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Abstract

The 100W wind home power generation system fabricated and installed by the NERDC
at Nikavatiya in Kurunagala district is facing insufficient power generation within few
months due to monsoon wind changes. The researcher was motivated to develop a
hybrid wind solar power generation system to overcome this challenge. The power
consumption of a rural house was evaluated and metrological data (wind speed and
solar irradiance) were measured during year 2008 as part of this study. According to the
metrological data, 3.92 m/s wind speed and 5.44 kWh/m?%/day solar potential could be
obtained from the site annually.

The dynamic behavior and simulation results in a stand — alone hybrid power
generation system of wind turbine, solar array and battery storage are presented by this
analysis. This study is to review the state of the simulation, optimization and control
technologies for the stand-alone hybrid solar-wind energy systems with battery storage.
The hybrid system includes a 100W wind turbine, 150W solar array, 70Ah Lead -acid
battery, AC/DC rectifier and DC/AC inverter.

The NACA 4415 two bladed wind rotor performance was analyzed theoretically by
using blade elementary and momentum theory and the parameters of this analysis were
found by using C++ program. The performance of a Fuzzy Logic Maximum Power
Point Tracker (MPPT) controller (hill climbed) was applied for variable — speed, fixed
—pitch NERDC small-scale wind turbines as wind speed sensor less application. More
35 % of extrasenergy absorb. from the system by, using Fuzzy Logic controller than
fixed voltage/method, The maximum power point tracking (MPPT) method based on
perturbation. & Observation (P&0) searching algorithm was applied to stand — alone
solar photovoltaic system. The P&O algorithm was tested with actual irradiance data
provided by simulations, using sunny day and cloudy day two sets of irradiation data.
The simulation result shows the efficiency of 96.2% for P & O algorithm. The 70Ah
lead — acid batteries were used in for the analysis and the same type is used for the
hybrid solar-wind power generation system. Lead — Acid battery model was developed
and simulated with Simulink software platform. Also laboratory testing was done
according to the SLS 1126 test procedures.

MATLAB Simulink™ 7.2 / Simpower system software environment was used to
simulate individual wind and PV dynamic models of hybrid system. HOMER has being
used extensively to optimize the hybrid system size, sensitivity analysis with case study
data in stand-alone areas in Sri Lanka. The 60 W solar PV array and NERDC 100W
wind turbine with 70Ah four battery bank is proposed as hybrid power system and
battery state of charge (SOC) is close to 100 % present level annually. Correct
modeling of the dynamic and non linear systems is an important area of the study, but
various difficulties remain in the current study. Some approaches of analysis are limited
with use of commonly available simulation software.

Physical implementation of the system with power electronics remains for future
research. The author suggests that solar home power system is suitable below the wind
speed of 3.5 m/s, solar and wind hybrid system for the wind speed between 3.5m/s
to 4.5 m/s and the wind turbine home power generation system for the wind speed
above of 4.5 m/s to fulfill the rural energy requirement .
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Chapter 1

Introduction

The energy crisis is one of the major issues in the world which is badly affected every
aspect of the man’s life tending. Energy is crucial for the progress of a nation and it has
to be consumed in a most efficient manner. Not only the technologies should be
developed to produce energy in a most environment-friendly manner from all varieties
of fuels but also enough importance should be given to conserve the energy resources
in the most efficient way. Energy is the ultimate factor, which is responsible for both
industrial and agricultural development. It seems that conventional energy sources such
as hydroelectric power, fossil fuels and nuclear power will not fulfill the demand of the
future. And the fossil fuels that are depleting energy sources have being consumed
rapidly and are expected to be exhausted within several decades. As results of
consumption of fossil fuels, environmental pollution and global warming occurs and
these pheromones affect seriously not only mankind but also all the living organism of
the earth.

Hydropower is-main power generation method in early Sti Lanka but identified water
resources are  lmited ' 'for' hydropower- generation. Small-scale micro and Pico
hydropower generation sites can be utilized as off — grid community systems.
Establishment of the nuclear power plants in Sri Lanka has more issues and sufficient
technologies and required lands are not available. According to the present energy
scenario in Sri Lanka, 65% of electricity is generated from fossil fuel. Use of generators
run on diesel the consumption of fossil fuels also has environment impacts with the
release of carbon dioxide (CO,) into the atmosphere. The cost of extension of the
national grid for installation and services of distribution lines is considerably higher in
remote areas. Also there will be a substantial increase in transmission line losses in
addition to poor power supply reliability. In most of the remote and non-electrified sites,
extension of utility grid lines experiences a number of problems such as high capital
investment, high lead-time, low load factor, poor voltage regulation and frequent power
supply interruptions.

The use of renewable energy technology to meet the energy demands has been steadily
increasing for the past few years, however, the considerable drawbacks associated with
renewable energy systems are their inability to guarantee reliability and their lean
nature. There is a growing interest in harnessing renewable energy sources since they
are naturally available, pollution free and inexhaustible. Special attention and hence
concentrated efforts are continually provided in implementing standalone PV and wind
integrated systems at sites that have a large potential of either solar, wind or both.
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Gross electricity generation of Ceylon Electricity Board (CEB) from Hydro, Thermal
and Renewable energy power plant Figure 1.1. And grid connected capacities of the

power plants are shown in Figure 1.2.
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Fossil fuels as thermal power generation are the easiest selection to increases the power
generation for the demand of the public of the country shown in Figure 1. 3 and 38.9%
of the energy for domestic purposes and 36% of the energy for industrial purposes are
spent from the total power generation in Sri Lanka shown in Figure 1. 4.
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Figure 1.3: Fuel used for Electricity
Generation is Sri Lanka

1.1 Rural Electricity Generation
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Figure 1.4: Electricity consumption by
sector for year 2007 — Sri Lanka

Rural electrification is identified as a catalyst for enhancing rural economic and social
development. While conventional grid extension has made good progress connecting
nearly 63 percent of Sri Lankans on average to grid electricity, accessibility differs
widely among regions. The more developed Western Province has over 80 percent
coverage, but other Provinces such as Uva has less than 30 percent coverage.
According to the available data in year 2003, status of electrification is shown in

Tablel.l.




Total number of households 4,576,554
Urban households 23 %
Rural households 77 %
Number of electrified households 3,000,721
Number of non-electrified households 1,575,833

Table 1.1: Status of electrification in Sri Lanka

Electric energy requirement of 23% of rural households in Sri Lanka has being not
catered by the main grid electricity supply due to high costs and lack of energy
generation capacity. Harnessing of renewable energy is a possible option to accomplish
the rural electric energy demand. Present status of off-grid rural energy supply is as

given in Table 1.2.

Type of power plant No. of systems

2000 2001 2002 2003 2004 2005 2006 2007
Total Village Hydro 78 102 112 127 141 167 176 195
Total Estate Hydro 32 32 32 32 32 32 32 32
Solar PV 10,000 | 20,906 | 34,285 | 52,862 | 76,166 [ 97,105 | 114,883 | 128,527
Wind Battery Charging 2% 25 25 25 25 25
Wind 1 1 1
Biomass 1 1 1
Table 1.2: Statusof Off — Grid.rural Energy Supply systems
Type of power Capacity (kW)
plant 2000 2001 2002 2003 2004 2005 2006 2007
Total Village
Hydro 421.90 641.85 712.75 867.78 1,007.15 | 1,210.85 | 1,358.15 | 1,506.15
Total Estate
Hydro 3,226.24 | 3,226.24 | 3,226.24 | 3,226.24 | 3,226.24 | 3,226.24 | 3,226.24 | 3,226.24
Solar PV 400.00 836.24 1,371.40 | 2,207.40 | 3,258.38 | 4,264.19 | 4,978.49 | 5,805.99
Wind Battery
Chagi_ng 8.20 8.20 8.20 8.20 8.20 8.20
Wind 1.00 1.00 1.00
Biomass 1.00 1.00 1.00
Total 4,048.14 | 4,704.33 | 531859 | 6,309.62 | 7,499.97 | 8,711.48 | 9,573.08 | 10,548.5

Table 1.3: Statistic data of Generation Capacity for Rural Electrification

According to the present status of off-grid rural electricity supply only small scale solar
and wind systems are being used as home power systems. A home power system is the
small power system that can be used for fulfilling a single house electricity requirement.
Micro hydro plants are commonly used as community based power systems and few
community base dendro power schemes are operated to fulfil the electric energy

requirement in off-grid rural communities.




1.2 Rural Electric Energy Demand in Sri Lanka

At present under the World Bank/GEF project an exercise titled “Renewable energy for
rural economic development (RERED)” has been undertaken to develop renewable
energy resources based electricity generation in Sri Lanka. Therefore most of the
renewable energy based rural electric energy supply schemes were developed under
these projects, especially solar home systems and small hydropower generating systems.

. Rated Daily use
No. Appliance (Wattage) (Hours) Total
1 Compact fluorescent lamp for kitchen 11W 3hr 33Wh/day
2 Compact fluorescent lamp for the living room
11w 4hr 44Wh/day

3 Compact fluorescent lamp for out side the house

or one bedroom. 1w 2hr 22Wh/day

Black & white Television (12” screen) 20W 3hr 60Wh/day
5 AM/FM radio stereo 15W 7hr 105Wh/day

Total Load (per day) 264 Wh/day

Table 1.4: Minimum Daily Energy Demand for a typical Rural House in Sri Lanka

Biomass (fire wood) is the main source of domestic energy supply in a rural house in
Sri Lanka. Nommally, in-off2grid ‘areas’ kérosene 'lamps-are being '‘commonly used for
lighting purposes and dry cells are being used for radio land hand lantern or torches.
Solar or wind power home systéms have been identified as a possible options to fulfil
the electricity requirement for illumination purposes, television and radio. Quality
illumination of houses is the benefit of using solar/wind power systems when compare
to the use of kerosene oil lamps. Added advantage is that, other appliances like
televisions and radios can be powered by the solar/wind power systems. Then the basic
electricity requirement of a typical rural house is only for lighting, television and radio.

The daily energy demand for a typical rural house in Sri Lanka is shown in Table 1.4.
Daily electric demand pattern is shown in Figure 1.5. Total electric net power
requirement is around 264Wh/day. Efficiency of electrical equipment used in home
power generation is shown in Tablel.5. If average efficiency of electrical equipment is
69%, the daily gross electric energy requirement is 382Wh and monthly gross electric
energy requirement is approximately 10 kWh for a rural house in Sri Lanka.
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Figure 1.5: Daily electric demand pattern of rural house in Sri Lanka



1.3 Renewable Energy for Power Generation

1.3.1 Wind Power Home Systems

There are only few types of wind home systems (WHS) those are being used in Sri
Lanka. Wind turbine generator capacities of 100W and 200W are commonly used for
off-grid wind power home systems in Sri Lanka. Wind potential in Sri Lanka is
seasonal hence continuous and reliable firm power supply could not obtain by wind
power home systems. This may be a one reason of Solar Home Systems are much
popular than use of wind home power system. Wind energy is used to small scale
battery charging power generation in off grid areas (More than 20 wind home systems
and two community system installed in rural areas in Sri Lanka)

1.3.2 Solar Photovoltaic Home Systems

At present solar home systems (SHS) are using in 3% of non-electrified houses in Sri
Lanka and it is the major component of home power systems in Sri Lanka. Installed
solar home systems at year 2007 are shown in Table 1.3. Under the UNEP/GEF project
titled “Solar and Wind Resources Assessment (SWERA)” 10-km solar map and 1-km
wind map was developed for Sri Lanka. According to the 10-km solar mag, solar
potential tilted at latitude of most part of the Island is existed within 4kWh/m /day to
5kWh/m?/day.

Photovoltaic techinology has become relatively cost effective method for rural areas. In
the technologyt solar energy is,converted. to «dirsct current (DC) directly and it is
completely solid state self contained. But varying the intensity of solar energy on earth
surface over the time and depending on environment conditions (temperature,
irradiation ect.) is a challenge for having continues electricity generation by the system.

Both wind and solar PV battery charger controllers do not consider battery feed back
conditions. Most of the storage batteries are damage due to none controlling of
charging rate of the system. When electrifying remote areas it will be difficult and
extending the grid. To fill this gap, a hybrid system offers an off — grid energy supply
and is a combination of PV and wind power generators incorporating battery storage.
The cost effective, reliable design and appropriate operation of these systems is
important. Reliable and proper charger controlling system is the main issue for
promoting PV, wind battery charging hybrid system for rural electrification. Figure 1.6

shows the off — grid power generation pattern growth in Sri Lanka.
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1.4 Literature Review

More than 200 million people, live in rural areas without accessing to the grid —
connected power [23]. At present, standalone solar photovoltaic and wind systems have
been promoted around the globe on a comparatively large scale [41]. Utilization of
solar and wind energy has become increasingly significant, attractive and cost —
effective and, since the oil crises of early 1970. Among the renewable energy resources,
wind power has had the fastest growth in the world (at the rate of 3% annually) in many
developed and developing countries over the last 20 years [1].

PV systems are highly reliable and are often chosen because they offer the lowest life —
cycle cost, especially for applications requiring less than 10kW, where grid electricity
is not available and where internal — combustion engines are expensive to operate [24].
With the complementary characteristics between solar energy and wind energy for
certain locations, the hybrid solar — wind power generation systems with storage banks
offer a high reliable source of power [2], which is suitable to electrical loads that need
higher reliability.

For the stand- alone hybrid solar — wind power generation systems, because the design
and sizing of the photovoltaic (PV) array, the wind turbine, and the battery capacity
strongly depend on the performance of the batteries, an adequate prediction of the lead
— acid battery’s behavior is essential [3]. Despite the fact that batteries are widely used,
the behavior of their electrochemical reactions hides an unexpected complexity. At
present, many models for batiery behaviorsimulation arg available [3-10], and different
models can befound to have different degrees of complexity and simulation quality.
The first attemipt t0 study MPPT was made by Dang [16] of California Polytechnic
State University. Pomona. Variable ' pitch aerodynamically controlled win turbines are
more costly and complex. Therefore, variable — speed fixed — pitch approach is
becoming more popular for low cost construction and is most common scheme for
small wind turbines. In this scheme, MPPT control mechanism is used to control the
restoring torque of the electric generator for optimum operation of the wind turbine
system [22].

The generator output frequency and power or torque mapping technique is used to track
the MPP [33]. Another way for MPP tracking is the use of ‘searching’ method, which is
a suitable strategy for small wind turbines [20 -50].

A lot of work has been done on analysis of the environmental factors that influence the
PV module/ arrays performance [30-31]. Radziemska and Klugmann {45] presented the
influence of temperature on the parameters of silicone photocells. Borowy an Salameh
[7] gave us one simplified model with which the maximum power output could be
calculated for one certain PV module once solar radiation on the PV module and
ambient temperature were found. Simulation programs are the most common tools for
evaluating performance of the hybrid solar — wind systems. HOMER has been used
extensively in previous renewable energy case studies [3}1, 57] and in renewable energy
system validation test [18].

Windy lands in Sri Lanka support more than 24,000MW of potential installed capacity
[21].



1.5 Scope of Study

The NERDC has being already installed four number of 100W turbines at Nikawaratiya
area in Sri Lanka. Main problem that wind power generation is not enough to fulfill the
energy requirement in rural house at several months.

The main objective of this study is to develop dynamic moles for the wind turbine, PV
system and storage battery systems. Wind rotor performance analyze by theoretically.
A photovoltaic system combined with wind generation system is suggested to reduce
the zero — power intervals. Sunny days are usually quit and not windy but it is windy on
cloudy days and at night. Therefore this hybrid power system (HPS) will avoid
shortcomings above mentioned.

In this analysis, dynamic models for each wind and photovoltaic system with the zero
power intervals storage battery system individually suggested to develop. The operating
point at where the maximum power can be supplied to the load is called the maximum
power point (MPP). It is a single best point and the path of this point has a non - linear
variation with solar irradiation and the cell temperature. The perturbation & observation
(P&O) algorithm for the tracking of (MPP) with panel data in the PV system is used in
this analysis.

For the controlling the restoring torque of the electrical generator for optimum
operation of the' wind turhine system an MPPT control mechanism, which is based on a
fuzzy logic seaRing method for smallywind turbine system, is used.

Second objective of this project 'is' simulating above mathematical models with
MATLAB Simulink™ 7.2 / Simpower system software environment. And used to carry
out to simulate individual wind and PV dynamic models of hybrid system and HOMER
has being used extensively in optimized the hybrid system with feasibility analysis and
meteorological data in stand-alone areas in Sri Lanka.



Chapter 2

Wind Power Generation

All renewable energy (except tidal and geothermal power), and even the energy in
fossil fuels, ultimately comes from the sun. The sun radiates 100,000,000,000,000-
kilowatt hours of energy to the earth per hour. In other words, the earth receives 10 to
the 18™ power of watts of power. About 1 to 2 per cent of the energy coming from the
sun converts into wind energy. That is about 50 to 100 times more than the energy
converted into biomass by all plants on earth. The wind rises from the equator and
moves north and south in the higher layers of the atmosphere. Around 30° latitude in
both hemispheres the Coriolis force prevents the air from moving much farther. At this
latitude there is a high-pressure area, as the air begins sinking down again. As the wind
rises from the equator there will be a low-pressure area close to ground level attracting
winds from the North and South. At the Poles, there will be high pressure due to the
cooling of the air.

2.1 Wind ([Enérgy Resources in Sri.Lanka

National Renewable Energy Laboratory (NREL), USA has developed a 1km high-
resolution wind map by using the Wind Resource Assessment Model WRAM. The
WRAM is used to produce a wind resource map of girded wind power density values
with a 1-km? resolution and it was developed with powerful ArcInfo GIS software
package. This model allows more consistent application of analysis techniques in a
regional assessment, more detailed analysis of the wind resource, and it produces high
quality maps.

According to the WRAM wind resource map in Sri Lanka [21] there is nearly 5000km’
of windy areas with good-to-excellent wind resource potential. The amount of land area
of good-to-excellent wind resources at S0m is shown in Table 2.1. National park,
reserves, archaeological and cultural sites were excluded in this land coverage. WRAM
wind resource map is shown in Figure 2.1.

Wind Wind | Wind Wind Land Lagoon Total Percentage | Total

resources | class power at | speed at | area areakm’ | area of windy capacity
utility 50m 50m km? km’ land % installed
scale (Wim?) | (mvs) MW

Good 4 400-500 | 7.0-7.5 2,341 664 3,005 3.6 | 15,000
Excellent | 5 500-600 | 7.5-8.0 788 41 829 1.2 4,150
Excellent | 6 600-800 | 8.0-8.8 517 0 517 0.8 2,600
Excellent | 7 >800 >8.8 501 0 501 0.8 2,500
Total 4,147 705 4,852 6.4 | 24,250

Table 2.1: windy areas with good-to-excellent wind resource potential in Sri LAnka
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Figure 2.1: WRAM wind resource map in Sri Lanka

2.2 Small Scale Wind Turbine Technology

Small-scale wind turbines are generally rated from 50Wi 101 10kW power with diameter
ranging fromi*La’to 10m, Mostof the commercially available units are horizontal axis
type having two or three bladed [2-39]. Small scale turbines generally operate at
variable speed, variable frequency (VSVF) and in constant piich angle with yaw
regulated in wind direction, a tail rudder aligns the rotor against the wind. A passive
controlling mechanism allows the rotor body to furl away in case of high winds against
the rotor. These mechanisms are essential in regulating the power extracted by the
system and reducing structural stresses on the machine parts and the tower [39].

2.2.1 Operation of the Wind Turbine

The main aim of wind turbine technology is converting wind energy to electricity. To
assure a proper operation the wind turbine has to adapt to any wind conditions, which is
in the first order to adjust itself according to the wind direction. It also needs to protect
itself from the violence of wind greater than the rated wind speed. All this must happen
automatically.

2.3 NERDC Wind Turbines

National Engineering Research & Development Centre has been involving design and
fabrication of 100W battery charging wind turbines for rural electrification. The 100W
battery charging wind turbine operates with constant pitch variable wind condition. The
wind turbine system consists of fiberglass wind rotor with two blades, 100W permanent

shown in Figure 2.2.




1 Rotor Diameter 221m

2 Hub Diameter 0.210m

3 Tower height 20m

4 No. of blades 2

5 Design tip-speed ratio 6.5

6 Design wind speed 6m/s

7 Cutting wind speed 3m/s

8 Cut-off wind speed 12m/s

8 Rated power output 100W

9 Maximum power coefficient 0.42

10 System efficiency 13%

11 Control mechanism Inclined hinged Tail Vane
12 Blade Profile NACA4415

Table 2.2: Specifications of NERDC 100W wind turbine

Generator

Rudder

Wind rotor

Dummy, Load

\ DC/AC
inv€rter

Tower\

AC 3 phase outpu
from the generator

= =
Ny s

Rectifier unit & battery over — charging  Batterv bank
protection control system

230V, 50 Hz output

Figure 2.2: Schematic diagram of NERDC 100W Battery charging wind turbine system
2.3.1 Control Systems

Main objective of the passive control system for Small-scale Horizontal Axis Wind Turbines is,
wind rotor automatically face to the wind direction and out of direction while higher wind
blowing through the rotor. Larger wind turbines have computer driven control systems,
which operate servomotors, hydraulic motors, and all sorts of paraphernalia. Small
wind turbines need simple passive controls where possible. Tilt —up rotor system
shown in Figure 2.3 and Gravity operated furling tail with offset wind rotor shown in
Figure 2.4 are the most commonly utilized passive controlling systems for the small
scale horizontal axis wind turbines.
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Figure 2.3: Tilt —up rotor passive Figure 2.4: Gravity operated furling tail with
control system offset wind rotor passive control system

NERDC 100W small-scale wind turbines are designed with inclined hinged tail vane
with side vane passive control system as shown in Figure 2.5. This system is simple
and with minimum maintenance than the other passive controlling systems. The Tail
vane is mounted with the base by means of inclined hinge and the side vane is fixed
perpendicular to the rotor axis as shown in Figure 2.6 and Figure 2.8 shows torque act
on the side andsail vanes,of the systen.

Side vane

Tail vane /

Figure 2.5: inclined hinged tail vane with ~ Figure 2.6: Arrangement of inclined hinged
side vane passive control system tail vane with side vane passive control

system
T, — Torque on the side vane
T, — Torque on the tail vane
T - Torque on the incline hinge
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Torques on Tail Vain and Side Vane

Torque on tail vain due to incline hinge give in equation 2.1
T, = mL tan ¢ tan € .1

m = weight of the tail vane

L = distance from the hinge point and center of gravity of the vane
¢ = Hinge angle

6= Angle of rotation from the original position

When the wind blowing is at operational wind speed (6 m/s) angles of side and tail vans
are controlled with above parameters. When the wind speed reaches around cut- off
speed (12 m/s), side and tail vanes are close together and system controlled by the rotor
yawing out of the wind direction as shown in Figure 2.7.

Figure 2.7: Schematic diagram of operation inclined hinged tail vane with side
vane passive control system

Aerodynamic Torque on tail vain is given in equation 2.2

1 .
T, =5W2pA,L,[c, cosa +c, sinal 22)
Lt = Effective length of the tail vane
At = Area of the tail vane
a = Angle of attack
Aerodynamic Torque on side vain is given in equation 2.3
1 .
T, =5W2pAsLs[c, cosa +c, sma] (2.3)

L, = Effective length of the tail vane,

A, = Area of the tail vane

12



Torque (Nm)

Torque due to Wind on side vane and Tail vane at 6nvs wind speed
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Figure 2.8: Torque against wind on the side vane and tail vane at operating
wind speed (6 m/s)

2.4 Analgize of NERDC 100W Wind Turbine Performances

2.4.1 Wind Retor Geometry

The rotor has being improved to extract more energy from low wind-speeds, since it is
necessary to reduce the cut-in wind speed. Low starting torque of wind rotors has being
identified as a main restriction against the reduction of cut-in wind speed of wind
turbine generators. Therefore, in certain instances, off-grid wind turbines must be
designed to extract energy from low wind-potential sites to fulfill the energy
requirement.

NERDC wind rotor is fabricated by fibreglass material with NACA 4415 aerodynamic
profile as shown in Figure 2.9. Rotor diameter is 2.21m with a hub. 6mm thick fibber
resin with mat composite structure shows better flexibility and durability when exposed

to

the turbulent wind and atmospheric impacts. Cross-section of the rotor is hollow, and

it reduces material usage and weight of the rotor.

Figure 2.9: Geometry of NACA 4415 wind rotor used for NERDC 100W
wind turbines
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. i le lade angl
Section ) et B egress)

1 155 189.2 22.0
2 255 177.7 19.5
3 355 166.2 17.1
4 455 154.7 14.7
5 555 143.2 12.3
6 655 131.7 9.8
7 755 120.2 7.4
8 855 108.7 5.0
9 955 97.2 2.6
10 1055 85.7 0.2

Table 2.3: Geometrical parameters of NERDC 100W wind rotor

2.4.2 Wind Retor Performance

In the analysis of the characteristic performance of a wind-rotor, the main parameters
are thrust force on the rotor, torque generated by the rotor, and rotational speed of the
rotor. These parameters should be found at different values of wind speeds in order to
analyze the characteristic performance of the wind- rotor. A wind-rotor, in general, is
designed so that optimum energy conditions are satisfied at a given specific tip-speed
ratio. But in practice wind rotors do not always function at optimum conditions. It may
run at various other tip-speed-ratios.

In this study, power output of this wind rotor should be evaluated for different wind
speeds. The main objective heré is'td theoretically find out the C, values for different 49
values of the NERDC wind-rotor. Geometry of wind rotor blade is shown in Figure. 2.9.
Geometrical parameters of the rotor are presented in Table 2.3. Performance of the
existing wind-rotor can be analyzed by using the blade element theory (BET) and
momentum theory (MT) [17]. This rotor consists of ten blades with arc shape Profile.
The radius of the rotor is 1055 mm, and the hub radius is 210 mm.

Blade Element Theorems and Momentum Theorem

Energy extracted from the wind is transmitted through the rotor in the form of torque,
and the air is acted upon with a reactive torque that makes wakes which rotate opposite
to the rotor motion. This implies that the downstream air consists of rotational kinetic
energy, which is not included in the axial momentum theory. Indeed, this energy
component represents a part of energy in air, which could not be absorbed by the rotor.
Therefore, a more realistic value for Cpma can be derived by the inclusion of wake-
rotational effect.

It should be noted that the wake-rotational effect is the main case for low C, values in
low-speed wind-rotors. These rotors impart higher reactive torques in the wind, than
high-speed rotors, which result in higher wake-rotations leading to higher losses. Figure
2.10 shows the basic configuration of the flow through a wind-rotor with wake-rotation.
The rotor speed is denoted by w, and rotational speed of the wake given by (2 varies
along the radius r.

14



,' Vs ar(l-+h)

£2(Wake rotation)
Rotor
Figure 2.10: Flow behind the rotor with Figure 2.11: Velocity diagram
wake-rotational effect of a blade element

Flow behind the rotor with wake — rotation as shown Figure 2.10

Downstream of the rotor, the rotational speed of the wind flow £21is given in equation
24

Hence, 2= hw 24)
h - Radial flow interference factor

The axial speed through the rotor can be derived.

Let, Vo =k 'V,

k - Axial flow interference factor.

Velocity diagiam’of a blade element shown.in Figure 2,11 jis used for calculations
given in equations 2.5 — 2.7

b=at [ @2.5)

cotgd = U_ord+h (2.6)
vV V.(+k)

= (@r/V). (1+h)/ (1+k)
= A (I+h)/ (1+k) Q2.7)

Let; A _er

Wind rotor General streamline

—>
Vi

—>
—>

—>
Di = Do

D> = Patm

Section-(1) Slip streamline
Section-(2)

Figure 2.12: Control volume used for a wind turbine
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Aerodynamic Performance

The performance of the wind rotor is theoretically predicted by considering the wake-
rotation of the wind-rotor by using blade element theory and momentum theory, where
the geometrical parameters (B C) of the existing blade are used. The characteristic
performance of a wind-rotor is usually given by the variation of power coefficient (C,)
with respect to tip-speed ratio (Ag).

Calculation of axial thrust and torque

Considering the blade element theory, axial thrust dF is given by equation 2.8

%. pd W bCi.cos(¢ - &).dr

dF = bd.Fv= (2.8)
cosé¢&
Aerodynamic torque, dM, is given by equation 2.9
V2 plrW?* Crsin(g - £).d
it < rpap, < 2P S D 2.9)
[o 7
Where,
Taneg= Cd/ C|

The above two values, dF and dM, can be determined by the general dynamics theory.
Consider the axial momentum of the flow through the annulus with control volume as
shown in Figure-2.12.

Thrust = (rate 6f mass flow; m, through the element).x - (change in the axial velocity). |
Then,
Axial thrust, dF = p zr.dr.Vi.(1-K) (2.10)
Aerodynamic torque,
dM=pr . dr V. (1 +k Q2
=prrdr.oV.( +k.(h-1) (2.11)

Comparing the expression for dF derived by blade elementary theory with that derived
by momentum consideration given in equations 2.8 and 2.10 leads to, after substituting
for o,

2rV2(1-k*).cose _8ar(l-k).cosesin’ ¢

Crbl = =
W?.cos(¢ - €) (1-k).cos(p — €)

Similarly, comparing dM given in equation 2.9and 2.11

270V1.(1+k).(h—1).cose _4.mr(h—-1).sin2g.cose

Cibl= > -
W’ sin*(g-¢) (h+1).sin(¢ - £)

After rearrangement to get the following given in equation 2.12 and 2.13
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Power (W)

1-k  Cibl.cos(p—¢)
l+k 8.m.r.cosesin’g

(2.12)

h—1 _ Cibl.sin(p—¢)
1+h 4.7r.sin2@.cose

(2.13)

The wind rotor is divided in to 10 equal sections and C,, value for each section was
calculated by using the iterative search procedure given in Equations 2.14 — 2.16. C++
program was developed to obtain required C, Values for each blade elements
(Appendix A). The curve of coefficient of lift (C;) and coefficient of drag (Cy) verses
the angle of attack (@) of the blade profile NACA 4415 was used for this calculation
[17]. Mathematical relationships of C;and Cy4 with o were determined by using the
curve fitting methods. Then, coefficient of performance of the wind rotor (Cp) with
respect to different tip speed ratios (Ag) was calculated. Finally NERDC 100W wind
rotor performance curve was plotted with various wind speeds as shown in Figure 2.13.

dPu

g PO ey, PY T 14
' prrdrV’ d+exe=D (219)
R
P= ICP,.p.ﬂ.r.dr.Vf = yz.Cp.,oJr.Rz.V,3 (2.15)
R
Cr == [C rerdr (2.16)
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Figure 2.13: NERDC wind rotor performance variation with wind speeds
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2.5 Electrical Generators used for Wind Turbines

The generator converts mechanical energy generated by the wind rotor to electrical
energy. Types of generators used in grid connected wind energy application include
induction (asynchronous) generators, synchronous generators and multi-pole-
permanent-magnet generators. In grid connected wind power generation, not only the
power generation but also the rotational speed of rotor is very important. Since
rotational speeds of medium- or large-scale wind-rotors are very low compared with
speeds generators. A gearbox should be used to match the rotational speeds. In different
multi-pole generators can be operated at low rotational speed and can be directly
coupled with wind rotors.

2.5.1 Wind Turbine with Multi-Pole Permanent Magnet Generators

Permanent magnet generators (PMGs) consist of stator winding and magnets mounted
rotor. In this system, required electrical magnetic force (EMF) of generator is
developed by its permanent magnets and thus it does not require external excitement.
PMG can generate power efficiently in wider range of rotational speed [34]. Then
system of multi-pole permanent magnet generators with and AC/DC rectifier and a
DC/AC inverter could be operated at optimum energy absorption condition. Pitch-
control system is used to control the power output by regulating rotational speed of the
rotor. As such, this system can be operated at variable rotational speeds. Main
advantages of these systems are, the generator is self-excited, power output can be
controlled, and wind rotor-and: generator canbe-directly coupled. Disadvantages are
complex in’@Onstruction. as generated powershould, be converted to DC, then
reconverted tosACAwith correct grid frequency and synchronised with grid.

2.5.2 Generators Used for Small Scale off - Grid Wind Turbines

Off-grid wind turbines are mainly used to fulfill the energy requirement of the rural
community. Hence, these systems should be of low cost, simple construction and low
maintenance requirements. Therefore, direct drive variable speed systems with passive
control mechanisms are identified as appropriate option. The most suitable generator
type for such systems is permanent-magnet generator (PMG). At present, almost all off-
grid wind turbines are equipped with AC out put generators, which supply an electric
output with variable voltage and variable frequency. However, in few cases, DC
generators are used for special applications.

Magnetic flux of PMG remains constant, but other types of generators magnetic flux
may increase when generating power. Due to less electro magnetic force (EMF), PMG
need more winding to generate required power. As resistance of winding of PMG is
high, efficiency is less than that of other type of generators.
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2.6 Performances of the Permanent Magnet Generator Developed By

NERDC

Development of a suitable electric generator has been a long felt need for micro scale
electricity generation using wind for rural electrification. Any generator that can be
used with small-scale wind power generation should perform satisfactorily within two
constraints namely low starting torque and low rotational speed, which are imposed by
the wind rotor inherent characteristics.

NERD Centre has involved in the research & development work on PMG since 1981.
Initially NERDC manufactured a pancake type PMG for small-scale power generation
applications [34]. Ferrite type speaker magnets were used for this generator. This type
of generators has very low EMF, and therefore the efficiency is low. Another
disadvantage of this generator is the difficulty in keeping a constant air gap.

Subsequently, NERDC modified this system to plate type permanent magnet generator,
which has better EMF, as it includes a proper magnetic path. This is new evolution of
pancake type permanent magnet generator, however maintaining of a constant and
small air gap was difficult. Further, the magnets were subjected to shear during
operation due to physical contact under heavy centrifugal forces.

With these experiences, NERDC decided to develop PMG with different configuration
and came up with a cylindrical type permanent magnet generator. This type has
satisfactory pg_;ffm_n;uwc i vSpaalltycale apphcationd.and lthelair ¢ap is maintained as
smaller as poséﬁ@hl a bdestanp el

NERDC has developed a 100W permanent magnet generator considering two of the
principle constraints imposed by small wind turbines are low starting torque and low
rotational speed. Anyhow certain types of wind turbines can be designed to have higher
starting torque but as a result speed will be further reduced and will make it not suitable
for the application. Records of the wind speeds in Sri Lank show that the wind received
during larger period of the year by many areas in the low speed ranges. Design of wind
turbine rotor blade profile also has shown the difficulty of obtaining high wind rotor
speeds under above conditions. Therefore it was clearly identified that 100W PMG
can be used with small scale wind power generation in any sites in Sri Lank. Figure
2.14 shows the NERDC 100W Permanente magnet generator

Figure 2.14 NERDC 100W Permanente magnet generator
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Specifications of NERDC 100W PMG

Rated power 100W at 500r.p.m

Output voltage at rated speed 16V DC or 26 VDC (Through rectifier)
Number of phase 3

Number of poles 8

Method of excitation permanent magnet

Rating continuous

Rated maximum current (continuous) 5.5ADC

Maximum operating speed 800 r.p.m

Totally enclosed foot mounting

Brushless

Shaft Tapered with left hand screw at the end or

parallel shaft with key way

2.6.1 Characteristics of NERDC Permanent Magnet Generator

Characteristic performance of the PMG was predicted by experimental measured in the
NERDC laboratories. Power absorption by the PMG with different rotational speeds
was measured by using a current brake dynamometer. The 100W PMG was tested with
hydro turbine and. generator'testing ring in Renewable Energy/Department of NERDC.
The PMG was mounted -onrturbiné ltesting ‘bed) and: .coupled to the current brake
dynamometer by means of a flexible coupling. The current brake dynamometer has
both absorption and regenerative testing facility. The PMG rotate by means of brake
dynamometer.

PMG output three phase terminals connected to the rectifier unit and DC output
terminals connected to the 12V battery bank. Out put voltage and current were
measured while rotating particular rotating speed set by dynamometer. Also the PMG
input power is measured by measuring dynamometer rotational speed and dynamic
torque as shown in Figure 2.15.

Contro
Break | panel

PMG il Dynamometer

(A
Rectifier \/
unit

Battery
Bank

Figure 2.15: Schematic diagram of PMG performance test arrangement
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Characteristics performance of PMG with 24V Battery Bank
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Figure 2.16: NERDC 100W PMG performance test result

According to the characteristics performance of NERDC PMG, its maximum efficiency is
given when the rotational speed is above the 375 rpm and its rated power 100W is
generated at the 438 rpm. Power generation starts at.a relatively, low rotational speed of
200 rpm, whegieibiis coupled to a 24V, battery-bank. Performance of NERDC PMG is
shown in Figure 2.16. Also PMG performance plotted “with’ NERDC wind rotor
performance clirve against'varying wind speeds as shown in Figure 2.17.

PM G performance piot with wing rotor curves
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Figure 2.17: NERDC 100W PMG performance plot with wind rotor performance
curve
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Chapter 3

Case study of Nikavaratiya 100W Wind Turbine

Site

A case study was attempted at a place called Nikavaratiya (7°44” 26.28"N 80° 06”
53.79” E), in Kurunagala district, Sri Lanka. Four number of 100W wind turbines were
installed in Nikavaratiya area as wind power home systems as shown in Figure 3.1.
This project is NERDC and practical action collaborative project and started and
commission at year 2005. As feasibility study the wind data of Nikavaratiya area was
predicted from Putthalum metrological station by using a Wasp7 micrositing software
tool. These four locations are selected as the best wind speed and feasible places. After
commissioning the wind turbines the power generation was not enough to fulfill the
electricity requirement of the householders. Site locations of four wind turbine in
Nikavaratiya area as Table 3.1 and Figure 3.2shows the site locations on digitized map

in Nikavaratiy area.

Figure 3.1: Shows the 100W wing turbines installing at Nikawaratiya site

100W wind Turbine X [m] Y [m]
Turbine site 1 120414 283844
Turbine site 2 120471 283682
Turbine site 3 119737 282976
Turbine site 4 118548 282775

Table 3.1 shows the locations of 100W wing turbines at Nikawaratiya site
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Figure 3.2: Shows the locations of 100W wing turbines on digitized map at
Nikavaratiya

As a part of lhi.“g‘mhl_\ manthly energy production (kWh) of NERDC 100W wind turbine at
four different plaseswas obtained-in' Nikavarattya site 'as'shown<in Yable 3.2

Jan |Feb [Mar|Apr [May |Jun |Jul T Aug |Sep |Oct [Nov|Dec
Site ID X[m] |Y][m]
Turbine site 1 | 120414| 283844]10.43] 3.26] 7.28] 10.24| 26.74| 26.18| 18.19 25.73| 25.24/ 20.18] 9.38| 10.95
Turbine site 2 | 120471] 283682[ 10.39[3.26] 7.39] 10.80| 26.66| 26.44| 18.30| 25.39| 25.61) 20.51| 9.34/ 10.80
Turbine site 3 | 119737 282976| 10.95| 3.64] 6.64| 9.53| 25.46] 23.51| 18.23|26.96| 23.85| 17.89| 9.49| 12.08
Turbine site 4 | 118548 282775/ 10.80{3.41|6.34| 9.00|26.14] 24.68| 18.56 26.96| 23.36| 17.18] 9.15| 11.18

Table 3.2: Shows the monthly energy generation of 100W wing turbines locations

The NERDC 100W small-scale wind turbine system consists of numerous devices such
as DC/AC invertors (300W), Battery charger regulator and Lead — acid battery (70 Ah)
as shown in Figure 3.3. The efficiency of electrical equipment used in wind power

generation as follows

DC to AC inverter

Battery charge regulator (includes losses due to cables)

Battery
Overall efficiency of the electrical system

851095 %
90 to 95 %
75 t0 90 %
57 to 81 %

Required energy generation by a wind turbine per day for rural home is 382 Wh and
considering the equipment efficiency of the system required energy generation by a
wind turbine per month is around 11.5 kWh. According to the Table 3.2, monthly
energy generation is satisfactory in May to October. And in other six months energy
generation cannot fulfil the electric requirement in above four locations.
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Figure 3.3: Shows the electrical components of 100W wing turbines system

3.1 Wind data measurement

According to; fif8studyy At was n one sta ion of the Nikavaratiya
100W wind si®EHe thre ar &r with data- 1ogget shown in Figure 3.4 is
used to measm’&’? mnd xpud W#M«“}dﬂta The measured hourly average and daily
average wind speed at 20m height at [X(m)120471,Y(m) 283682] for all the months of
the year 2008 were as shown in Figure 3.5 and Figure 3.6 respectively .

Figure 3.4: Shows the three-cup anemometer used to measure wind speed
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Wind speed variation at nikawaratiya 100W wind turbine site during a year (2008)

Wind speed (V m/s)

jﬁn feb march app.rial mﬁy jun July nov dec
Time [months|

Figure 3.5: Hourly average wind speed variation throughout the year 2008

Daily Average Wind Speed Variation During a Year [2008]

Average Wind speed (V m/s)

1 1 L | | L I
0 50 100 150 200 250 300 350 400
Time [Daya|

Figure 3.6: The daily average wind speed variation throughout the year 2008

3.2 Solar Irradiation Measurement

Also hourly average total solar irradiance G(W/m’) impinging on a horizontal plane for
a random period of one hour duration in year 2008 was measured at the same place by
installing weather monitoring system with data logger . The Solar irradiation
measurement throughout the year 2008 was as shown in Figure 3.7.

In the existing 100W wind site location of [X(m)120471,Y(m) 283682] at Nikawaratiya
area the annually average wind speed at 20 m hei%ht is 3.92m/s and the solar potential
of the same location measured round 30 ~ 32 "C environment temperature is 5.44
kWh/m” /day.
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Required energy generation by a wind turbine for rural home is 382 Wh/day and wind
system parameters like cut — in —speed of 3m/s, rated wind speed is 6m/s and cut-off-
speed is 12m/s.

Solarlrradiance Variation During Year 2008 on a Horizontal Surface at Nikawaratiya 100W Wind Turbine Site
1000 , ! : : ' : ; —t——q , : B
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Figure 3.7: Hourly average solar irradiation variation throughout the year 2008

According to tigsonthly BVeESIG M AL YRR h A2 the NERDC 100W
wind turbine sy8tery ca (il the cherssrog s 4 1844 even in one place of
above site locatisns inviNikavhrtyaiareac Tlhe environmental conditions and annual
monsoon wind direction changes are the main reasons for this situation. However, the
wind and solar resources suffer from their intermittent nature and thus are not
predictable in a deterministic sense, since frequently undergo rapid fluctuation.

The hybrid system proposed consists of a 100W NERDC wind turbine and photovoltaic
array as main energy sources with possibility to incorporate this site condition.
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Chapter 4

Wind Turbine Model & MPPT Controller

Variable — speed wind turbines are generally characterized as having higher efficiency
than fixed — speed wind turbines and hence are becoming more popular, particularly for
small wind turbines. Normally, variable — speed wind turbines are aerodynamically
controlled, usually by using power electronics to regulate the torque and speed of the
turbine in order to maximize the output power. Variable — pitch aerodynamically
controlled wind turbines are more costly and complex.

NERDC 100W wind turbine has being designed for variable wind conditions with
constant pitch as a passive controlled machine. Therefore, variable — speed fixed
approach is becoming more popular for low cost construction and is the most common
scheme for small wind turbines. In this scheme, a MPPT control mechanism is used to
control the restoring torqueof the electrical igenerator for optimum operation of the
wind turbihe system|[22]: The performance of) variable — speed fixed — pitch wind
turbines could be optimized without a need of a complex aerodynamic control. These
turbines are normally operated on the relevant optimum points of wind rotor curve and
electrical generaior curve coincide, as shown in Figure 4.1. Therefore, in order to
obtain maximum output power from the turbine, it is necessary to drive it at an optimal
rotor speed for a particular wind speed.

4.1 Control Strategies

The maximum power point tracking (MPPT) control mechanism is used to control the
restoring torque of the electrical generator for optimum operation of the wind turbine
system [22]. The performance of variable — speeds and fixed — pitch wind turbines
could be optimized without a need of a complex aerodynamic control [43]. In these
turbines the relevant optimum points of wind rotor curve which gives MPPT coincide,
as shown in Figure 4.1.Therefore, in order to obtain maximum output power from the
turbine, it is necessary to drive it at the optimal rotor speed for a particular wind speed.

The wind speed, the turbine rotational speed and the turbine rotor characteristics are the
main factors that determine the maximum power point. The electrical generator
characteristics may be used in order to control the restoring torque to track the optimum
operation points. If the wind speed varies from V; to V, the rotor speed should change
from w; to w, for optimum operation of the wind turbine. However, rotational speed of
the wind turbine cannot change instantaneously. Usually, a controller that occupy wind
speed sensor (anemometers) is used to control the wind turbine. In systems that employ
wind speed sensor, the sensor provides the reference signal to the MPPT controller
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[49]. This reference is compared with the power extracted from the wind energy
converter. In a sensor less control technique no anemometer is used to provide the wind
speed information [50]. Hence, it is essential to estimate the wind speed. The generator
output frequency and power or torque mapping techniques are used to track the MPP
[33]. Another way for MPP tracking is the use of ‘searching’ method, which is a
suitable strategy for small wind turbines [20-51]. The output power is used as feedback
signal for the perturbation & observation (hill climbed) algorithm, which is used to find
the maximum power point of the system.

Aerodynamic MPP of
Wind rotor Restoring curve of
e e -2 enerator
E V4>V3>V, >V,
g Pmax3 ------------ = :
S 1 Va
l)max2 ------- P : i
| B vs
Prmaxi [--A4f/~-> | i i
AN Va
RN

Generator'speed (o))
Figure 4.1: Operating point of thelWwindturbine with MPPT

4.2 Aerodynamic Characteristics of the Rotor

Based on the wind turbine rotor aerodynamic behavior, the turbine grasps only a part of
the kinetic energy of the wind [17], shown in equation 4.1.

P, =—;—p7z'R2v3Cp 4.1

Where P, is captured power by the rotor, R is the radius of the rotor, p is the air density
and v is the speed of the incident wind. The proportion of the useful power is defined
by the power coefficient C,, which is for a given wind rotor depending on the pitch
angle of the rotor blades and the tip speed ratio (1) defined as equation 4.2.

2=2R (4.2)
v

s

Where, o is the rotational speed of the wind rotor

The rotor aerodynamic characteristics are represented by the C,, - A relationship. C, has

a maximum value at the optimal tip speed ratio value (Aop). Near the optimum tip speed
ratio, the power extraction is maximal at any wind speed that results in the maximum
power coefficient. When wind speed varies in variable speed wind turbines the rotor
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speed should be adjusted proportionally to maintain optimum tip speed ratio for
maximum power extraction. Using Equation 4.3 and 4.4 aerodynamic torque (7,) from
a wind rotor can be obtained as follows

1 C
T =—pnR*v’ L
, =5 PRV =] (43)
T, = -;—an3v3C, 4.4)
Where | w.R
Ty

Where Cr is the torque coefficient and 7, is aerodynamic torque of rotor.
The C, & Cr - A relationship of the wind turbine is shown in Figure 4.2.

—
050 — . T 008
0.40 ZRN | 0.06
L 030 - > \\ ,
) ! . \ - 0.04 (—)
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1/ "\
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0512 3y S llg l7liglielqo 11 12
Tip-speed ratio
Figure 4. 2: Wind rotor characteristics

The aerodynamic torque of a wind turbine is function of wind speed (v) and rotational
speed (o) of the rotor as given in equation 4.5. For wind turbine-generator systems with
a gearbox, the mechanical torque (the torque supplied to the generator) can be
expressed as

T=K.f(vo) (4.5)
Where, K is the gear ratio of the gearbox.

NERDC 100W small-scale wind turbine generator with a fiberglass wind rotor is
directly coupled with PMG and there is no gearbox and hence K=1.

4.3 Permanent Magnet Generator (PMG) Model

Small-scale variable speed wind turbines are equipped with a permanent magnet
generator [46]. However DC motors are usually preferable due to their reliability,
durability, low cost, voltage characteristics, positive convention coefficients between
electrical and mechanical parts, sizing and design flexibility.
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A permanent magnet DC motor converts electrical power provided by a voltage source
to mechanical power provided by a spinning rotor by means of magnetic. The equitant
circuit of a PMG is illustrated in Figure 4.3. The armature coil of the DC motor can be
presented by an inductance (L) in series with resistance (Ry,) in series with induced
voltage (em), which opposes the voltage source [12]. A differential equation for the
equivalent circuit can be derived by using Kirchoff,s voltage law around the electrical

loop. R Lm

+ 1a + ,
Im
O
Vu €m
Wn B,
[

Fig 4.3: The equitant circuit of DC motor

The differential equations into state space form for the armature current and angular
velocity can be written by equation 4.6.

el S L% @0

The load torgueiis given by equation 4.7.

T, = K, + K@+ Koy 4.7)

The nonlinear inertia and viscous friction B have the following variable non-liner forms
written by equation 4.8 and 4.9

B,=B,+Bo,+B,0,’ 4.8)

J =J +J o, +J,0,’ (4.9)

Restoring Torque of the Generator

Restoring torque of an electric generator can be derived from the electromagnetic
torque developed by the rotor shaft of generator. The generator torque (which is define
as a negative motor torque) is a function of generator current (Ig), magnetic flux
linkage and number of pole pairs [37- 49]. For a particular generator, magnetic flux
linkage and number of pole pairs are fixed parameters. Therefore, restoring torque of a
generator (Te) can be varied by controlling the current.

4.4 Maximum Power Point Tracking Control Mechanism

Input mechanical power curve of the electric generator has to be adjusted with the
maximum power point of the rotor curves by varying the effective electric load on the
generator. The system output power is interlaced with the wind turbine aerodynamic
power and rate of change in the mechanically stored energy. As the efficiency of the
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electric generator is variable, searching method of estimation of the aerodynamic power
from the electric output of wind turbine system is difficult for maximum power point
tracking.

T,=J&+T, (4.10)
Then,
P
P, =J.&w+—~ (4.11)
n

(as P.=n.T.w)

Where, J is moment of inertia of rotating parts, n is the efficiency of the electric
generator, T, and P, are the restoring torque of a generator and power output of the
generator respectively given in equation 4.10 and 4.11.

The function of Maximum power point tracker provides the required load on the
generator for optimum operation of the system. A schematic diagram of the maximum
power point tracker is shown in Figure 4.4.

DC- bus
Vg
MC-DC DG;Dg DCAC
Local grid
~ VG - ~ -9
Ig
—>
Rotational speed |
Power Duty cycle I
\ J

Input signals for
MPPT controller

Figure 4 .4: Schematic diagram of small-scale wind power generation system

By considering the Buck/Boost DC-DC converter shown in Figure 4.4

Voltage ratio is given in equation 4.12

D
VH = —VG(S) (4.12)
And the corresponding current is given in equation 4.13
1-D
I, =—IG(TJ (4.13)
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Where,

D= ( T, ] (4.14)
T, + Toff

Vg is voltage at DC bus, Vg is voltage at generator side, /pis current flow towards the
DC bus, I; is current flow from the generator side Figure 4.4. Since the duty ratio “D”
give in Equitation 4.14 is between 0 and 1 the output current and voltage can vary
between lower and higher than the input voltage in magnitude. The negative sign
indicates a reversal of the output voltage [43].

A

Power

KRotationai speed (o)

Figure 4.5: Generator restoring torque-controlling criteria
4.4 Fuzzy Logic Controller (FLC)

Fuzzy logic is derived from fuzzy set theory dealing with reasoning that is
approximated rather than precisely deduced from classical predicate logic. It can be
thought of as the application side of fuzzy set theory is dealing with well thought out
real world expert values for a complex problem [55]. Degrees of truth are often
confused with probabilities. However, they are conceptually distinct, fuzzy truth
represents membership in vaguely defined sets, not likelihood of some event or
condition [48] [15].

Fuzzy logic allows for set membership values between and including 0 and 1, and in its
linguistic form, imprecise concepts like "slightly", "quite" and "very". Specifically, it
allows partial membership in a set. It is related to fuzzy sets and possibility theory [57].

It was introduced in 1965 by Lotfi Zadeh at the University of California, Berkeley.

Fuzzy logic rules are used to control the restoring torque of the electric generator by
considering and dp./ dw. The control criterion is demonstrated in Figure 4.5.The FLC
adopted in this study is the Mamdani’s type. Two inputs for the FLC is dw/dt , dp /dw
and the output of FLC is the 4d are considered. For the fuzzification, two input variables are
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normalized first and triangular membership functions are used for easy implementation as
shown in Figure 4.6.

For a particular wind speed, rotational speed and power output should be measured by
considering time interval ‘t’ and then varying the rate of change value of ‘D’ (Ad) by
using defuzzfication of he FLC employs the centre o gravity method [43].

DH DL ST AL AH DH DL ST AL AH
1
[ :: :: :: ] dw/dt 0 dp /dw
-10 -5 0 5 10 -20 -10 0 10 20
RH RM RL NC UL UM UH
QOutput, Ad
-0.09 -0.06 <0.03 0 0.03 0:06 0.09

Figure 4.6: Fuzzy logicinput ard output mnenibership:finctions

For the fuzzy inference engine, ‘IF — THEN’ rule with ‘AND’ logical operator are
designed for the fuzzy variable process, and the ‘MIN — MAX’ method is employed for

fuzzy rule implication as Shown in Table 4.1.

Input Output
daydt dp/dw Ad
DH DH NC
DL DH UM
ST DH NC
AL DH UM
AH DH UH
DH DL UM
DL DL NC
ST DL NC
AL DL UL
AH DL UM
DH ST NC
DL ST NC
ST ST NC

Input Output
daydt dp/dw Ad
AL ST NC
AH ST NC
DH AL RM
DL AL RL
ST AL NC
AL AL NC
AH AL RM
DH AH RH
DL AH RM
ST AH NC
AL AH RM
AH AH NC

Table 4.1: Fuzzy logic controller input and output rules
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Where;

DH- Decelerate High RM- Reduce Medium
DL- Decelerate Low RL- Reduce Low

ST- Steady NC- Not Change

AL- Accelerate Low UL- Upgrade Low
AH- Accelerate High UM- Upgrade Medium
RH- Reduce High UH- Upgrade High

RM- Reduce Medium

RL- Reduce Low

NC- Not Change

UL- Upgrade Low

UM- Upgrade Medium

UH- Upgrade High

These input and output classes of linguistic rules are characterized by membership
functions developed by using MATHLAB Fuzzy toolbox environment as shown if
Figure 4.7 and Figure 4.8 shows the surface diagram of all 25 fuzzy rules for the design
FLC.
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Figure 4.7: Membership functions for Figure 4.8: Rule surface of FLC
fuzzy variables
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4.5 Simulink Model of MPPT Controller for Wind Turbine System

The entire 100W wind turbine system was modeled by the MATHLAB Simulik
platform using dynamic formulas and component parameters as shown in figure 4.9.
Wind speed data was stored with as a ‘mat’ file and the wind rotor performance
enclosed with (2-D) lookup table as shown in Figure 4.10 for the simulation. The
rotational speed of the rotor is another input parameter to the (2-D) lookup table. The
corresponding torque values can be found from the lookup table while simulating the
program [43].

Potation 1 mat

To File 1

D!“ o L
|
vind_data mat > | > Goto 1
>

From File Lookup

Table (2-0)

_<Su|m .yglhne\h _q(v)>
>

Gan2 | | <Rotor speed wm (rad’s)>
| L
<Statof witage Vs _d (V)>

Universal Bndge
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/\ Blm <Statof current is _q (A)>
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Figure 4.9. MATHLAB Simulink model of the 100W wind power generation system

The membership functions and fuzzy rules of the FLC developed by the MATHLAB
are exported to the fuzzy logic block, which is used in simulink platform.

Fuzzy logic controller block membership function parameter of the MPPT controlling

system was loaded from the ‘FIS’ file generated with MATHLAB flat form. Figure
4.11 shows the ‘windmf" file loaded to the fuzzy logic controller of the system [4].
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Figure 4.10: Simulink Block Parameters and Arrangement of (2-D) Lookup Table
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Synchronous machine block is used in simulink Simpower system toolbox as a
permanent magnet generator (PMG) and the block parameter of permanent magnet
Synchronous machine is shown in Figure 4.12 [44].

The simulation parameters of the Synchronous machine block were changed according
to the NERDC 100W PMG specifications. Other simulink / simpower block parameters
were changed by considering the operation of the small-scale 100W wind turning

system.

Permanent Magnet Synchianous Machine (mask] (fink)

o

Implements a 3-phase permanent magnet synchronous machine with sinuscidal or
trapezoidal back EMF. The sinusoidal machme is modelled in the dq rotor reference
frame and the idal machine is modelled in the abe ref frame. Statar
windings ate connecled in wye lo an ntemal neutral point.

The preset models are available only for the Sinusoidal fux distribution mode.

Patameters

Mechanical input: [T orque Tm vi

Preset modet INo ) i
rremrnresreers Show delalad paIAMeters «rssmnices

Stator resistance Rs (chm}:

Inductances [ Ld[H) Lq(H) }
i8%e3.8%3
Flux induced by magnets (Wb}

i0.142

Inertia, friction factorand.pole pairs [ Jkgm"2) F(N.m.s) pf) |
19.77 9.444e-005 ]

Dol 0K

! ‘ Cance! ‘ Help I el

>Tm

m>

Permanent Magnet
Synchronous Machine

Figure 4.12: Block parameters of the permanent magnet generator (PMG)

A small wind turbine design at the National Engineering Research & Development
Centre (NERDC) in Sri Lanka was simulated in MATHLAB / Simulink using
measured wind speed data in a turbulent wind conditions. Performance of system with
the Fuzzy Logic controller and fixed voltage system were compared. Simulated wind
turbine system performances are shown in Figure 4.13 - 4.17.

50

Voltage (V)

PMG Voltage vatiation with MPPT Fuzzy Logic controfler

T
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Figure 4.13: Shows PMG Voltage Variation with Fuzzy Logic Controller
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PMG Cwrent Variation with MPPT Fuzzy Logic Controller
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Figure 4.14: PMG Stator Current Variation with Fuzzy Logic Controller
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Figure 4.15: PMG Stator Current Variation with Fuzzy Logic Controller
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. Figure 4.16: PMG Rotational Speed Variation with Fuzzy Logic Controller



PMG Fower Vardation With MPPT Fuzzy Logic Controller
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Figure 4.17: PMG Power Generation Variation with Fuzzy Logic Controller

Simulated results show that system with Fuzzy Logic controller performs better than
that of with fixed voltage system. With the given wind speed data, energy output over
1000 s period is 1673.95 J with Fuzzy controller and 593.73 J with a fixed voltage
controller. Figure 4.18 show that 35% more energy can be generated by the system with
a Fuzzy controller.

Simulation performance of 100W, Wind turbine with Fuzy Logic controller

2 I | * I I

Bl e e e i
—— Fuzzy Logic Controller

18/~ e Normal Operation |~~~ """ """ T s e e -

Power (W)
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Figure 4.18: Shows the simulation characteristics of 100W wind turbine with Fuzzy
controller
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Chapter 5

Photovoltaic Module

The history of PV dates back to 1839 when a French physicist, Edmund Becquerel,
discovered the first photovoltaic effect when he illuminated a metal electrode in an
electrolytic solution [36]. Thirty-seven years later British physicist, William Adams
with his student Richard Day, discovered a photovoltaic material selenium and made
solid cells with 1~2% efficiency which was soon widely adopted in the exposure
meters of camera [36].

In 1954 the first generation of semiconductor silicon-based PV cells was born with
efficiency of 6% [13] and adopted in space applications. Today, the production of PV
cells is following an exponential growth curve since technological advancement of late
*80s that has started to rapidly improve efficiency and reduce cost.

This chapter diseusses the fundamentals of BV, cells and modeling of a PV cell using an
equivalent eleétfieal circuit, The models are implemented using MATLAB to study PV
characteristics and simulated a real PV miodule [38].

5.1 Photovoitaic Cell

Photons of light with energy is higher than the band-gap energy of PV material that can
make electrons in the material break free from atoms that hold them and create hole-
electron pairs, as shown in Figure 5.1. These electrons however, will soon fall back into
holes causing charge carriers to disappear. If a nearby electric field is provided, those in
the conduction band can be continuously swept away from holes toward a metallic
contact where they will emerge as an electric current. The electric field within the
semiconductor itself at the junction between two regions of crystals of different type is
called a p-n junction [36].

Photw Actuated negative charges

Photon

i n- type L
€ ¢ Q Holes S D Depletion
______ 9_*._____ _E!fc_"gnil_ _____Q_ region
p- type

++++/”e++++

Actuated positive charges

Figure 5.1: Illustration of the p-n junction of PV cell
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The PV cell has electrical contacts on its top and bottom to capture the electrons, as
shown in Figure 5.2. When the PV cell delivers power to the load, the electrons flow
out of the n-side into the connecting wire, through the load and back to the p-side
where they recombine with holes [36]. Note that conventional current flows in the
opposite direction from electrons.

Electrical Electrons
Photons connections
e - L
n- type
V Load
p- bpe .
>

Bottom contact

Figure 5.2: Side view of solar cell and the conducting current

5.2 Modeling a PV Cell

The use of equivalent electric circuits makes it possible to model characteristics of a PV
cell. The method used here is implemented in MATLAB programs for simulations. The
same modeling techniqueris alsos applidablédon tnodelirigra PYimiodule.

5.2.1 The Simplest Model

The simplest model of a PV cell is shown in Figure 5.3.An equivalent circuit below that
consists of an ideal current source in parallel with an ideal diode. The current source
represents the current generated by photons (often denoted as Jp»or IL), and its output is
constant under constant temperature and constant incident radiation of light.

i vV i V
A —> —>
<1VC>41> —O O
@ Load = I.. ? l

Figure 5.3 : PV cell simple equivalent circuit with load

There are two key parameters frequently used to characterize a PV cell. Shorting
together the terminals of the cell, as shown in Figure 5.4 (a), the photon generated
current will follow out of the cell as a short-circuit current (Isc). Thus, Iph = Isc. As
shown in Figure 5.4 (b), when there is no connection to the PV cell (open-circuit), the
photon-generated current is shunted internally by the basic p-n junction diode. This

41



gives the open circuit voltage (Voc). The PV module or cell manufacturers usually
provide the values of these parameters in their datasheets.

A V=0 A =0 +
v~ ~ v~ —0
< > ~ < o>
@) @)

Q
S

(a) Short - circuit current (b) Open — circuit voltage
Figure 5.4: Shows a short — circuit and an open — circuit PV cell condition

The output current (/) from the PV cell is found by equation 5.1 applying the Kirchoff’s
current law (KCL) on the equivalent circuit shown in Figure 5.3.

I=1,-1, , (5.1)

Where: Iscis the short-circuit current that is equal to the photon generated current, and
Izis the current shunted through the basic diode. The diode current Jzis given by the
Shockley’s digdesgquation 5.2

I, = 10(qud’kT 21) (5.2)

Where: Iois the reverse saturation current of diode (4),
q is the electron charge (1.602x10-19 C),

Vais the voltage across the diode (V),

k is the Boltzmann’s constant (1.381x10-23 J/K),

T is the junction temperature in Kelvin (K).

Replacing Is of the equation (5.1) by the equation (5.2) gives the current-voltage
relationship of the PV cell in equation 5.3.

I=1_—1,""" 1) (5.3)

Where: V is the voltage across the PV cell, and / is the output current from the cell.

The reverse saturation current of diode (/o) is constant under the constant temperature
and found by setting the open-circuit condition as shown in Figure 5.4 (b). Using the
equation (5.3), let / = 0 (no output current) and solve for lo. ?

0=1_-1,""* -1) (54

5c

5.5
Ic - Io(qu“/KT _1) (5.5)

8§
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ISC
1() = (equa_—l) (5.6)

To a very good approximation, the photon-generated current, which is equal to Isw, is
directly proportional to the irradiance, the intensity of illumination, to PV cell [38].
Thus, if the value, Isc, is known from the datasheet, under the standard test condition,
Go=1000W/m: at the air mass (AM) = 1.5, then the photon generated current at any
other irradiance, G(W/m2) is given by equation 5.7

G
== |7
G (Gn]sc

Figure 5.5 shows that current and voltage relationship (often called as an I-V curve) of
an ideal PV cell simulated by MATLAB using the simplest equivalent circuit model.
The PV cell output is both limited by the cell current and the cell voltage, and it can
only produce a power with any combinations of current and voltage on the I-V curve. It
also shows that the cell current is proportional to the irradiance.

1

sC

G, (5.7)

BP SX 1508 Photovoltaic Module I-V Curve
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Figure 5.5: I-V plot of ideal PV cell under two different level of irradiance (25°C)
5.2.2 The More Accurate Model

There are a few things that have not being taken into account in the simple model and
that will affect the performance of a PV cell in practice.
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a) Series Resistance

In a practical PV cell, there is a series of resistance in a current path through the
semiconductor material, the metal grid, contacts, and current collecting bus [9]. These
resistive losses are lumped together as a series resister (Rs). Its effect becomes very
conspicuous in a PV module that consists of many series-connected cells, and the value
of resistance is multiplied by the number of cells.

b) Parallel Resistance

This is also called shunt resistance. It is a loss associated with a small leakage of
current through a resistive path in parallel with the basic device [9]. This can be
represented by a parallel resister (Rp). Its effect is much less conspicuous in a PV
module compared to the series resistance and it will only become noticeable when a
number of PV modules are connected in parallel for a larger system.

¢) Recombination

Recombination in the depletion region of PV cells provides non-ohmic current paths in
parallel with the basic PV cell [9] [24). As shown in Figure 5.6 this can be represented
by the second diode (D2) in the equivalent circuit.

Rs
4 > -
I +
sc D : D2
¥ Univ¥ Ry i Load
n=] n=
: o

Figure 5.6: Accurate equivalent circuit of PV cell

Summarizing these effects, the current-voltage relationship of PV cell is written as
equation 5.8

I=1Isc-1, eq(yw;(lf&) ~1|-1, eq[%&) -1 V;LRSJ (5.8)

p

It is possible to combine the first diode (D/) and the second diode (D2) and rewrite the
equation (5.8) in the following form in equation 5.9.

V+1.R,
[=Isc-1, eq( )| KiRﬂ (5.9

p

Where n is known as the “ideality factor” (“»” is sometimes denoted as “4”) and takes
the value between one and two [7].
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5.2.3 Photovoltaic Module

A single PV cell produces an output voltage less than 1V, about 0.6V for
crystallinesilicon (Si) cells, thus a number of PV cells are connected in series to archive
a desired output voltage. When series-connected cells are placed in a frame, it is called
as a module. Most of commercially available PV modules with crystalline-Si cells have
either 36 or 72 series-connected cells. A 36-cell module provides a voltage suitable for
charging a 12V battery and similarly a 72-cell module is appropriate for a 24V battery.
This is because most of PV systems used to have backup batteries. However, today
many PV systems do not use batteries, for example, grid-tied systems. Furthermore, the
advent of high efficiency DC-DC converters has alleviated the need for modules with
specific voltages. When the PV cells are wired together in series, the current output is
the same as the single cell. But, the voltage output is the sum of each cell voltage, as
shown in Figure 5.7.
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Figure 5.7: PV cells are connected in series to build up a PV module

Also, multiple modules can be wired together in series or parallel to deliver the voltage
and current level needed. The group of modules is called an array.

5.3 Modeling a PV Module by MATLAB

BP Solar BP SX 150S PV module, pictured in Figure 5.8, is chosen for a MATLAB
simulation model. The module is made of 72 multi-crystalline silicon solar cells in
series and provides 150W of nominal maximum power [8]. Table 5.1 shows its
electrical specification. The equivalent PV cell for MATHLAB simulation is as shown
in Figure 5.9.
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Figure 5.8: shows the 150 W PV module (BP SX 1508)

Electrical Parameters Specifications
Maximum Power (P, 150W

Voltage at Poax (Vinp) 34.5V

Current at P ax (Iny) 4.35A

Open — Circuit Voltage (Voo 43.5V

Short — Circuit Current (/) 4.75A

Temperature Coefficient of /. 0.065 +0.015 %/ 'C
Temperature Coefficient of V. -160 +20 mV/ 'C
Temperature Coefficient of power -0.5 +0.05 %/ °C
NOCT 47+2 °C

Table 5.1: lilugigcul charhcteridtits Vdata G (BP SXOIIS08I PN module form the
manufacture data gheet

The approach of modeling a PV module is no special from modeling a PV cell. It uses
the same PV cell model. All the parameters are the same, but only a voltage parameter
(such as the open-circuit voltage) is different and must be divided by the number of
cells.

R

Load

)
A

Figure 5.9: Equivalent PV cell circuit used in the MATHLAB simulations

The model consists of a current source (Isc), a diode (D), and a series resistance (Rs).
The effect of parallel resistance (Rp) is very small in a single module, thus the model
does not include it. To make a better model, it also includes temperature effects on the
short-circuit current (/sc) and the reverse saturation current of diode (/o). It uses a
single diode with the diode ideality factor () set to achieve the best /-V curve match. n
is known as the “ideality factor” (“n” is sometimes denoted as “A4”) and takes the value
between one and two( n=1 ,for the ideal diode) [27]. The diode ideat ctor (n) is

’}7{\
.




unknown and must be predicted. After some trials with various diode ideality factors,
the MATLAB model chooses the value of n = 1.62 that attains the best match with the
I-V curve on the datasheet and Figure 5.10 shows the effect of the varying ideality

factor.
BP SX 150S Photovoltaic Module I-V Curve
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Figure 5.10: Effestof diode ideally-factor by MATHL'AB simulation at 1kW/m? ,25°C

Figure S.11. Shows the plots| of 7-¥/{characteristics at various module temperatures
simulated with the MATLAB model for BP SX 150S PV module. Data points place
over on the plots are taken from the I-¥ curves on the manufacturer’s specifications.

BP SX 150S Photovoltaic Module I-V Curve
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Figure 5.11: I-V curve of PV module at various temperatures, simulate with the
MATHLAB (1kW/m? ;25°C)
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Chapter 6

Maximum Power Point Tracking (MPPT) of
Photovoltaic Module

A PV module can generate the power at a point called an operating point anywhere on
the I-V curve. There is a single point near the knee of the I-V curve called a maximum
power point (MPPT) at which the module operates with the maximum efficiency and
generates the maximum output power [26].

Figure 6.1 shows the I-V curve of the BP SX 150S PV module simulated with the
MATLAB model. The coordinates of the operating point are the operating voltage and
current. It is possible to visualize the location of the fitting the largest possible
rectangle inside of the I-V curve, and its area equal to the output power which is a
product of voltage and current [35].

Slmulated 1-V Curve & MPPT-Point of 150W PV Mpdule (lKW/m 25 C)
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Figure 6.1 : Simulated I-V curve of 150W PV module at ( 1kW/m’, 25°C)
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6.1 Maximum Power Point Tracking Algorithm

The MPPT consists of two challenges to be dealt with. One of these is to find out the
MPP for the current solar irradiation level and tracking it as the solar irradiations. The
PV module generates different peak power points to be tracked. The second part of the
problem is more likely a control problem and the objective is to operate the PV module
at the MPP by managing loads and backup batteries.

The location of the MPP in the I-V plane is not known earlier and all the time changes
dynamically depending on irradiance and temperature level on the PV panel. Figure
6.2 shows a set of PV I-V curves in increasing irradiance at the constant temperature
(25°C), and Fi%ure 6.3 shows the I-V curves at the irradiance values but higher
temperature (50°C). These results show voltage shifts where the MPP occurs. Therefore
the MPP needs to be positioned by tracking algorithm, which is the sensing of the
MPPT controller.

BP SX 150S Photovoltaic Module I-V Curve
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Figure 6.2: I-V curve for varying irradiance and a trace of MPPs( 25°C)
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6.2 Perturbation & Observation (P&O) Algorithm

In this study the perturbation & observation (P&O) algorithm identified as the “hill
climbing” method is very popular and the most frequently used in practice because of
its simplicity in algorithm and the easy of implementation. Figure 6.4 shows a PV
module output power curve as a function of voltage (P-V curve) at the constant
irradiance and the constant module temperature condition. Assuming the PV module
operates at a point which is away from the corresponding MPP. In this algorithm the
operating voltage of the PV module is perturbed by a small increment, and the resulting
change of power, AP ,is observed . If the AP value is positive, then it is supposed that it
has move the operating point closer to the MPP. Thus, further module voltage
perturbations in the same direction should move the operating point towards the MPP.
If the AP value is negative, the operating point has moved away from the MPP, and the
direction of perturbation should be reversed to back toward the MPP. Figure 6.5 shows
the trace of MPPs on P-V curves at various irradiance levels and Figure 6.6 shows the
flowchart of the P&O algorithm [54].

. Plot of MPPT Points on Power vs Voltage for 150 W PV Module
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Figure 6.4 : Plot of power Vs voltage for PV module (1kW/m? ,25°C)

Plot of MPPT points on power vs voltage for 150 W PV module
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Figure 6.5 : MPP points on Power Vs voltage curves for PV module with various

irradiance levels
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BeginP & O
. Algorithm

Measure: V(k), I(k)

Pl)=V (k) x I(k)
AP= P(k)- P(k-1)

Yes
Vk)-Vk-1) >0
No
v v
Decrease Module Increase Module Decrease Module Increase Module
Voltage Voltage Voltage Voltage

|

A

Update History
Vk-1) =V(k)
Pk =P(E)

Figure 6.6 : Shows the flow'chait'of P & Q algorithm

6.3 Simulation of the P&O Algorithm

The P&O algorithm is tested with actual irradiance data provided by [9] simulations
with two set of data shown in Figure 6.7 and Figure 6.8 the first set of data was the
measurements of a sunny day in September 15" 2008 and the second set of data was
taken on a cloudy day October 4™ 2008 at the same location. The data consists of the
irradiance measurements taken every two minutes for 12 hours. Irradiance values
between two data points are estimated by the cubic interpolation in MATLAB functions.
The details can be referred in the MATLAB script listed in the Appendix A.1.
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Irradiance Data for a Sunny Day of September 15 -2008 in Nikawaratiya 100W Wind Site
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Figure 6.7: Sunny day irradiance variation in September-1 5" - 2008 at 100W wind turbine

power generation site

Irradiance Data for a Cloudy Day of Octomber 2008 in Nikawaratiya 100W Wind Site
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On a sunny day, the irradiance level changes gradually since there is no influence of
cloud. MPP tracking is supposed to be easy. As shown in Figure 6.9 and Figure 6.10
algorithms locate and maintain the PV operating point very close to the MPPs without
much difference in their performance.

Trace of MPP tracking on a sunny day at 250C(P&0 Algorithm)
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Figure 6.9: Trace of MPP tracking on a sunny day (25°C)

On a cloudy day; the irradiance level changes rapidly due:to, passing clouds. Then, MPP
tracking are stipposed to be challenge [27]. Figure 6.10 shows the trace of PV operating
points for R&EZalgorithm-and 'deviations-of ‘operating’ points ‘from the MPPs are
obvious wher ompared to the resultsiofacsunny day.
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Figure 6.10: Trace of MPP tracking on a cloudy day (25°C)
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In order to the better evaluation, total energy produced during a 12 — hour period is
calculated. The MPP tracking efficiency is obtained by [Total energy (simulation)] +
[Total energy (theoretical max)] x 100%. an also The MPP tracking efficiency is still
good in the cloudy condition for P & O algorithm. The irradiation data are only
available at two minute intervals, thus they do not record a much higher rate of changes
during this intervals. Also, further optimizing of algorithm and varying a testing
method may provide different results. The simulation results show the efficiency of
96.2% for P & O algorithm.
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Chapter 7

Lead-Acid Battery Modeling and Testing

The battery behavior prediction approaches consist of charge accumulation and
empirical models. Lead — acid batteries are used commonly in stand-alone wind solar
hybrid power systems. Lead — acid battery cells consist of two plates, positive and
negative, immersed in a dilute sulfuric acid solution. The positive plate, or anode, is
made of lead dioxide (PbO;) and the negative plate or cathode, is made of lead (Pb) as
shown in Figure 7.1. The battery model has two modes of operations, charge and
discharge. The battery is in charge mode when the current into battery is positive, and
discharge mode when the current is negative. -

Lead — acid cell discharging

+ -
Wy
——
Load
PbO, Electrode o0 &
\!‘ o g9 PbElectrode
E'E Electrons «

Electrolyte. -
H380, +HO 00

Figure 7.1 Construction of simple Lead — acid battery cell

Lead — acid battery is characterized by two indexes. They are battery state of charge
(SOC) and the floating voltage (or the terminal voltage).

7.1 Battery State of Charge (SOC)

Battery SOC determination becomes gradually more important issue in all the
applications that consist of a battery. A poor reliability of the SOC indication may
induce undesirable situations such as not fully charged or overcharged condition.

The purpose of the battery SOC may be a problem of more or less complexity
depending on the battery type and on the application in which the battery is used. The
most commonly used technique the ampere hour counting method is adopted for the
SOC calculation. For a just right knowledge of the real SOC of a battery, it is necessary
to know the battery SOC at the starting point, the charge or discharge time and the
current value [45]:
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al

Where SOC, is the battery SOC of the initial point, £ and 7 are the time of the initial
point and the time of interest, respectively (hours), Cpy is the battery capacity (Ah), Ipa
is the battery current (A). The equation 7.1 represents the calculation of battery SOC
for ideal batteries. But, practically, losses occur during battery charging, discharging
and also during storing periods. Taking these factors into account, the battery SOC then
can be expressed by the equation 7.2. '

- o Ibmnlmt
S0C = SOCO[I il )} + J' [C—jdr (7.2)

bat

Where o is the self-discharge rate which depends on the accumulated charge and the
battery state of health [45], and a proposed value of 0.2%/day is recommended, Nbat IS
the battery charging and discharging efficiency. For the charging process in order to
reflect the fact that only a fraction of the input energy is really stored, the average
approximation of 90% is used; but for the discharging stage, 100% discharging
efficiency is recommended.

Similar to the all chemical processes, the battery capacity Cyy is temperature
dependent. It decreases with decreasing battery temperature in the range 0.5-1%/1°C,
caused by the temperature dependence of the kinetic parameters [47]. Normally, the
battery capacity changes can usually be expressed by using the temperature coefficient

dc as given in equation 7.3,

Cpu = C, /D5 Ty |=298:15)) (7.3)

where Cpo is the availabie or practical capacity of the battery when the battery
temperature is Tpa, (Ah), Coy is the nominal or rated capacity of the battery, which is
the value of the capacity given by the manufacturer as the standard value that
characterizes this battery usually it is specified at nominal operating conditions, 8¢ =
0.006, a temperature coefficient of 0.6%/°C, is usually used unless otherwise specified
by the manufacturer.

In hybrid solar-wind system, the energy resource includes the PV module and wind
turbine, they work together with the battery to cover load demand if the cable losses in
the system are neglected, then the battery current Ip, can be simply described by the
equitation 7.4[42] [28].

_ Rsolar + I)wind ”reclifer B })Ioaa' / ninverler
bat — %

bat

I

7.4)

Where Psolar, Pwing, and Proag are the power of the PV wind hybrid system and load
respectively. Via is the battery voltage. The rectifier is used to convert the AC power
from the wind turbine to DC power of constant voltage, and the rectifier efficiency
Nrectifier 1S cONsidered as constant, 95%, in this analysis. The inverter efficiency Ninverter i
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considered as 92% according to the load profile of the system and the specifications of
the inverter [25].

7.2 Lead — Acid battery Model by MATLAB

Dynamic modeling of Lead- acid battery is much complex due to changing non liner
parameters during charging and discharging process and unpredicted parameter
changes when chemical reactions occur[10] [11]. As shown in Figure 7.2, the Battery
block implements a generic dynamic model parameterized to represent most popular
types of rechargeable batteries [40].

t |-
First order 0 J‘

Low- pass Filter

4 i
|\ o
’_ i(t) 0 (Discharge)

< Sel
it P
l + { 1 (Charge)
idc Exp (s) _ A Internal
Sel (s)  1/(B.i(t)).s+1 Resistance
—————\VWN——— +
—>
Exp Tpat
Yy Vv l 2
E charge =ﬁ (it; idcr ExP,Batt Type) L Ebat . D vbat
E discharge =ﬁ(it, idc,EXP,Batt Type) 1 S?)?t:;(l’.]ed
: Soutce

Figure 7.2: Shq;vs the generic dynamic modél for Lead — acid battery
Lead-Acid Modeti

Discharge model (iz > 0) given in equation 7.5

ST . . 9 . i Exp(s)
fiGt i, i, Exp) = E, - K Q? e = K 0 i it + Laplace '[W x0 (7.5)
Charge Model (iz. < 0) given in equation 7.6

.. o , o . o Exp(s) 1

t,igsd, Exp) = By - K —=— i, -~ K—<— it + Lapl = 7.6
Solltbaer b, Exp) = Bo = KomBp lae = K5y it + Laplace (Sel(s)xs] (7:6)
Where,
Egar = Nonlinear voltage (V)
Eo= Constant voltage (V)
Exp(s) = Exponential zone dynamics (V)

Sel(s) = Represents the battery mode. Sel(s) = 0 during battery discharge, Sel(s) = 1
during battery charging.
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K = Polarization constant (Ah™") or Polarization resistance (Ohms)

isc = Low frequency current dynamics (A)
i = Battery current (A)

it = Extracted capacity (Ah)

Q = Maximum battery capacity (Ah)

A = Exponential voltage (V)

B = Exponential capacity (Ah)™'

The Simulink Simpower system software tool box is utilized to simulate discharging
behavior of Lead — acid battery as shown in Figure 7.3. The parameters of the
equivalent circuit can be modified to represent a particular battery type based on its
discharge characteristics as shown in Figure 7.4. The simulation parameters change in a

battery block as follows.

Battery Type - Lead - Acid

Nominal Voltage (V) - 12V

Rated Capacity (Ah) - 70 Ah

Initial State of Charge - 100 %
-35A

Discharge Current (A)
D

Battery (mask) (En¥ ]
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Figure 7.4: Block parameters of Simulink
Simpower system Battery model

Battery

Figure 7.3: Simulink Simpower system
Lead — Acid Battery.

A typical discharge curve is composed of three sections, as shown in the Figure 7.5
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Figure 7.5: Discharge characteristic of 70 Ah Lead — Acid Battery

The first section represents the exponential voltage drop when the battery is charged.
Depending on the battery type, this area is more or less wide. The second section
represents the charge that can be extracted from the battery until the voltage drops
below the battery nominal voltage. Finally, the third section represents the total
discharge of the battery when the voltage drops rapidly.

With further developing of the dynamic model to simulate lead — acid battery, the
battery model has the following input parameters.

A. Initial stage of charge: SOC1 (%), indicating available charger.
B. Maximum statejof charge:; SOCm (Wh), maximum battery,capacity.
(Noteghattery capacity depends.on charge or discharge rate)

C. Numberof2V cellsin seriesins

D. Charge / discharge battery efﬂcency K (unitless)

E. Battery eslf — discharging rate: D (h™")

Note: parameters D and E are empirical constant that depends on the battery

characteristics.

The state of charge (in %) has a very linear relationship to the open — circuit
terminal voltage of the battery. SOCI can be estimated based on the current open —
circuit terminal voltage of the battery. The relationship can be estimated using

Table 7.1.

Voltage State of Charge (%)
12.63 100
12.54 90
12.45 80
12.39 75
12.27 60
12.18 50
11.97 25
11.76 Completely discharge

Table 7.1 shows the relationship of battery voltage and state of charge
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The terminal voltage of the battery is given by equation 7.7
Vear = V1 + Iy x RI (7.7)

Where V, and R, are governed by a different set of equation depending on which mode
of operation the battery is in. values for the battery current ( Ipy) are positive when the
battery is in charge mode and negative when the battery is in discharge mode. The
equivalent battery model is shown in Figure 7.6 [14].

Figure 7.6: Shows the equitant circuit of battery model

Charge Mode voltage and resistance given in equation 7.8 and equation 7.9 respectively

V., =[2 + 0.148xSOC(t)]xns (7.8)

P = 0.758=#20.13091106 1< SOC(H)|xns
ch ot SOC

SOC (t) is the current state of charge (%).

7.9)

m

Discharge Mode voltage and resistance are given in equation 7.10 and equation 7.11
respectively

Vin = [1.926 + 0.124xSOC(¢)]xns (7.10)

0.19 + 0.1309 /[SOC(t) — 0.14]xns
P, = (7.11)
SOC,,
The most difficult part of the battery model is estimating a value of SOC (t) accurately.
The estimation of the model is described by the following equation 7.12

SOC(t+dt) = SOC(t) * [1-D*dt/3600] +k*[Viat *lpa-RI* oo’ ] *dt/3600  (7.12)

This is basically the energy balance equitation computing the value of the SOC
increment as the energy increment in a differential of time taking into account self-
discharge and charge efficiency. For this equitation, time is assumed to have unit of
seconds. So, some terms must be divided by 3600 so that SOC is in Wh. This value can
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be altered to compensate for time unit of minutes (60), hours (1), or any other
increment (divisions/ hour).

This equation can be further simplified by substituting Vi, as a function of Vjas given
in equation 7.13

SOC(t+dt) = SOC(t) * [1-D*dt/60]+[k*V*1pa] *dt/60 (7.13)
It is necessary to use integration to solve for SOC (t)

Here, ¢ is as the number of time units. Since SOC (0) = SOC1= initial stage of charge,
SOC(1) can be found , and by looping the results with Simulink and estimate the
current value of SOC(t) for any time . MATHLAB Simulik simulation block diagram
shown in Figure 7.7.
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Figure 7.7 : Shows the Simulink Simulation diagram of Lead — Acid battery

Lead- acid battery simulation Simulink program has being run at 200 second sampling
period with Ip, current values. Positive Iz values as input parameter for battery
charging current and negative I, values are battery discharging current. Figure 7.8
shows the battery charging / discharging voltage (V) variation and Figure 7.9 shows
battery voltage condition during simulation period. This simulation study has being
done by the 70 Ah capacity lead — acid battery. The battery fully charge (SOC at100%)
means that battery reached 70 Ah capacity. The battery SOC variation characteristic is
represent during the simulation period as shown in Figure 7.10.
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Voltage (V)

Figure 7.8: Charging \ Discharging Voltage variation of 70 Ah lead — acid battery
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Figure 7.9: Battery Voltage variation of 70 Ah lead — acid battery
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Figure 7.10: Battery SOC variation of 70 Ah lead — acid battery
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7.3 Laboratory Testing of Lead — Acid Battery

The 70Ah lead — acid batteries used in this experiment and the same type as used in the
hybrid solar-wind power generation project. There are some automobile lead-acid
batteries commonly used for rural renewable energy applications with a capacity of 70
Ah - 100 Ah, rated at 10 h discharge time. To get the battery voltage response under
different battery currents, the SLS 1126 test procedures have being followed and the
testing was done in NERDC battery testing levorotary of electrical engineering
department.

First, the battery was charged with a constant charging current Icharge to the overcharge-
protection voltage (recommended by the customer manual and battery testing standard),
and then held at this voltage for 20h rate. According to the customer manual, the
battery can be considered as fully charged because the battery voltage does not change
during this certain period of time. Figure 7.11 shows the battery charging process under
laboratory condition.

Figure 7.11: Battery chur(bv.lpg process Figure 7.12: Electionic load connect to
under the laboratory condition the battery discharging process

Secondly, the battery was then discharged at a constant discharging current lgischarge
until the battery voltage drops to the deep-discharge protection point (10.5V is
recommended by the customer manual and battery testing standard) as shown in Figure
7.13. A testing cycle constitutes these two steps [32].

During the whole experiment cycles (five cycles), the battery voltage variations were
recorded every 30 min intervals. The battery voltage variations measured under
charging and discharging currents has no interference of external load (charging period)
or power supply (discharging period). The battery voltage curves for constant (3.5A)
current rates are found to be dramatically increased to 15.8V~16V. Thereafter the
battery gets in to the overcharge condition which implies that the battery is almost full
and begins to decrease the charge acceptance. As a result, the battery voltage will climb
up quickly until it reaches the saturation area where the battery voltage is maximized
and the battery cannot accept any more energy. Therefore it can be observed that the
lead—acid battery operates within a narrow voltage margin under charging conditions.
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Lead - Acid battery(70Ah) Charging & Discharging characteristics
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The 70 Ah Lead — acid battery electrolyte Sp. gravity variation was measured by using
digital Hygrometer (SBS - 2500) as shown in Figure 7.15. The temperature changes are
measured by a sensitive digital thermometer (TECPEL 322-K type) with ‘K’ type
temperature probe inserting the electrolyte filling port of the battery as shown in Figure
7.16. The standard battery testing procedures and laboratory conditions are followed
during testing the battery.

1

Figure 7.15: Battery electrolyte Sp. Figure 7.16: Battery electrolyte
Gravity measurement Temperature measurement
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Chapter 8

Wind Solar Hybrid System & Optimization

A typical hybrid solar-wind power generation system includes a PV array, wind turbine,
storage batteries and regulator, load and system controls [29]. The battery works in
assistance with the PV array and wind turbine to satisfy the load demand. When the
energy sources (solar and wind energy) are abundant, the generated power, after
fulfilling the load demand, will be supplied to feed the battery. When the battery is
fully charged, the extra energy will be dumped by disconnecting the PV module to cut
off the solar energy generations. Even if extra energy generation exists after PV module
is cut off means the power generation of the wind turbine is higher than the load
demand and the battery is fully charged at the same time. Then the dump load (electric
heater) will be turned on to discard the energy from the wind turbine. Figure 8.1 shows
the proposed centralized DC bus hybrid architecture [52].

Controller
Wind
‘ F
Battery

Figure 8.1: Shows the centralized DC bus Wind Solar hybrid architecture.
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8.1 System Optimization

In order to utilize the renewable energy resources efficiently and economically, an
optimum match design sizing method is necessary. The sizing optimization method can
help assure the lowest investment with full use of the PV array, wind turbine and
battery bank, so that the hybrid system can work at the optimum condition in terms of
investment and system reliability requirement [19] [56].

8.1.1 Simulation and Optimization Software

Simulation programs are the most common tools for evaluating performance of the
hybrid solar-wind systems. By using computer simulation, the optimum configuration
can be found by comparing the performance and energy production cost of different
system configurations. Several software tools are available for designing of hybrid
systems, such as HOMER, HYBRID2, HOGA and HYBRIDS.

The Hybrid Optimization Model for Electric Renewables (HOMER), public domain
software produced by National Renewable Energy Laboratory, uses hourly simulations
for arriving at optimum target. It is a time-step simulator using hourly load and
environmental data inputs for renewable energy system assessment, it facilitates the
optimization of renewable energy systems based on Net Present Cost for a given set of
constraints and sensitivity variables.

HOMER has being used extensively in previous renewable energy system case studies
[31-58] and in renewable energy system validation tests [18]. Although simulations can
take a long timegsdepending on-the; numbenof variables, used, its operation is simple and
straightforwarde fhe program’s limitaion is thaf it”does not enable the user to
intuitively selget’ the ‘appropriate “compotients™ for'-a*“dysteth,/'as algorithms and
calculations ar&zpot visiblenot1aceessible; [Figure 8.2. shows the HOMER hybrid
architecture for simulation study.

ﬁ File View Inputs Outputs Window Help

E quipment to consider Add/Remove...

i |

Primary Load
4 382 whid
___’l}__' » 67 W peak

JERDC-100wW/(PM(Y)

Converter Battery

AC DC

Figure 8.2 : shows the HOMER hybrid architecture for simulation study.
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8.2 Components details of Hybrid system

NERDC 100W wind turbine details are given as Figure 8.3 and the input wind turbine
date for the HOMER simulation and data was entered at least one size (150W) and cost
value in the cost table in photovoltaic input. It search for the optimal system including
modeling, mounting hardware and installation. HOMER considers each PV array
capacity in the size to consider table show in Figure 8.4 . Battery type and capacity
(70Ah) used in hybrid system are selected and the data is entered to the system.
HOMER considers each battery quantity in the sizes to consider table as shown in
Figure 8.5.
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Figure 8.3 Shows the NERDC 100W Wind turbine data given as input data for
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Hybrid system is used AC/DC converter in capacity of 300W and 95% efficiency. The
Primary load 382 Wh/day was connected to DC bus of the HOMER hybrid system.

8.3 Resources Details of Hybrid System

Annual wind speed V' (m/s) and solar irradiation data (W/m’) is basic energy resources
of this hybrid system. Wind and solar energy are renewable energies that need not
analyze emission and cost optimization. Annual wind speed V' (m/s) variation at 10m
height as shown in Figure 8.6 and solar irradiation data shown in Figure 8.7 was used
as metrological data measured from Nikawaratiya [X(m)120471,Y(m) 283682] 100W
wind turbine site in year 2008.

Wind Resource (from wind.txt)
I s
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Wind Speed (m/s)
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Figure 8.6: Monthly average wing speed variation at Nikawaratiya 100 W wind turbine
site =
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Figure 8.7: Monthly average solar irradiation at Nikawaratiya 100 W wind turbine site
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8.4 Simulation of Hybrid System

In the optimization process the HOMER has being used for simulation of Hybrid
system. Based on a variety of design parameters such as PV size, wind turbine capacity
and storage lead — acid battery capacity have being estimated. Annual average wind
speed of 3.92 m/s and annual average solar potential is 5.44 kWh/m?day of year 2008
at Nikavaratiya. 100W wind turbine site have being used for simulation study. Primary
load scaled average of 0.382 kWh/day and annual DC primary electric load served are
139 kWh. Figure 8.8 shows the monthly average electric production of the wind PV
hybrid system [53].
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Figure 8.8: Shows the monthly average electric production of the wind PV hybrid
system.
gﬁ“'“"%

The NERDC\Wiid furbine is already installéd atd site, fence 'oné wind turbine is set as
a constraint of=gptimizativnyWwith) HOMER.. [Bvaluation of optimization results of the
hybrid system by HOMER 60 W photovoltaic panel is optimal to fulfill the rural home
energy requirement with one 70Ah Lead — acid battery. Table 8.1 shows the HOMER
optimized solution for the wind solar hybrid system. Plant capacity factor of solar array
and wind turbine are 20.5% and 36.9% respectively.

Component | Size Average Max. Min. Capacity | Hours of

output Output output factor operation
PV Array | 60W 0.296 kWh/d | 0.0975kW | 0.000102 kW | 20.5% 4,610hr/yr
Wind 100W | 0.0405 kW 0.110 kW | 0.000 kW 36.9 % 5,763hr/yr
Turbine

Table 8.1: shows the HOMER optimized solution for the wind solar hybrid system.

The energy production of six months, May to October of year 2008 is drastically high
than the other six months. The main reason for this situation is higher wind speed
potential of the site and excess energy production during that period is also higher.
Table 8.2.and Figure 8.9 show simulation results of annual power generation from wind,
solar hybrid system and excess energy generation paten during year 2008.
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Annual Power Production(kW)

Component /Description Production (KWh/yr) Fraction
PV array 108 23%
Wind Turbine 355 77%
Total production 463 100%
Excess electricity 297 64%
Capacity shortage 0 0%

Table 8.2: Shows Energy production of Hybrid system during year 2008

Annual Power Production of Wind Solar Hybrid System
r . T T T T
| : L A Bamand Photovoltic Power (kW) |
} . Vo ) . .,- . R *  Wind Power (kW) |
0.16/ 1 ‘ R fm Bt =33 _:' sl +t* 5|+ Excess Power (kW)

2000 3000 4000 5000 6000 8000 9000
Time (Hours)

Figure 8.9: Shows simulation results of annual power generation of Hybrid system

8.5 Sensitivity analysis

HOMER can perform a sensitivity analysis by accepting multiple values for a particular
input variable such as the average load. For simplicity of analysis, the load profile was
not modified as the load was increased. But, the shape and scale in size could be kept
constant. The sensitivity analysis was performed with 0.3 kWh/d. Further analysis is
required to determine the effect of changes in the load shape.
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Figure 8.10: Sensitivity analysis of primary load with wind speed variation

8.6 Condition of Battery State of Charge

The stand — lone hybrid system relies on solar and wind energy as the primary power
resources and it is backed up by the batteries. Lead — acid batteries used in hybrid solar
— wind power generation systems operate under very specific conditions and it is often
very difficult t ;%redlct wher thel enedg) /il be vextraeted | fromk or supplied to the
battery. Sever@§fagtors that affect the-battery. behaviors have being taken into account,
such as the cugresitsrate, charging efficiency, the self = discharge rate, as well as the
battery capacify=Battery state' of Charge (SO has being statistically analyzed by using
HOMER optimizing software environment and the results have shown the battery
working states in the wind — solar hybrid power generation system. Hybrid system
optimal results shows the one 70 Ah lead — acid battery. Figure 8.11 shows the
simulation results of 70 Ah lead — acid battery SOC conditions with wind solar hybrid

system during one year period
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Figure 8.11: Battery State of Charge (%) of Hybrid system (One Battery)
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When considering energy production of the hybrid system during one year period, May
to October, six months, shows excess energy production. The excess energy absorb by
means of additional battery bank is more efficient and the hybrid system was
simulating with adding number of batteries with HOMER and simulation results as
show in Figures 8.12 - 8.18.
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Figure 8.12: Battery State of Charge (%) of Hybrid system (Two Battery)
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Figure 8.13: Battery State of Charge (%) of Hybrid system (Three Battery)
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Figure 8.14: Battery State of Charge (%) of Hybrid system (Four Battery)
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Figure 8.18: Battery State of Charge (%) of Hybrid system (Eight Battery)

The SOC behavior with one 70 Ah battery and the battery SOC level fluctuate rapidly.
The main reason for this fluctuation is whether pattern distribution throughout the year.
Six months of the year (May to October) show best battery SOC behavior close to the
100% and in this period it generates excess energy. For absorb this excess energy
generate from the hybrid system extra 70 Ah batteries have to be added. Larger number
of battery arrangement is not feasible with wind - solar hybrid home power systems.
Installation cost and proper battery maintenance are the critical problems associated
with rural home power battery charging wind solar hybrid systems [6] [5].

Number, of Batteries vs. Primary Load
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Figure 8.19: Number of Batteries Vs Primary load Characteristics plot

The primary load of the hybrid system is 0.382 kWh/d. According to the Figure 8.19
four number of 70 Ah battery bank is suitable for feeding required energy to the system.
When considering the Figure 8. 14, battery SOC level is closed to the 100 % region
minimizing fluctuation battery charging level.
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Chapter 9

Results and Analysis

A case study was attempted at a place called Nikavaratiya (7°44” 26.28"N 80° 06”
53.79” E), in Kurunagala district, Sri Lanka. Four number of 100W wind turbines have
being installed in Nikavaratiya area as wind home systems and these four locations
were selected as best wind speed and feasible places. After commissioning the wind
turbines the generated power was not enough to fulfill the electricity requirement of the
house. Part of this study energy requirement for a rural house was evaluated and total
electric net power requirement is around 264Wh/day. If average efficiency of electrical
equipment is 69%, the daily gross electric energy requirement is 382Wh and monthly
gross electric energy requirement is approximately 11.5 kWh for a rural house in Sri
Lanka.

A 100W battery charging wind turbine can fulfill the electric requirement for about six
month period of the year and the case of the other six month is lack of required wind
speed (6 m/s)for due 1o 'mbnsoon’ wind Patten and>direction changes. Therefore, in
order to obtain maxirmilm output power from the turbine, it is necessary to drive it at an
optimal rotor speed for a particular, wind speed. NERDC 100W wind turbine has being
designed for variable wind conditions with constant pitch as a passive controlled
machine and the variabie — speed fixed approach is becoming more popular for low
cost construction and is the most common scheme for small wind turbines. In this
scheme, a MPPT control mechanism is used to control the restoring torque of the
electrical generator for optimum operation of the wind turbine system.

A small wind turbine designed at the National Engineering Research & Development
Centre (NERDC) in Sri Lanka was simulated in MATHLAB / Simulink using
measured wind speed data in a turbulent wind conditions. Simulated results show that,
system with Fuzzy Logic controller performs better than that with fixed voltage system.
With the given wind speed data, energy output over 1000 s period is 1673.95 J with
Fuzzy controller and 593.73 J with a fixed voltage controller. Figure 4.18 shows that
35% more energy can be generated by the system with a Fuzzy controller.

In this study it is used the perturb & observe (P&O) algorithm, also identified as the
“hill climbing” method and it is very popular and the most frequently used in practice
to searching MPPT because of its simplicity in algorithm and the ease of
implementation for the PV power generation.

The MPPT algorithm was simulated with MATHLAB platform and Simulations use two sets
of data on a sunny day, the irradiance level changes gradually since there is no
influence of cloud. MPP tracking is supposed to be easy; algorithms locate and
maintain the PV operating point very close to the MPPs without much difference in
their performance. On a cloudy day, the irradiance level changes rapidly because of
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passing clouds and MPP tracking is supposed to be challenging. In order to the better
evaluation, total energy produced during a 12 — hour period is calculated. The
simulation result shows the efficiency of 96.2% for the P & O algorithm.

Normally 70 Ah — 100Ah lead — acid batteries are used for wind solar hybrid system
power generation. Develop and simulate with Simulink dynamic model for the 70Ah
lead — acid and the laboratory testing have already being done according to the SLS
1126 test procedures. Main issues of using lead — acid batteries are identified as cyclic
charging and discharging, overcharging of the battery and poor battery maintenance at site.

In the optimization process the HOMER has being used for simulation of Hybrid
system. Base on the variety of design parameters such as PV size, wind turbine capacity
and storage lead — acid battery capacity has being estimated. Annual average wind
speed of 3.92 m/s and annual average solar potential is 5.44 kWh/m?/day of year 2008
at Nikavaratiya 100W wind turbine site has being used for simulation study. Primary
load scaled average of 0.382 kWh/day and annual DC primary electric load served is
139 kWh.

Simulation results show that the 100W NERDC wind turbine produce maximum
Output 0.110kW and 0 kW as minimum power out put and 0.0405kW is average output.
The capacity factor is 36.9% and total operation hours are 5,763 hr/yr. The 60W PV
array produces Max. Output 0.0975kW and 0.000102 kW as minimum power out put
and 0.296kW is average output. The capacity factor is 20.5% and total operation hours
are 4,610 hr/yr.

The SOC behavier with one 70 Ah battery and the battery SOC level fluctuate rapidly.
The main reasen for this fluctuation is weather pattern distribute throughout the year.
Six month of the year (May to October) shows best battery SOC behavior close to the
100% and this period generates excess energy. To absorb this excess energy generated
the hybrid system was added extra 70 Ah batteries. Larger number of battery
arrangements is not feasible with wind solar hybrid home power systems. Installation
cost and proper battery maintenance are the critical problems associated with rural
home power battery charging wind solar hybrid systems.

10 Spider Graph
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Figure 9.1 shows the relative best estimation results of the power system.
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- Figure 9.1 shows the relative best estimation result with number of batteries used in the
hybrid system. A Hybrid system with four batteries can be utilized as shown in Figure
9.2 to get optimal solution for energy absorb from the system and maintain SOC level
close to the 100 present. According to the analysis renewable energy requirement to
fulfill the optimum system for energy demand of 400 Wh/day is as shown in Table 9.1.

Average Wind Speed Optimum system
<3.5m/s Solar Home System
3.5m/s—4.5m/s 100W Wind turbine with Solar Hybrid
system
- >4.5m/s 100W Wind turbine
’ Table 9.1: Optimal Renewable Energy Requirement for Generate 400 Wh/day
P&O
MPPT Controller F--5
[}
[}
T |
Ty a
i
[}
[}
i
:2 VdV :’V Battery State of Charge i
odule ‘ - Estimate H
. ]
PVAModule - B>
DC- bus
Vg
AC-DC DC-DC DC-AC
T = —?G = > =
100W NERDC I
Wind Turbine + -
i —>
- { —’__——-I— Four Number of 70 Ah
Duty cycle | J__: Lead — Acid Battery
. Rotational speed| ':
r Power : Battery State of Charge
! Estimate
Fuzzy Logic
—P Controller
Input signals for

MPPT controller

Figure 9.2: Shows the optimal power generation Hybrid architecture for Nikavaratiya

100W wind turbine generation site
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Chapter 10

Conclusions

10.1 Summary

The critical issues due to weather changes and controlling of battery charging at a site
conditions, of 100W NERDC wind turbines, as a stand — alone home power generation
system, have being identified. Techniques that employ wind speed sensors are
relatively expensive but they perform well with speed variations, particularly with the
control systems of large-scale wind turbines. However, in practice it is difficult to
measure wind speed accurately by an anemometer installed with the wind turbine, since
the wind turbine experience different forces due to wake rotation.

Therefore, it is useful to enhance a sensor less control strategy for small wind turbine
systems that operate without predetermined turbine characteristics. “Perturbation &
observation searching method” operates without knowledge of system parameters. In
this analysis, fuzzy logic' based MPPT control systen is lintroduced for small wind
turbines. Fuzzy set and fuzzy mules Were developed: considering the qualitative and
quantitative parameters.of, wind turbine.outputs to track optimum operating points of
the system. Research outcome shows that the proposed Fuzzy controller performs better
than conventionai controlier.

This study has being done in a simple but efficient manner for photovoltaic power
generation system. Each PV module component of the system is modeled and
simulated using MATLAB software. The result shows that the PV model using the
equivalent circuit in moderate complexity provides good matching with the real PV
modules. Simulations perform for the P&0O MPPT algorithms using actual irradiance
data in the two different weather conditions, which are sunny day and cloudy day. The
proposed P&O algorithm shows better performance of irradiation levels for both sunny
day and cloudy day.

Automobile Lead — acid batteries are commonly used for wind solar hybrid systems
due to low cost and availability. But deep cycle batteries are more suitable for hybrid
power systems.

In the optimization process, the HOMER has being use for simulation of Hybrid system.
Based on a variety of design parameters such as PV size, wind turbine capacity and

storage lead — acid battery capacity has being estimated.

A MPPT controlling algorithm based wind solar hybrid system is essential to generate
electricity with according to the weather changes.
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10.2 Difficulties and Future Research

However, it is difficult to acquire optimum operating points from outputs of the wind
turbine, as mechanically stored energy is interlaced with the aerodynamic power of
wind rotor.

Correct modeling of the dynamic and non-linear systems is an important area of the
study, but various difficulties remain in the current study. Some approaches of analysis
are limited with use of commonly available simulation software. As an example of this
study HOMER does not have the facility of optimized hybrid systems with MPPT
algorithms.

Physical implementation of the system with power electronics remains for future
research. It may involve implementation of a DSP or a microcontroller, a method of
supplying power to the controller, signal conditioning circuits for A/D converters and a
driving circuit. It may also involve performance analysis on the actual Hybrid system
and comparisons with simulations.

10.3 Concluding Remarks

Issues of energy and global warming are the biggest challenges for the human kind in
the 21 century. Energy is very important for everyone and in fact, taking control of the
world’s supply of:oil is pne of the;most important challenges.

Especially, wind-and PV have a powerful’demand since it' produces electric energy in

an efficient manner as stistainable sources:

Finally, the author wishes that this thesis hand round the benefit to other students who
are interested in power electronics for hybrid applications and provides encouragement
towards more advanced sophisticated project or master’s thesis research.
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i APPENDIX — A : Analysis of C,, Values for Each Blade Elements
A.l C*" Computer program and Script

A.l.1 C" Computer program for evaluate values of Cyin NACA4415 Wind
Rotor

This C** program was developed to evaluate the values of Cy; (Chapter 2) for each
elements in NACA 4415 wind rotor used in NERDC wind turbines. ~

“ #include<stdio.h>

#include<math.h>

main()

L

int j;

float sCp,Cp,sCm,Cm,Cf,sCf,R,rl ,12,b,lamda;
float chord[10],angle_beta[10],r[10],lamdao[1 0};
double cl,cd,h,k,G,E,eta,alpha,phi,phil;

printf(" Radious of Wind Rotor mm =");
scanf("%f",&R);

printf("No. of blades b=");

scanf("%f",&b);

printf("No. of segment of blade=9%\n");
printf("Give the width of the segment delta.r in mm=");
scanf("'%f",&12);

printf("Radious to the first segmentnimm =
scanf("%f",&rl);

for(j=1;j<=9;++j)

{

printf(" Chord lenth at r=%0.0f C=",r1);
scanf("%f" ,&chord{j]);

printf("Blade angle beta =");
scanf("%f",&angle_betal[j});

rfjl=rl;

rl=rl+r2;

}
printf(" No. Radious(mm) Chord lenth(mm) Blade Angle(degree)\n" );
printf(" \n");
for(j=1;j<=9;++))

a printf("%d  %0.0f  %0.3f %0.3f \n" j,r[j],chord[j],angle_beta[j]);

, printf("\n Tip speed ratio=");
v scanf("%f",&lamdao);
Cp=0;

Cm=0;

for (j=1,j<=9:++))

{
alpha=-20;
do

{
phi=alpha+angle_beta[j];
phil=phi*3.1415927/180;

/*calculation of Cl values with respect alpha angle*/
if (alpha<-8)
¢cl=-0.00017*pow(alpha,3)+0.002431 *pow(alpha,2)+0.2013 89*alpha+0.966667;
if(alpha>=-8 && alpha<=8)
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<

c1=0.1*alpha+0.4;

if (alpha>8 && alpha<=15)

¢1=-0.00021 *pow(alpha,4)+0.009645*pow(alpha,3)—0. 16968*pow(alpha,2)+1 .354548*alpha-2.94,

if (alpha>15 && alpha<=24)

cl=-6.9e-6*pow(alpha,3)-0.0011 5*pow(alpha,2)+0.01 0528*alpha+1.703333;

/*Calculation of Cd values with respect Cl values*/

if (c1>=-0.95 && cl<=0.8)

cd=-2.70563e-05*pow(cl,3)+0.00262581 2*pow(cl,2)-0.001870671 *c1+0.00682987,

if(c1>0.8 && cl<=1.6)
cd=-0.034722222*pow(cl,4)+0.15625*pow(cl,3)—0.243055556*pow(cl,2)+0.l6375*cl-0.034222222;

eta=atan(cd/cl);
G=(cI*b*chord[j}*cos(phil -eta))/(8*3.141 592654*r[j]*cos(eta)*sin(phil Y*sin(phil));
E=(cI*b*chord([j]*sin(phil -eta))/(4*3.141 592654*r[j]*sin(2*phil)*cos(eta));

k=(1-G)/(1+G);

h=(1+E)/(1-E);
lamda=(R/r[j))*((1+k)/(1 +h))/tan(phil);
alpha=alpha+0.0001;

}
while ((alpha<=24) && (((lamda-lamdao([j])>0.1) || ((lamda-lamdao[j})<-0.1) || (k<0) || (h<1) Ik>1) ||
(h>2)));
st=r[j]*r2"'pow((]amdao[i]"‘(r[j]/R)),Z)*( 1+k)*(h-1);
Cp=sCp+Cp;
sCm=(lamdao[j]*r[j}/R)*(1+k)*(h-1 Y*pow(r[jl,2)*r2;
Cm=sCm+Cm;
sC=r[j]*r2*(1-k*k);
Cf=sCf+Cf;
if ((lamda-lamdao{j1)=0.1 || (lamda-lamdao[j])<-0.1 )
printf("\n r=%0.0f Error Can't calcutate famda With-given alpha range™rlj));
else =
printf"\n r=%0.0f alpha=%0.3f h=%0.3f k=%0.3f Cpr= %0.4f Cmr=%0.4f Cfr=%0.4f" r{j],alpha-
0.0001,h,k,(pow((lamdao[j}*
(lj/R)),2)*(1+k)*(h-1)),(lamdao[j]*(r[[V/R)Y*(1+K)* (h-1)),(1-k*K));

}
printf("\n\n Tip speed ratio=%0.3f Cp =%f Cm=%f
Cf=%fn",lamdao[j],(2/(R*R))*Cp),((2/pow(R,3))*Cm),(2/(R*R))*CA));
return(0)
}
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APPENDIX - B: Analysis Characteristics of Solar PV Module
B.1 MATHLAB Functions and Script
B.1.1 MATHLAB Function for Modeling BP SX 150 PV Module

This MATHLAB function (bp_sx 150s) is to simulate with the current — voltage
relationship of BP $X150S PV module and used in simulations throughout of this study.

function Ia = bp_sx150s(Va,G, TaC)
$ function bp sx150s.m models the BP SX 1508 PV module
% calculates module current under given voltage, irradiance and

temperature
$ Ia = bp sx150s(Va,G,T)
%

% Out: Ia = Module operating current (A), vector or scalar
$ In: Va = Module operating voltage (V), vector or scalar
$ G = Irradiance (1G = 1000 W/m"2), scalar

% TaC = Module temperature in deg C, scalar

%/////////////////////////////////////////////////////////////////////
11111777

Define constants

= 1.381e-23; % Boltzmann’s constant

= 1.602e-19; % Electron charge

Following constants are taken from the datasheet of PV module and
curve fitting of I-V character (Use data for 1000W/m"2)

= 1.62; % Digde idealuEdslfadctonvin)y

1 (ideal [dgo8e) < m- <2
g = 1.12; %.Band gap energy; 1.12eV (81i), "T. 42" (GaAs),

% 1.5 (CdTey,=k. 75 WamdxrpHousl18h.)

Ns = 72; % # of series connected cells (BP S$X150s, 72 cells)

TrK = 298; % Reference temperature (25C) in Kelvin

Voc_TrK = 43.5 /Ns; % Voc (open circuit voltage per cell) @ temp TrK
Isc TrK = 4.75; % Isc (short circuit current per cell) @ temp TrK
a = 0.65e-3; % Temperature coefficient of Isc (0.065%/C)

% Define variables

TaK = 273 + TaC; % Module temperature in Kelvin

Vc = Va / Ns; % Cell voltage

% Calculate short-circuit current for TakK

Isc = Isc_TrK * (1 + (a * (TaK - TrK))):

$ Calculate photon generated current @ given irradiance

Iph = G * Isc;

% Define thermal potential (Vt) at temp TrK

Vt TrK = n * k * TrK / q;

$ Define b = Eg * g/ {(n*k);

b=Eg*q/(n* Kk);

$ Calculate reverse saturation current for given temperature

Ir TrK = Isc_TrK / (exp(Voc_TrK / Vt_TrK) -1);

Ir = Ir TrK * (TaK / TrK)"(3/n) * exp(-b * (1 / TaK -1 / TrK));

% Calculate series resistance per cell (Rs = 5.1mOhm)

Fl o0 3 of o0 Q K o°

dvdI_Voc = -1.0/Ns; % Take dV/dI @ Voc from I-V curve of datasheet
Xv = Ir TrK / Vt_TrK * exp{(Voc_TrK / Vt_TrK);
Rs = - dvdl Voc - 1/Xv;

% Define thermal potential (Vt) at temp Ta

Vt_Ta =n * k * TaK / q;

$ Ta = Iph - Ir * (exp((Vc + Ia * Rs) / Vt_Ta) -1)

$ f(Ia) = Iph - Ia - Ir * ( exp((Vc + Ia * Rs) / Vt_Ta) -1) = 0
% Solve for Ia by Newton's method: Ia2 = Ial - f(Ial)/£f'(Ial)

87



T 4

Ia=zeros(size(Vc)); % Initialize Ia with zeros

% Perform 5 iterations

for j=1:5;

Ia = Ia - (Iph - Ia - Ir .* ( exp((Vc + Ia .* Rs) ./ Vt_Ta) -1))...
./ (-1 - Ir * (Rs ./ Vt_Ta) .* exp((Vc + Ia .* Rs) ./ Vt_Ta)}):

End

B.1.2 MATLAB Script to Draw PV, I-V Graphs

The following MATLAB script is used for Figure 2-12 to draw the I-V characteristics
of various module temperatures. Other plots showing PV characteristics are done in
similar ways using MATLAB environment.

$ plot iv_temp.m - Script file to draw i-v curves of pv module
% with variable temp (0C, 25C, 50C, 75C)

%///////////////////////////////////////////////////////////////
clear;

¢ Define constant

G = 1;

$ Functions to plot

figure

hold on

for TaC=0:25:75

Va = linspace (0, 48-TaC/8, 200);
Ia = bp_sx150s (Va, G, TacC):
plot(Va, Ia)

end

title ('BP $Xt 150S Photowoltaic Mpdule (IV) Curve')
xlabel ('ModuleVoltage (V)')
ylabel { 'ModuXe”Current ""(A}Y)

axis ([0 50 0 5])

gtext ('0C")

gtext ('25C")

gtext ('50C")

gtext ('75C")

hold off

B.1.3 MATLAB Function to Find the MPP

This MATLAB function is to find the power, voltage, and current at the MPP of BP SX
150S PV module under the given irradiance and module temperature.

function [Pa max, Imp, Vmp] = find mpp(G, TaC)

% find _mpp: function to find a maximum power point of pv module
% [Pa_max, Imp, Vmp] = find mpp (G, TaC)

% in: G (irradiance, KW/m”~2), TaC (temp, deg C)

% out: Pa_max (maximum power), Imp, Vmp

%////////////////////////////////////////////////////////////////
% Define variables and initialize

Va = 12;

Pa_max = 0;

% Start process

while Va < 48-TaC/8

Ja = bp_sxlSOs(Va,G,TaC);

Pa_new = Ia * Va;

if Pa new > Pa_max

Pa_max = Pa_new;
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Imp = Ia;

Vmp = Va;

end

Va = Va + .005;
end

B.1.4 MATLAB Script for P&O Algorithm

This MATLAB script is to test the P&O algorithm under the sunny weather condition

in chapter 6 and Figure 6.9.

clear;
% Define constants
TaC = 25; % Cell temperature (deg C)
C =0.5; % Step size for ref voltage change (V)
% Define variables with initial conditions
G = 0.028; % Irradiance (1G = 1000W/m"2)
Va 24.0; % PV voltage
Ia bp_sxlSOs(Va,G,TaC); % PV current
Pa = Va * Ia; % PV output power
vref new = Va + C; % New reference voltage
$ Set up arrays storing data for plots
Va_array = [1;
Pa_array = {1:
% Load irradiance data
load irrad; % Irradiance data of a sunny day
X = irrad(:,1)'; % Read time data (second)
y = irrad(:,2)'; % Read irradiance data
xi 15. 4e+35230. 6e+ B VEISEtY poli ns) ol | Wt erpo lanion
yi interplflliy, xi;.cubic!) i ¥, Do cubig interpolation
$ Take 43208 samples (12 ‘hours)
for Sample =1243.2e%3
% Read irradiance value
G = yi(Sample);
% Take new measurements
Va_new = Vref new;
Ia new = bp sx150s(Vref_new,G,TaC);
$ Calculate new Pa
Pa_new = Va_new * Ia_new;
deltaPa = Pa_new - Pa;
$ P&O Algorithm starts here
if deltaPa > 0
if Va_new > Va
Vref new = Va_new + C; % Increase Vref
else
Vref new = Va_new - C; % Decrease Vref
end
elseif deltaPa < O
if Va_new > Va
Vref new = Va_new - C; % Decrease Vref
else
Vref new = Va_new + C; %Increase Vref
end
else
Vref new
end
% Update history
Va = Va_new;
Pa = Pa_new;
% Store data in arrays for pl

i}

1

Va_new; % No change

&
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Va_array = [Va_array Val;
Pa_array = [Pa_array Pal;
end

$ Plot result

figure

plot (Va_array, Pa_array, '‘g')

% Overlay with P-1 curves and MPP
Va = linspace (0, 45, 200) ;

hold on

for G=.2:.2:1

Ia = bp sx150s(Va, G, TaC):

Pa = la.*Va;

plot (Va, Pa)

[Pa_max, Imp, vmp] = find mpp (G, TaC);
plot (Vmp, Pa_max, trx')

end

title('P&O Algorithm')

xlabel ('Module Voltage (V)')
ylabel ('Module Output Power (W) ")
axis ([0 50 0 160])
%gtext('lOOOW/mAZ‘)

ggtext ('800W/m"2")

$gtext ('600W/m"2")
%gtext('4OOW/mA2')

$gtext ('200W/m"2")

hold off

This MATLAB:script isito:test.the P&©Osalgorithm under the sunny weather condition
in chapter 6 afidFigure 6.10.

clear;
$ Define constants
TaC = 25; % Cell temperature (deg C)
C = 0.5; % Step size for ref voltage change (V)
% Define variables with initial conditions
G = 0.028; % Irradiance (1G = 1000W/m"2)
Va 24.0; % PV voltage
Ia bp_sxlSOs(Va,G,TaC); % PV current
Pa = Va * Ia; % PV output power
Vref new = Va + C: % New reference voltage
$ Set up arrays storing data for plots
Va_array = (1:
Pa_array = {1:
% Load irradiance data
load cloud; % Irradiance data of a sunny day
X = cloud(:,1)'; % Read time data (second)
Y cloud(:,2)'; % Read irradiance data
Xi = 19.8e+3: 450e+3; % Set points for interpolation
Yi = interpl(X,Y,Xi,'cubic'); % Do cubic interpolation
3 Take 43200 samples (12 hours)
for Sample = 1:43.2e+3
% Read irradiance value
G = Yi(Sample):
% Take new measurements
Va_new = Vref new;
Ia_new = bp_sx150s (Vref_new, G, TaC);
¢ Calculate new Pa
Pa_new = Va_new * la_new;
deltaPa = Pa_new - Paj;
$ P&O Algorithm starts here

1}
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if deltaPa > 0

if Va _new > Va

Vref new = Va_new + C; % Increase Vref
else

Vref new = Va_new - C; % Decrease Vref
end

elseif deltaPa < O

if Va_new > Va

Vref new = Va_new - C; % Decrease Vref
else
Vref new
end

else
Vref new
end

% Update history

Va = Va_new;

Pa = Pa_new;

% Store data in arrays for pl

Il

Va_new + C; %Increase Vref

i}

Va_new; % No change

Va_array = [(Va_array val:
Pa_array = [Pa_array Pal;
end

% Plot result

figure

plot (vVa_array, Pa_array, 'g')

$ Overlay with P-I curves and MPP
Va = linspace (0, 45, 200);

hold on

for G=.2:.2:L

Ia = bp_sx150s(Va, GH Y%

Pa = Ia.*Va:

plot (Va, Paj}

([Pa_max, Inpy Vmp ) V=B nd impp (G, Tag) ;
plot (Vmp, Pa_max, tr*')

end

title('P&0O Algorithm')

xlabel {'Module Voltage (V)')
ylabel ('Module Output Power (W)")
axis ([0 50 0 150))

$gtext ('1000W/m"2")

$gtext ('800W/m"~2")

$gtext ('600W/m"~2")

$gtext ('400W/m"2")

$gtext ('200W/m"2")

hold off
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