational
torque of the front wind rotor must equal that of the rear wind rotor, but in the opposite
direction, while the rotational directions of both rotors/armatures are free. The
rotational direction and speed of the rotor/armature are automatically determined in
response to the wind circumstance. The output must be kept constant and this can be
done if the rotors are designed so as to keep the relative rotational speed multiplied by
the rotational torque equal a constant. The operation of the unique generator with double
rotational armatures is verified in the field.

Experiments were done to verify the superior operations of the unique wind power
unit. Bench tests were done on both unique wind turbine generators, namely the doubly
fed induction generator with double rotational armatures, and the permanent magnet
synchronous generator with double rotational armatures. Front and rear wind rotors
were designed. Concerning the experiments that were done on the doubly fed induction
generator with double rotational armatures, the main results are as following:

1. In order to keep the output frequency constant at f,=60 Hz, , its found that the input
frequency f, is inversely proportional with the relative rotational speed between
tandem wind rotors Nr.

2. To keep the output voltage constant at E;=200V, the input voltage E, will not
depend only on Nt but also on P, namely the load

3. The input P, comes to be negative at the higher rotational speed than the
synchronous speed Nt=900 min, which means adding the power to the output.

4. When keeping the output voltage at 200V, and the output frequency constant at 60
Hz, it was shown that the output increases with the increase of the induced voltage
E at the same I, while E is proportional to the relative rotational speed Nt and |
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determine the rotational torque.

Preparations were done to start the field tests on the wind power unit consisting of
the permanent magnet synchronous generator with double rotational armatures,
equipped with the tandem wind rotor mentioned before. This synchronous generator
was used successfully in hydroelectric turbines. The main results are as following

5. It was verified experimentally that the torques of the inner and the outer armatures
are equal and counter balance (Ter=TcF).

Concerning the design of the tandem wind rotors, the following points were noticed:

6. The optimum number of blades for the front wind rotor is three, while for the rear
wind rotor is five.

7. Tandem wind rotors of MELO12 profile were designed and manufactured using
basic aerodynamic theories, mainly Blade Element Momentum model.

8. The diameter of the large sized front wind rotor was 2m , while the diameter of the

small sized rear wind rotor was 1.33m.

The next step after preparing the unique type wind power generators with double
rotational armatures, and designing and manufacturing the tandem wind rotors was to
examine the performance of the wind power unit in the field. Experiments first were
done using the doubly fed induction generator with double rotational armatures,
equipped with the previously designed tandem wind rotors. The field test site was
located on a hill close to the seashore of Wakamatsu city in Japan. After studying the
wind conditions in the field, and the magnitudes and directions of the wind velocities
were analyzed, the following main points were found:

9. The highest wind velocity which was around V=7m/s started from 12 o’clock at
night and reached its peak of V=8m/s at four o’clock morning, then started
gradually to fall down till it reached V=3.5m/s around 9 o’clock morning, then
become steady around this value till the end of the day. This cycle was repeated
during January 2007.

10. The wind power unit could not operate properly at low wind velocity less that 4 m/s
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(cut in wind speed).

Experiments were done by the help of pick up truck. The new site of the tests was
chosen this time just beside the see-shore of Wakamatsu ward, where there are 10 huge
wind turbine units working effectively and connected to the electric grid.  Two straight
roads, each of them is of about 1.5 Km were used in the experiments. One road was
located in the north-south direction, while the other one was located at the east-west
direction. The wind at both roads was calm and its direction was nearly constant. The
main results of the experiments were as following:

11. The performance of the wind power unit is affected markedly by the blade setting
angles of both tandem wind rotors. The optimal values for single wind rotor was S
= 0 at lower applied load, and 20 degrees at higher applied loads. In case of
Tandem wind rotors Sr =f& =20 degrees gave relatively better response to the wind
velocity.

12. The profiles of the tandem wind rotors need to be modified/optimized so that to
overcome the static torques of the generator due to electromagnetic and frictional
losses.

13. In general, this synchronous type permanent magnet generator together with the
designed wind rotors could achieve the required performance in the field by the
controlling the load together with the blade setting angles. But this recommend an
optimization for the rotor profiles.

14. Some trials of reasonable operations were done and could operate the wind power
unit successfully. This was done by adjusting the blade setting angles S, Sz and
the bulb load. Such operations, however, were not expected and were not
acceptable for the proposed wind turbine unit because the final target of the serial
researches was to get automatically the above operation by the tandem wind rotor
works in cooperation with the double armatures of the generator.

15. A new blade design was introduced that may give higher performance for the
unique wind power unit.
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Although counter rotation between tandem wind rotors was experimentally verified
in the field, but because the profile of tandem wind rotors were not optimized yet, the
rear wind rotor was hardly able to rotate as tandem wind rotor at low wind velocities
and high loads. Experiments that were done to improve the behavior of the wind
power unit concentrating on optimizing the dimensions and profile of the tandem wind
rotors. The main results can be summarized in points as follows:

16. The superior operation of the peculiar generator was verified using different blade
profiles. The abnormally high rotation of the front wind rotor Ng, which can not be
avoided by the conventional single wind rotor without the breaking and/or pitch
control mechanism, is also suppressed well by the rotation of the rear wind rotor Ng
in the blowing mode at the faster wind speed.

17. When the chord of the blade was changed so that the blade is linearly tapered from
the hub to the tip, the output coefficient was increased by 18%.

18. When using cambered blades instead of flat blades, the maximum output coefficient
of the cambered blade was increased nearly 1.6 times more than that for the flat
blade, while the relative tip speed ratio was increased also by nearly 1.4 times.

19. Blade setting angles have direct effect on the behavior of the wind rotor. Every
different blade profile has its own optimal blade setting angles that gives relatively
better performance. For flat blade A, the optimal angle of the front blade was nearly
close to =13 degrees at rear blade setting angle fr=45 degrees and the angle of
the rear blade was nearly close to fr=22 degrees at fr=45 degrees. For blade E, the
highest value of the output coefficient was given at nearly fr=13degrees.

20. Diameter ratio “D” between the small sized rear wind rotor and the large sized
front wind rotor has great effect of the output. The maximum output and torque
coefficients increase with the increase of D, until these reach the maximum values
at D=1, but this value does not fulfill the idea of the intelligent wind turbine
generator mentioned above. Therefore, the optimal diameter ratio having the
sufficient output was found at D=0.84.
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21. Effect of the axial distance L between both wind rotors on the performance was
examined, and data suggested that the best location of the rear wind rotor is to be
set as close as possible to the front wind rotor, because the output is higher at the
smaller distance between both wind rotors. The reason is that when the distance
between the tandem wind rotors is long, the flow will be biased to outside and
fewer wind will reach the rear wind rotor.

Future Research Avenues

In the near future, my concentration will be on optimizing the profile of both tandem
wind rotors, studying deeply the flow interaction between the front and the rear wind
rotors, and analyzing mathematically and experimentally more and more the
performance of each component of the wind power unit, so that to achieve the best
performance. My dream is to see this unique wind power produced commercially, in
large scales, and that its superior operations can solve all of the problems of
conventional wind power units, so that the societies can have a more secure and stable

source of energy.
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