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ABSTRACT 

mali wind turbine are known to generate le than 100 k W of electricity and they 

are u ed in farms, homes and smail busine es for backup electricity to reduce 

electricity bi lls. The pre ent work i concerned with the monitoring of a mali scale 

wind charger which i mounted on the roof of the building of the department of 

mechanical engineering at a tern Mediterranean University. Rutland 913 wind 

charger u ed for th i work ha a w e pt d i arneter of 91 O mm and produce a power 

output up to 300Wp. A data acquisition y tem compo ed of a microcontroller and a 

erie of re i tor are u ed to mea ure the current and voltage and calculate the 

carre ponding power and wind peed. U ing a erial port, data are sent to a per onaJ 

computer (PC). The data transferred to the P are recorded to a text file u ing a 

purpo e-de igned program for this sy tem. Two method of estimating annual energy 

output ( O) are introduced and compared with actual data. Data recorded are 

di played a a power versu hour curve for each month . verage wind speed for the 

period of mea urement (7 month ) wa obtained as 4.9 m/s and power produced at 

thi peed wa mea ured as 12.6W. O generated wa estimated to be llOkWh/yr 

according to experimental data. By u ing the wept area and power curve method , 

the theoretical AEO was estimated a 1 03.2kWh/yr and 112.2lkWh/yr re pectively. 

Keyword : mali- cale wind turbine, power output, data acquisition y tem, 

microcontroller, annual energy output 
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ÖZ 

Küçük rüzgar türbünleri 100 k W elektrik üreten türbinler olarak biliniyor ve evlerde 

ve çiftliklerde kullanılıyor. E ve işletmelerde elektrik depolamak için kullanılarak 

elektrik fatura ının azalma ını ağlıyor. Yapılan iş makina mühendi liği bina ının 

çatısı üzerine monte edilmiş küçük ölçekli şarj izleme ile ilgilidir. Bu iş için Rutland 

913 modelinde türbin kullanılmıştır e bu iş için çapı 91 O mm olan türbin 

kullanılmıştır. Bu türbin 300 Wp bir güç üretiyor. Bir eri toplama istemi üreten 

gücü ölçmek için ve rüzgarın hızını he aplamak için kullanılır. eri port verileri 

PC ye gönderilir. Gönderilen veriler bu i tem için hazırlanmış özel bir programla 

text do ya ında kaydediliyor. Tahmini yıllık enerji üretimi için iki yöntem tanıtılmış 

ve pratik eri ile karşılaştırılmıştır. Kaydedilen bilgiler güç aat grafiği oluşturularak 

grafık oluşturuldu. 7 ay boyunca alınan ölçümler onucu ortalama rüzgar hızı 4.9 m/s 

ve bu hızda üretilen güç 12.6 W olarak aptand ı. Yıllık üretilen enerji yaklaşık olarak 

ll OkWh/yr. wept area methodla yıllık üretilen enerji ı 03.2kWh/yr ve power curve 

methodla da ı I 2.2lkWh/yr olarak bulundu. 

Anahtar kelimeler: Küçük ölçekli rüzgar türbini, güç çıkışı , veri toplama si temi, 

mikro işlemci , yıllık enerji üretimi. 
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Chapter 1 

INTRODUCTION 

Wind is one of the renewable natural air movements available in our environment. 

Wind has a lot of ad antages with a few di ad antages and it does not harm water 

and soil and does not cau e air pollution. Wind can be captured and con umed a a 

form of energy. The energy captured from the wind can be converted into other 

form of energy. The mechanical energy of the wind turbine can be u ed directly, 

!ike in grain grinding or water pumping. On the other hand, energy produced by 

windmill can be con erted in to electricity through a generator connected to the 

turbine haft. 

fter the "Renewable Energy Law' wa put in to force in October 20 1 l , in orth 

yprus the performance of mali- cale wind turbine have become the subject of 

intere t for the policy maker and inve tor . ince the fea ibility of the e types of 

turbine is always que tioned , th re i a need of collecting data during their operation 

under real life conditions. The Rutland 913 type charger, in talled on the roof of the 

Mechanical Engineering Building, wa u ed for taking measur ments of current and 

voltage and determining the hourly wind peed for this location . Rutland 913 ha a 

wept diameter of 91 Omm and it i located about 1 O meter abo e the ground !eve!. 

Thi turbine operate with a ix bladed rotor and a high effıciency generator. 



The wind peed at which Rutland WG913 tarts producing electricity is 3.5 ml (cut­

in peed). The wind charger rotate it elf towards the prevailing wind directian u ing 

it tail. 

The energy captured by thi mali- cale wind turbine i con erted in to electricity 

with the u e of a mali altemator. D voltage produced can be either used directly or 

tored in a battery. 

The pre ent work i concerned with the u e of a data acquisition y tem for 

mea urıng the performance of a mali- cale wind charger. The data acquisition 

ystem u ed for this work wa pecifıcally de igned and programmed for this project. 

With the aid of thi y tem it will al o b po ible to e timate the wind peeds 3m 

abo e the M . . building by u ing the current wind speed graph supplied in the user 

manual of the charger. 

The next four chapter di cus , the literature revıew, system de cription, data 

acquisition y tem, mea urement and analysi . In the econd chapter data collection 

for wind energy will be di cu ed in which way and how the e data wa collected . 

Third chapter will be about the system u ed for this project including all equipments 

u ed, connection and their function . Data acqui ition y tem it elf de cribing with 

detail information about hardware and the program wil l be placed in fourth chapter, 

and fınally the last chapter will be about measurement analy is and fina! re ults . 
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Chapter 2 

LITERATTIRE REVIEW 

In the recent year , Wind energy canver ion system ha e become a main point in 

the research of renewable energy ources. 

ccording to Paul Gipe [1 ], u ing a kilowatt-hour meter the performance of mali 

cale wind machine can be e timated . In order to check the instantaneou wind 

peed, an anemometer can be in talled on the tower of wind turbine. A imple way 

of testing the sy tem i to mea ure the wind peed when the wind charger start to 

generate electricity. In thi ca e the anemometer should be in talled near the rotor. 

Pual ay all the mea urement are only approximation , becau e the measured wind 

peed by anemometer i not the one which trikes the rotor, even when the rotor and 

anemometer are next to each other. 

Leckie Jim et al [2], e perimentally inve tigated mali- cale wind turbines. They 

indicated that there wa a delay between wind peed and power produced by the 

wind turbine . Wind turbines do not in tantly follow the power curve. lt takes ome 

time to reach the tead tate condition . lt i also e plained that it would not be 

urpri ing if the recorded wind peed do not match with power generatian of the 

turbine given in the manufacturer ' pecifıcation . 
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An altemative wa of performance mea urement test is gi en by Marier Donald [3). 

Donald conducted experiment to compare the mea ured power output of the turbine 

at variou peed with the power curve of turbines. ln large wind machines a control 

panel is in talled and one of its functions i to mea ure watts (power output), but 

smail wind charger does not ha e thi system. U ing a kilowatt-hour meter the net 

energy generated will be recorded . Donald u ed data recorded b kilowatt-hour 

meter and calculated power output He al o compared the energy generated with the 

wind turbine power graph. 

in the method which Marier [3] u ed for mea uring the performance of hi 0.3kW 

micro wind turbine, the number of revolutions of turbine i counted in a period of 

time (for example 30 econd ) and u ing the following relation he obtained the 

power output. 

P = x kh x 60 min/h 

P = power (Wh) 

kh = factor of energy that pa e through the meter per revolution of the 

di c.(watt-hour /revolution ) 

= number of revolutions per minute 

Aye Khaing oe and Wanna we [4] in a performance test of their small-

cale power ystem mea ured altage by u ing voltmeter. With the aim of resi tors 

they mea ured the current and calculate the power output They manufactured a 

turbine w ith a wept diameter of 2m and the rated power of 212W. Figure 2-1 show 

the Aye Khaing oe and Wanna we' wind charger. In their work two ways of 

mea urement wa u ed ; o-load and loaded cases. In On-load case they u ed 

4 



H. oy al and O. o al , u ed combined wind and olar grid connected system for 

their experimental work(S]. They u ed a 1.8 kW wind turbine and 2kW so lar panels 

[5]. According to their study, thi y tem i enhanced by using both PV and wind 

power ha ing a mooth power output Thi combined sy tem is adopted with 

sea on . In winter electricity is generated mo tly from the wind but, in summer the 

sy tem tend to produce electricity from the PV. 

"WISE" Monthly Generation 
(1.8.-kW wind turbine and 2-kW PV) 

400.0 .---------------------

Figure 2-3: Monthly generated power by combined olar and wind energy system of 
Hilkat oy al and Oguz oy al [5] 
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resistors and found power output. However in No-load case they only measured 

Voltage and Frequency (Hz). The electricity generated from this system is used to 

charge a 12V battery. The energy spared in battery is used for lighting. Figure 2-2 

shows the measurement system used by Khaing and Swe. They found that the 

Voltage can be affected when an electricalload like a resistor is loaded. So in No­

load conditions the average Voltage output from turbine is slightly (around 10%) 

more then On-load case. 

Figure 2-1: Aye Khaing sınall-scale wind charger [ 4] 

Figure 2-2: Measurements instrument of Aye Khaing [4] 
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Chapter 3 

ANNUAL ENERGY OUTPUT ESTIMATION 

3.1 wind speed measurement method 

In order to perform a mea urement of wind peed, an anememeter and a recorder is 

needed . The in truments to mea ure the wind speed are readily available and 

accessible. uch y t m are much cheaper than tho e needed for olar mea uring 

system [6]. A wind peed mea uring y tem is made of two main parts; an 

anemometer head (Figure 3-1) and a recorder (Figure 3-2). The recorder m ay al so 

ha e a di playing mea ured data from the anemometer. The anememeter can also be 

mechanicall connected to a D generator to generate electricity. hange in D 

voltage i proportional to wind p ed, and then the oltage i calibrated with 

oltmeter. ometimes alternator is u ed for better accuracy and mea uring 

frequency. An anememeter with a voltıneter i not enough to calculate average wind 

peed· only the in tantanecu wind peed can be mea ured u ing the e two 

instrument . 
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Figure 3-1: Anememeter [6] 

Figure 3-2: Digital data logger [7] 

Like the odometer u ed for the car , an accumulator counts the kilometer of wind 

pa ed the anemometer, the number of kilometers recorded is divided by elap ed 

time [8]. For different wind peed ther are different counter . For in tance wind 
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peed from O to lm/ will fallin the fır t counter, wind peed between 2 and 3m/ 

will fall in to econd and o on. Each counter is adjusted to count hour of different 

wind peed range. By u ing thi method it would be po sible to check how many 

hour in a year the wind blow with the peed of 2 to 3m/s. The annual speed 

di tribution can be found using data taken from accumulator. The speed distribution 

will be u eful to calculate Annual nergy Output of any turbine which has power 

curve. ccumulator do not help u to fınd instantaneou wind speed. Data loggers 

were introduced to obtain in tantanecu wind peed in any time. The wind speed is 

mea ured and recorded in a memory e ery econd. Recorded data is tran ferred to a 

per onal computer. Wind speed di tribution chart can be obtained from P . 

Data logger can be u ed for smail- cale wind ystems. The percentage of error 

would be very low by u ing a data logger becau e; all the data are taken and recorded 

automatically. In thi tud a computer and a data acquisition y tem i u ed to 

calculate the wind p ed by m asuring the in tantaneous power output from a mall-

eale wind turbine. ince wind directian doe not affect the mea urement for wind 

speed, data taken from wind charger and anememeter can not be di tingui hed. 

Becau e Rutland WG913 wind charger adopt itselfwith directian ofwind. Tail ane 

put the turbine in dir ction of the wind . 
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3.2 Effect of Altitude: 

W i nd peed tend to be higher on the top of a ridge or hill , so it is better to Lnstall the 

wind turbine at hilly location (check ppendi A for more information). The same 

amount of power hould not be e pected from a wind turbine to produce all the time; 

power generatian depends on th wind peed. For example if the wind peed arie 

by 1 0% the power produced by wind turbine can vary up to 25% [9]. Anather 

important factor which affects the power output is height of its tower. lt ha been 

recommended [9] that tower hould be 24-37 m high. Installing a wind turbine on a 

tower that i too hort is like in taliing a olar panel in a hady area. Figure 3-3 

ho w the increa e in power output when the height of the tower increa e [9]. 
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Figure 3-3: ffect of tower in enhancement of power output percentage [9] 
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3.3 Data Analysis and Output Estimating: 

The average wind peed can vary from year to year a much as 25% [9] . Even one 

year data may not be enough for determining the average wind peed accurately. But 

one year a erage ı ugge ted by cienti ts, data obtained from one year 

measurement can be compared with the nearest airport data which were collected 

during a long period. W ith the aim of this comparison the probability of increasing or 

decrea ing the wind peed in the future can be checked. Although the neare t airport 

will not alway be the be t reference it can be a sumed as good ource. 

Anather method of compari on i introduced by Pual Gipe[l] and it gives the ratio 

between two ite by testing the degree of correlation. This method is done by 

drawing a mid line between two curve . But the e data and number do not show the 

whole picture ince the power den ity hould be calculated. 

By e timating the arınual energy output (AEO), economical fea ibility can be 

calculated for thi project. Even for a mali wind system these calculations should be 

done. A micro wind y tem cost about I 500, not much more than an anememeter 

and an odometer. lthough it i not ery accurate, easy and cheap way to mea ure 

the wind speed it work . What i gained is the energy output of the w i nd system and 

the quantity of the energy, exactl what we are locking for it. What we are locking 

for i how well a mali wind charger i working at our ite. Using a smail-scale wind 

ystem can help u to u e larger wind machines· In order to make ome analysi the 

performance of the wind turbine hould be estimated. For in tance, if it is found that 

a 6kW turbine will meet our needs fır t; by installing a 0.4kW micro turbine the wind 

quality can be obta ined. Then, if it i caiculated and proved that the wind works well 

ı ı 



at the ite of experiment , the ize of the turbine can be increa ed again to a 6kW 

machine. It would be more economical if the tower and foundation are built for a 

6kW wind turbine. 

When the calculation of AEO i completed the feasibility analy i and wind turbine 

election can be proces ed according to the energy needed. One way of estimating 

output i , the wept Area Technique. If the wind peed and diameter of rotor is 

known, AEO can ea ily be calculated. Anather method is to ha e wind speed 

distribution at the elected ite and u e the power curve for the wind turbine which is 

going to be in talled. A third approach i to u e the manufacturer estimate for 

typical wind regime . 

3.4 Method of Swept Area 

Thi method i u ed to fınd the energy in the wind. What captures the wind is the 

rotor of the turbine. The generator, tower, transmission and other parts do not specify 

the energy generated. These part are important in energy generating but they do not 

have direct effect on power produced. ni ike other components the rotor gives direct 

information about the capacity of the turbine. 

The wept area i calculated by u ing the fallawing equation: 

(3-1) 

Where rr i 3.14 and Ri the radius of the wept area. And power output is estimated 

by Equation 3-2: 
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P = p x A (3-2) 

Where P (W) is the ideal power generated, p is the power density (W/m2) andA is 

the wept area (m2). For example, if the ann u al average power density of 250 W /m2 

and ı m swept diameter is assumed, by us ing quation 3- ı and Equation 3-2; power 

can be calculated to be 195W. 

The amount of energy consumed i the product of time and power, therefore 

E= Ip. dt (3-3) 

Where the energy consumed over a defıned period of time if the power 

generated i con tant, then 

E = P X t (3-4) 

For e ample, if the power generated P is 195W, then the Annual Energy Output can 

be calculated. There are 8760 hour in a year, if there i ı 95W of energy pa es 

through the rotor annually then according to the Equation 3-4, energy can be 

calculated to be ı 708 kWh/yr. 

Thi i not what the wind charger produce because it can ' t capture all of thi energy. 

Albert Betz wa a erman scienti t that gi e the rea on. ccording to hi theory the 

portion of the wind that keep mo ing through the rotor can not be captured ı 00 %. 

According to Betz the maximum limit of energy that can be obtained from a wind 

turbine is 59.3% of total energy. In reality, wind turbine rotors convert much less 
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than the Betz tirnit wind into energy. The be t des igned rotor can convert up to 40% 

of energy available. ven usable energy i much less becau e a lot of energy i lo t in 

generator , tran mi ions and on ertor . enerator effıciency can be more than 90% 

but ometimes they are partially loaded o the effıciency suffers a a result. In Table 

3-1 overal 1 efficiency of a w i nd turbine is calculated u ing those numbers . 

Table 3- l : Overall effıciency estimation[10] 

Rotor Transm ission Generator Yawingand Overall 
Effıciency Gusts 

40% X 90% X 90% X 90% = 29% 

In reality wind turbines capture 12-30% of the energy in the wind (10]. Wind 

turbine are designed for specifıc purpose in different wind conditions. mali scale 

wind turbine generally convert 25-30% of the total energy. In wind ites where 

average wind peed i below 5.5 ml , the effıciency of mali scale wind turbine 

tend to be higher (10] . 

To calculate the AEO of the w i nd turbine, the following teps should be done: 

Power den ity P hould be known at the height where the wind machine 

will operate. 

wept area hould be given. 

Approximate value for effıciency should be gi en. 

All calculations hould be done ba ed on 360 days period. 
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o: 

O = P/ xA x o/oeffıciency x 8760 h/yr (3-5) 

In Tab le 3-2 annual energy output i available in terrn of m Wh/yr. If the rotor 

diameter and a erage wind peed are gi en , the other pecifıcations of the wind 

turbine can be found from the table. The as umed effıciencies have been obtained 

from a urvey of manufacturer of wind turbines. The e number show appro imate 

quantity and they can be changed from turbine to turbine. Power den ity can be 

calculated u ing quation 3-6: 

P/ = ~d s 3 (3-6) 
2 

Tab le 3-2: stimated annual energy output at Hub height in m Wh/yr [1 O] 

Rotor Diameter (m) 

Power 
Average Density Total 

Speed (m/s) (W/m i ) Effic ı 1.5 2 3 4 5 6 7 
4.0 75 0.28 0.1 0.3 0.6 1.3 2.3 3.6 5.2 7.1 
4.5 ll o 0.28 0.2 0.5 0.8 1.9 3.4 5.3 7.6 lO 

5.0 150 0.25 0.3 0.6 ı 2.3 4.1 6.5 9.3 13 
5.5 190 0.25 0.3 0.7 1.3 2.9 5.2 8.2 12 16 
6.0 250 0.21 0.4 0.8 1.4 3.3 5.8 9 13 18 
6.5 320 0.19 0.4 0.9 1.7 3.8 6.7 10 15 20 
7.0 400 0.16 0.4 1 1.8 4 7 ll 16 22 
7.5 490 0.15 0.5 1.1 2 4.6 8.1 13 18 25 
8.0 600 0.1 2 0.5 1.1 2 4.5 7.9 12 18 24 
8.5 720 0.1 2 0.6 1.3 24 5.3 9.5 15 21 29 
9.0 850 0.12 0.7 1.6 2.8 6.3 ll 18 25 34 

15 



If the average wind peed i unknown the power density can be e timated by fınding 

the location in wind peed di tribution maps. If the value of the power density i 

known, we can e timate how much energy a wind turbine will generate. 

3.5 Power Curve Method: 

With thi method the AEO can be calculated by u ing the wind peed di tribution 

chart for elected ite and the turbine power curve given by manufacturers. This 

technique i u ed by meteorologi t to determine the AEO of a wind turbine. 

Eventually by matching the power curve and the wind peed di tribution chart, the 

calculation of the total power generatian by turbine can be done by u ing 

corre ponding wind peed range. um of the energy generated in all wind speed 

range will be AEO. 
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Chapter 4 

MEASUREMENT APPARATUS, HARDWARE AND WIND 

TURBINE MONITORING PROGRAM 

Thi y tem i made up four main part : a wind charger, per onaJ computer, data 

acqui i tion y tem and connecting cable o Figure 4-1 show the schematic diagram 

of our sy temo Power output i connected to an electronic apparatus which mea ure 

the power producedo The mea ured power is converted to data language and data 

about power will be recorded by using aP o 

Tail ane 

/ 
To\ er 

Figure 4-1: chematic diagram of the y tem [9] 
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4.1 Wind Turbine 

Wind peed and electric ity generated are directly re lated to each other; a the wind 

speed is increa ed, electricity produced i increased. The mali-sca le wind charger 

generate 0-1 2V D . urrent produced by the wind charger is plotted again t the 

wind peed in Figure 4-2 [ l l]. 
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Wind speed(Knots) 1Knot=0.55mfs 

Figure 4-2: urrent output ver u wind peed fo r Rutland WG9 ı 3 [ll] 

wept diameter of thi wind charger i 91 Omm with a six bladed rotor. Thi mali-

scale turbine has a we ight of ı 0.5Kg and it is mounted on a 3m long tower located on 
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the roof of the mechanical engineering building as can be seen in Figure 4-3. The 

total height of the turbine from ground level is around 12m. The cut-in speed of this 

turbine is 3.5ın/s. Rutland WG913 generates 24W and 90W at wind speeds of 5.5ın/s 

and 10.5ın/s respectively. Maximum power output of this turbine is 300W [ll]. The 

total length of the turbine with its vane tail is 608mm. Technical drawings are 

available in two dimensional with front and side views in Figure 4-4[11]. 

Figure 4-3: Rutland 913 wind charger 
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146 

Figure 4-4: Rulland W 91 3 wind charger and dimensions [ 1 1] 

4.2 Data Acq ui ition Board: 

Data acqui ition board is the mea urement apparatus u ed in thi project pecially 

designed and programmed for our in e tigation; it can measure from O to 20 voltage 

with cry high accuracy up to ±ı o-s. lnput of this eleclronic board is power output 

of the Rulland W 913 wind turbine and outputs are data about vo ltage, current, 

power and wind ·peed. This board is made of one micro control ler, voltage adopter, 

re i tor and one L D. The micro ontroller i an interface between turbine and 

computer; the a ltage coming from the turbi ne is decreased by res istors and 

mea ured by controller; at the same time current, power and wind peed is ca lculated 

by lhi device. The in tantaneous current and voltage will be displayed on the LCD 

and the ame data \l ili be sent to a P before pa ing the voltage adopter. 

Voltage adopter i an 1 which increases the altage from 5 to 12, in order to be 

received by erial port of P . In anather word thi data acquisition board is an 

interface between turbine and P . The duty of thi hardware is to mea ure the power 

produced by wind turbine, at the same time sent it to computer a a data. P rece ive 
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Figure 4-5: now chart. of the software 
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igure 4-6: chematic of data acquisition board 

p 

Figure 4-6 shows the hematic of data acquisition board. 1 here are total 4 maın 

components installed on thi board . They are connected together with wire. The 

voltage output of the turbine afler crossing the resistor comes to A VR ATM E A8 

micro conlroller; there is an analog to digital canverter inside this micro controller 

be au e signal should be converted to digital ones fi rst. ll the ca lculations 

in ol ing oltage, current, power and wind speed are done in thi s micro controller 

which i programmed at the beginning. There are two out let p rts from this unit, 

port A and port B. Data sent from port B is received by digital 2x 16 LO . 

lnstantaneous voltage and current are displayed on L D. Data from port A are sent 

to 5- 12V voltage adoptcr; voltage will be increased from 5 to 12V in thi unit in 
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order to be recognized by computer. Figure 4-7 shows our data acquisition board in 

operation. 

Figure 40-7: Hardware used 

4.3 Wind Turbine Monitoring Software: 

Monitoring and recording is carried with the aim of software. The software is custom 

designed and developed by Reza Abrishambaf (PhD student in EE department) 

according to the hardware output; you can check Apendix D for program codes. Data 

taken from the hardware is read every 2 seconds and is recorded every 1 hour. Power 

curve of the turbine is defined for the program, when the program calculates the 

power produced at the same time it computes the corresponding wind speed from the 

curve. Power curve of the turbine is given as a function; where Y is power and X is 

wind speed, the program substitute instantaneous power produced to the function and 
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it find the wind speed. Al l data are writtcn in a selected te t fil e on the desktop of 

the P and they wi ll be sa ed e ery 1 hour. o arter 24 hours 24 groups of data is 

obtained, including date, time, wind speed, voltage, power and current which is 

recordcd by program. 

The following linear cquation is used to calculate the wind speed re pect to oltage 

output of the wind turbine: 

y = 1.05820 ı - 3.984 1 

Where X i wi nd pecd (m/s) and Y is Amps when the turbine is charging a 12V 

battery. This equation is extracted from performance curve of the wi nd turbine given 

by manufacturer . llowe er the curve is not linear, the best line i drawn and the 

linear equation of the line is found. In Figure 4-8 the window of the software can be 

een. 

Following teps should be done to run the program: 

In ta li the program 

Open the program 

rcate a Tc t file on desktop 

lick on choosc fi le and select the created Te t fi le in previous step 

Click on connect and don' t closc the program 
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Figure 4-8: De igned program and preview. 

The in tantaneous vo ltage, current, p wer and wind peed can be seen on the top of 

each column (see Figure 4-9), when the program is connected to the hard-.: are. 

The data wil l be recorded every one hour in the selected text document. A ample of 

text fil e and last data can be seen in the Figure 4-9. 
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Figure 4-9: ample text fi le from latest data 
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hapter 5 

RE ULT AND DI U ION 

In chapter 4 two method for e timating were introduccd. In thi s chapter these 

two methods are appl ied and compared with actual power generated by Rutland 

W 913 wind turbine. verage p wer output in 3393hr of measurement i cal ulated 

to be ı 2 .6W . onstant a erage power of 12.6W for a period of ı year i as umed for 

the estimation of A . 1 able 5- 1 is a brief di splay of data taken in 7 months. 

''T TA L A VERA " shows the average of all data in 7 months. 

Tab le 5- 1: verage of data taken from each month 

Voltage Currenl Wind Speed 

(V) ( ) Power (w) (m/s) 

April 6.3 825 ı 63 ı .3 09234 ı ı 3.33 8052 ı 5.006836265 

M ay 6.7oo ıı o ı 1.37438 15 ı4 .9653923 5.068400666 
-June 6.9306094 ı .4 2 ı 6634 ı 5.53336 ı 6 5. 11 3082079 

J Lll ) No data No data No data No data 
-ugusl No data No data No data o data 

September 5 .278 503 ı 1.0827698 9.46905469 4 .7928273 ı 3 

October 5.5735697 ı . ı4 32963 ı 1.900 1 9 ı 7 4.850024899 

November 5.9326308 1.2 169499 ı 3. ı 503333 4.9 ı 9627579 

December 4.9708824 ı . O ı 96682 9 .8880858 ı 4.733 ı 96 ı 47 

TOTAL 
5.9669 1.22399 12.606. AVERAGE 4.926 

_.._ -

* Based on ex perinıcn ta ı data. estimated 1\ 1:::.0 po\\er " ı yea r ı 2 .606 W " 

8760hr ıı 0.42 kWh/yr 
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The maximum recorded wind peed wa 6.6m/s. lt does not mean that the wind 

spced does not exeecd 6.6m/s during one year. Each group of data i ncludes oltage, 

current, power wind peed time and date. ne group of recorded data i the a erage 

of data taken in one hour. Thereforc, 6 .6ın/ ma imum wind peed is the average of 

the wind speed in one hour and it is not instantaneous wind speed. 

S. l Apply ing wept area method: 

The swcpt area (A) can be eva luated from the radius R, which is half of the diameter 

and approximately equal to the length of one b Iade ( ee Figure 5- 1 ), u ing Equation 

3- 1, A can be evaluated: 

A - nR2 - n(0.910/2)2 0.65 m2 

Figure 5- 1: Front iew of Rutland W 9 13 
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Using swept area method, po" er density should be e timated. To ca lculate power 

density wind speed i needed. According to rable 5- 1 average wind speed (s) in 7 

months was mea ured to be 4.926m/ , as uming average wind speed does not change 

during 1 year mea urement. d is airden ity al ea level at 15° . 

P/A ı d 3 - s 
ı 

0.6125 s3 0.6125 X 4.9263 72.502 W/mı 

Now AE can be evaluated. According to Table 3-2, for our turbine 25% erriciency 

i estimated. 

AE 72.502 Wlmıx 0.65 mı x 25% x 8760 h/yr 

A l~ 103 .206 kWh )r 

5. 1.1 rror estimation 

· stimatcd A O obtained from e perimental data i given to be ı ı 0.42kWh/yr. n 

the other hand, u ing wept area meth d A is found to be 1 03.2kWhlyr. 

0 .10 ı 1 0A ı 103.ı ı 00 
,ı rror ;;: x 

ı ıo.4ı 
ı6.53% 

5.2 pply ing Power urve Method: 

· ach wind turbinc' pcrforrnance i delined by a power curve which shows the 

power (W) gcnerated ersu wind peed (m/ ). Rutland W 9 ı 3 power curve is given 

in Figure 5-2; thi graph is kctched by using one month data in different wind 

speed with corre ponding power outpuL Thi curve i not givcn by manufacturer , 

the only given information is voltage and wind peed relation (Figure 4-2), which 
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doe nol verify power. The power produced wa mea ured by our monitoring ystem. 

Figure 5-2 is the power curve obtained by va riou power outputs and various wind 

speed. ~ ach point i one data, the junction the e points make thi s curve. 
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Figure 5-2: Rutland W 9 13 power graph 
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Figure 5-3: Rutland W 9 13 wind peed distribution chart for 3393hr 

Table 5-2: • ti rnaling Annual l:.nergy utput from wind peed distribution, and 
power curve for Rutland W 913. 
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wind peed 1 nstantaneous Energy 
range (m/s) power (W) hr/3393hr o/o/year llou~ear kW h/yr 

3.5-4 ı 7 14 2 1.04 1843.1 1.84 
4-4.5 3 733 2 1.6 1892.1 5.67 
4.5-5 8 504 14 .85 1300 ı 0.4 
5-5.5 14 401 ı 1.81 1034.5 14 .5 
5.5-6 22.5 437 12.87 11 27 25.3 
6-6.5 35 604 17.8 1559.2 54.5 

I OIAL 3393 100 8760hr ALO 11 2.2 1 

There are totally 3394 hour of data a ailable from our measurement period. In 

Figure 5-3 total time of measuremenl is divided to 6 categori es a it i shown. ach 

category pecifies a wind speed range, in which lurbine gencrates power. Wind speed 

distribution diagram helps u lo find hour of operation in different wind speed 

range, o the speed in which our wind turbine will operate more econoınica lly can be 

decided. Moreo er using the performance curve of other turbine there will be 

poss ible to seleel the required wind tu rbine, at thi s stage the performance cur e of 

new turbine is distingui hed with operation hours and decide in which speed the 

turbine wi ll generate more electricity. 

5.2.1 1 rro r timation: 

xperimentally e timated 1 1 0.42kWh/yr as it was di cus ed before, and 

A computed by using the power curve method is 1 12.2 1 kWh/yr. 

0 /0 11221- 110.42 100 
tı rror = x 

11 0 .42 
l. ı .62% 

The a erage power produced in each month of mensurement is shown in Figure 5-4. 

lt was not poss ible to take measurcmcn ts for July and August due to hortage of 

time. If the Figure 5-4 and 5-5 are studied, it can be easily recognized that, e en a 

mali change in wind speed can ha e a large effect on the power output. This i 

becau c of the power law, which states that power output is a cu bi c function of wind 
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speed ( ee Appendi for more information) therefore, these two figures verify that 

wind peed and power ha e parabolic relations. 
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Figure 5-4: verage power produced in 7 months 
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Figure 5-5: Average w i nd speed in 7 month 

Data obtained from 7 months mea urement are shown in Appendi B a a graph of 

time versus wind speed. The graph of time crsus wind speed for December 20 ll is 

hown below. Power, current a ltage and wind speed graphs of all 7 month are 

avai lable in Appendi B. 
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Figure 5-6: Wind peed ver us l lour graph in December 

5.3 Economic Fea ibi li ty 

~ conom ical ana ly is is the unique approach of measuring economic feasibi lity of a 

project These eva luations hould be done by considering the value of project and 

time value of money. The va lue of the project is expressed a present va lue (PV) of 

the in e tments and a ings during the life-cycle of the proje t. The economical 

performance measures take account of net presenl value (NP ), sa ing Lo in e tment 

ratio ( IR), internal rate of retum (IRR) and simple pay back. 1 he equations are 

given as follows: 

NPV=l: PV Annual savings - L: PV Life cycle investments (5- 1) 

l R _ L PV Annual savıngs 

L PV Lıfe cycle ınvestrnenıs (5-2) 

IRR = Di count rate, where IR 1, or NPV O (5-3) 

. l b k l n ıual ı nvesunem 
ımp e pay ac -

Annual savlngs (5-4) 
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For imple pay back calculation the time value of money does not take into a counl. 

imple pay back should not gi e results more than one year; otherwise it would not 

be a meaningful calculation. A ·0 of Rutland W 9 13 was estimated a 1 10.4 

kWh/yr. By considering 0.32 $/kWh of electricity price in North yprus, the total 

amount of money saved annually can be calculated. Multiplication of A ~ and price 

of electri city gives us total annual a ing to be 35$. The price of Rutland W 9 13 is 

cqual to 700$ (initial cost). The analy i period i taken to be 15 years. Residual 

va lue and di scount rate wa as umed a 200 and 7% re pecti vely. 

By u ing the a ailable parameters and orresponding equations mentioned to 

ca lculate NPV, IR, IRR and imple pay ba k economical analysis is done. The 

resull are hown i Table 5-3: 

Table 5-3: Parameters and result related to fcasib ility analysis: 

o 
o 
7 
15 

200 
35 
700 
-309 
0.5 
0.0 

a ing-to- investment ratio is ca l ulated to be -309 and th is project is not 

e onomical ly fea ible since a negati ve num ber is obtained. Appendix ~ is the excel 

programused for economical fea ibility analysis. 
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If the Annual sa ing i increa cd Lo 69 , the project would be economically fea ible. 

In this case A O should be more than 220kWh/yr. A erage power output of the wind 

lurbine should e ceed 25.5 W. According to turbine power curve the average wind 

speed of 5.9m/s is needed to producc thi much cnergy. By using Figurc 3-3, 1 f the 

height of the turbine is increa cd by 5 to 7 meter , most probably this much energy 

can be captured. Anather way i to nıove the wind Lurbine to a belter place like a 

hilly area. There are a lot of bui lding and tree in the current location of the wind 

turbine which prevenl wind to trike the turbine directly. 
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hapter 6 

DI CU ION AND ONCLU ION 

ccording to the Paci fi c Northwe t Laboratory of the U. . Department of Encrgy, 

yprus was gi en cia s 4 in wind power densi ty ( heck Append ix fo r other 

cia es). In this cia s, average wi nd peed measured at 1 Om altitude is given to be 

between 5.6 and 6 m/s which are mca ured at 1 O meter altitude. 1 f the altitude is 

increased up to 50 meter there would be 7 to 7.5 m/s wind peed which are very 

ideal to installlarge-sca le wind turbine . 

The average wind peed va lue of 4.9m/s wa mea ured in 7 months mcasurement in 

this work. llowe er in the wind peed potential map given by Department of 

~ nergy, a erage wind peed at 1 Om alt itude is given to be 5.6 to 6m/s ( ee Appendix 

). In th is map each region is pecified by a number. The number on each coumry 

indicate the wind class of that region. According to this the wind class of orth 

ypru is 4. The average wind peed measured in th is work is approximately 20% 

le s than the speed given by potcnti al map fo r North yprus. This is duc to the 

location and the height of the wind charger. The wind turbine is mounted at 3m 

above the ME building which bc low the le el of tree and L bui lding. The e 

conditions pre ent wind to strike directly to the wind charger. lncrea ing the altitude 

of the wind charger wi ll definitely enhancc the power rating. 
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The re ults how that the a eragc power generated by Rutland W 9 13 wind turbine 

is not much difTcrent than tho c or estimatcd by using the power curve method and 

method or wept area. 

bjccti ves or the present work wcrc largely satisfi ed since, data acquisition system 

wa designed and pecificall y used to measure and record all de ired data . 

Mcasurements were made with ery high quality and accuracy during 7 months. 

urrent, oltage, power and wind peed were measured and recorded every one hour. 

Two methods or A ~ e timation were applied to find theoretical AE . Thcorctical 

were calculated with ery low percentage or error. By using economical 

reas ibility analy i annual sa ing wa cal ulated. 
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Appendi A 

Theoretical A pect ofwind energy 

Al: Powe r in the wind 

ne of the most important factor of designing a wind system is to know how much 

power i avail ab le in the wind. s we know air isa mixture of ga e and it contains a 

lot of ub tances. A container full of water i ame asa container fu ll of air, but the 

canlainer containing ai r is lighter; because the density of ai r is sma ll er than water. 

When the wind tri kes to an object it applies ome force to it and cau e the object to 

mo e [ 12]. From this action kineti energy of lhe wind can be proved. 

Kinetic Energy - ~ m sı (A- 1) 

Where m is air's ma (m) and is wind speed (m/s). The air's mass can be 

determined fro m Lhe product of air's density and its volume. The olu me can be 

found by wept area A times wind speed during time period t. 

m At d (A-2) 

Where d is den ity (Kglm3) of the air l 1 3]. 

Wind energy !.. (dA t) sı !.. dALS3 (A-3) 
2 2 
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Power is the rate at which energy is avai lable. 

(A-4) 

Factors which affect the wind power are: air density, swepl area of the turbine. and 

wind peed 

hange in swept area ha a direct effect on the power outpul of the wind turbine. If 

the area is inercasecd by two, the power output will be increased by two; because the 

turbine will be able to capture more wind [14]. 

Ooubling the rotor diameter increases the swept area by four. 

ıxı 

ı x ı 
4 

ame as air den ity, wept area of the wind turbine also affect the output power of 

the wind turbine. The wept area i shown with A and it i square of rad iu multiply 

with n. The radiu of the wi nd turbine is appro imately equal to length of one bl ade. 
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Theoretlcal Power Productlon 
11 M 
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~ 7 M ca -o GM 
~ 
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3M 

2 M 

1 M 

Figure A-1: Theoretica l power produclion in difTercnt rotor diameler [ 15] 

A rr R2 

The mo t important factor affecting power output of a wind turbine is wind peed, 

becau e power in the wind is cubic funclion of wind speed. onsidcr two si tes where 

there is onl y 20% difTercnce in wind peed. Al one site wind speed is 5 (m/s) and at 

the other ite wind peed i 6 (m/ ). llow much does it affect the power produced? 

3 

Pı / p
1 

(Sı/ s,) (6/ s) 3 ~ 1.73 there rore P2 \. 73P1 ( -5)[ 16] 

nl y 20% increa e in wind peed affect the power produced by 73%. 

Now assume 50% increase in wind speed. 

3 

Pı / p
1

- (Sı/ s,) -(10 j s)' 8 thcrerore Pı 8P1 
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When wind peed i increa ed by 2, power will be inerensed by cight times. 

t thi point it is im portant to know which peed should be u ecd. Average wind 

peed alone will not gi c the correct result, if the average wind speed is u ed directly 

to the power equation, therc would be more than 50% error. If somebody asks why 

the a erage can' t be used directly, the an wer is ti me ariance of the speed. The wind 

speed aries from time to time. Average wind peed contain above and below 

numbcrs of average. To cstimate the power, power density should be calculatcd 

fir tly. Let' as umc a erage annual speed of 6 m/s. 

P/A _: d s 3 
ı 

(A-6) 

Power density is a rclation which wind e perts u e it becau e it is a good parameter 

to see how much electrici ty an be obtained during a period, typica ll y one year. 

Power density is given in un i ts of watts per squarc metcr. o takc the temperaturc of 

air 15 C at sea level and sub titute air density. 

P/A 0.6125 s 3 , where inmeters per second [ 17] 

P/A - 0.6125 (6)3 132.3 W/mı 

o how will be the rate of power if half of the time there is 3m/s and half of time 

9m/s! The average specd sti li will be the same! Let's che k how power den ity will 

change when the e two peeds are used. 

At 3 ml , P/A 0.6125 (3)3 - 16.5 W/mı 
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l 9 m/ , P/ 0.6125 (9)3 = 446.5 W/mı 

Average P/ 
w w 

16.5~ 1-446.5 ~ ı 
m m = 23 1 5 W/m 

ı . 

As it is seen power den ity P/A is 23 1.5 W/mı, when we coınparc with 132.3 W/mı 

a big difTerence can be recognized. Mo t of the power will be provided from amount 

or w i nd abo e the a erage. ır the graph or w i nd speed ver us time i plotted it can be 

noticed that there i ometime no wind, windy and extremely windy period . The 

di tribution ofwind peed vary from place to place, but in genera l they follow a beli-

haped curve like Rayleigh distributions ata site where ha different average wind 

speed. The power density can be obtained from distribution or Rayleigh for any 

average wind speed. 
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Appendi B 

Experimenta l Data with the Aim of Graph 
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Appendix 

Europe and We tern A ia Wind Cia ification by U 

Department of Energy 

Figure A- l: ~ uro pe and weslern Asia wind class i fi calions [18] 
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Figure A-2: las es or wind power density [ 18] 

CLASSES OF WIND POWER DENSITY 
Wl NO 

POWER 
CLASS 

10m 133 ft! &Om (164 ftL 
WINO POWER SPEED WIND POWER SPEED 

Wt m' m / 1 mph W / ml m/ a ~ 

1 o -- o - o o o - o 
ı---t---- 100 -- 4 4 - 9 .8 --- 200 &.& - 12 5 

~ t--.._...-+------ 160 -- - 6 1 - 11 5 300 6 4 - 14.3 
iiiıiiiiit--- 200 -- 6 6 - , 2 5 --400 7 o - 16 7 4 

2!0 80 - 134 500 7 .5 - 168 
: 300 - 1 .4 - 14 3 soo 8 .0 - 17 9 

- 400 -- 7 o- 15 7 800 8 8 - 19 7 7 
1000 - 9 4 - 21 1 - 2000--11 9 26 6 

RIDG E CREST E&TIMATES (LOCAL RI LI F 1000 H I 
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Appendi D 

Ba ic Program ode for Mooitoring oftware 

regfıle "m8def.dat" 

$ ry ta l = 8000000 

$baud = 9600 

onfıg Ledpin = Pin , Ob4 Portb.4 , Db5 - Portb.5 , Ob6 = Portb.6, Db7 Portb .7 

, = Portb.O , Rs = Portb. l 

onfıg Led = 16 * 2 

' onfı g ingle = cientifıc , Digits 5 

ls 

onfıg Ade = ingle, Prescaler uto 

Dim W As Word , hannci As Byte , V As ingle, 1 As inglc, PA ingle, Ws As 

ingle , Wf As ingle 

hannel = O 

ta rt Ade 

llome 

ls 

Led "Yoltage( ):" 

Lowerline 

Led " urren t(mA):" 

ursor ff 
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Do 

W eLadc(channeı ) 

V - W / 40 

Locate ı , ı 3 

Lcd V 

Print V 

w / ı95 

Locate 2, ı4 

Lcd ı 

Print ı 

P = V • ı 

Print P 

Wf- ı +3.989 

W s = Wf 1 1.0582 

Print Ws 

Waitm 2000 

Loop 

nd 
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AppendixE 

Life Cycle Analysis 
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Life C ye le Co st Analysis 

lnput 
l nput in BLUE ce lls only. 1 N STRUCTION S 

TADU: 1 
~ Cyc-IP lnvHtmımt Sch~W.. from step9 1, 2 , and l 

V l'!:llr New Old Nl'!t Anvııun.t 

o S700 S700 

1 $0 

2 so 
3 $0 

4 :ro 
5 so 
6 sn 
7 so 
8 $0 

9 so 
10 so 
11 so 
12 so 
13 so 
14 so 
15 so 
16 so 
11 $.0 

18 $0 

1Q so 

Tabk> 1: Ufe Cycle lnvestrn.nt khedule 

-~ Year O tıew: Enter surn of new ıWal nvestrııents of ECLis 

- ~ Year O, Oki Enter sum of replaoement costs reqund n year O <or ot1 tedv'ok>9ies ın al ECMs 

- ~ Y ear 1-19. Enter sch.ed~ o1 Mure costs (repfıı cenen! costs not counted 11 annual operatıon & 

mıunlcı ısııuı:) r~ı~ ıı::w ıuru ı.ıkllt:u•~ 11 lll ECM::. 

The nd amount f« each vear ıs the dff~eoce belweerı akl costs and new costs ror eadı vear 

Tl\es.e are au:omatıcaJy calı::LIIated by the spreadsheel 



TABLE :ı T etMe 2= Civ.-n Dat::lı! 

Annuel Sovng::~ ~ 
U&cou:nı ~ 7"' 
AJıı:ı~ LICIW CY=ısl 1:i 

l'tc3cl.tal voUc -- 1:!00 

(fnı<lı~3) 

(troftı ~ 4 J 
(rıumstı:::ı.ı 51 
(fn>m~6) 

- Eniler ı>ct onnuoJ 30Yıng:J (lhc 3Ur' o f rcgubr 01\n-.l :w~~ & cxpc.n3C3) 

- ti\~(IJ!lC'OUt\1 rate 

- cı--. u ıe ı ıurrDt:ı u r yı::ısı :s r.... u ıı:: ıuıö~r.sıs 
- En1ı::r 3um of r'C3Id u al V'IÜ.Ic o f ECiııl ~ ot cad o r 1 O yr 3Clf'VlOC Ille 

TA6LE .3.. Sıtvt:ı~ C~lruıı r.ıı 
Year 
Arnt.a.~~ 

PV Al• uııJ ~n~ 
r: rrv A.nnuaı s • .,... 

T J\B LE <1: lnve111rnfM'rtc 

YMr 

tfd Lı fe Cy1e ln"'=tlnctıb 

PV Lıt. Cyde lnvectnwnta 

r: PV u-e c.yc:ıe mestmems 

Life Cycle Cost A nalys is 

Calculatlons 

~ PV Aı•ıuıd :sı:ınıu:s z Aı•ıutd :51:1YII\I:S 1 (1 ~ Dbuluııl Rıı..ıcr-

o 1 2 3 .. 
$ll ~l."i $.'t'> $.'\."i 3.-l."i 

SD $X) ~~ $29 $27 

S'319 

(fıvın Sl.c::ı.o 71 

s 6 7 
$.'\."i S..Y' $\'i 

!iZi $2:) $2:2 

Formula; PV Lı l e Cyca ~ - Lre Cycı. lnvectıraıt 1 (1 • Oıi&count Rat• }- ( ftOM sı.p 8) 

o ı 7 ~ • "i " T 

S7 00 so .so so $0 so so so 
S /00 'RJ w 'W 'W su su w 
~ 

8 o 10 
S.. V\ S.."l."i $.'\."i 

S20 $19 510 

" q ı n 

so so so 
su su 'SU 



Net :nh Fows 

(far ım creıatıoıı) 
1 ~~ ml ml m ml ml ml ml ml ml ml 

Life Cvcle Cost AnaJysis 

Output 

T~6LE 5; Results 

Net ::ıresen: '/ıu.~ (\PV) 

Sarngs..b..kıYesbilent P.z.to 

Wemıı Ralc cf F etum (u::.R) 

Sııolc PB~clı ~.nı) 

ClTPlfTS 

B
-S 30'~ (frcııı. S.ep !:<) 

{from S:ep 10) 

(fnrıı Sıı> 10) 
20:) 

fo-nsln 

lıf! C)'de llet Sı' -.ag:s 

Sıwııgs.b-ln Yestrent Ja .to 
... lernııl rllte or -et.Im 

Sinpb ıxı ırba olı 

'" I :7'/ AnnJl!l ~m ıs · I PV lıfe C)'de hYestren:s 

'" t ~1 Aıı.ruıi ~viı)S fE Pl.' _fe Cy::e lrıvesmeı.ls 

= Ois«ut rale where >S: • 1 <. or NN "' ) 
= lnriaJ in\ c:5tıııcııt 1 ınuaJ ~gs 
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