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CHAPTER I 

INTRODUCTION 

Environmental regulations of the Environmental Protection Agency (EPA) place 

restrictions on the use of fossil fuels such as coal, natural gas etc. Nuclear Regulatory 

Commission's (NRC) safety regulations have made installation of nuclear power plants 

prohibitively expensive and their waste disposal difficult and cumbersome. During the 

past twenty years there has been a wide variation in the price of oil in the world market 

[1]. In the backdrop of all these, renewable energy sources like wind and solar have 

gained in importance as an alternative means of generating environmentally friendly 

electrical energy. 

Wind energy is a solar resource which is created primarily by the temperature 

gradients that exist among the sea, land, and air and also by the gradient that prevails 

between the equator and the poles. About 0.25% of the incident solar radiation is 

converted into wind energy [1]. The emergence of wind generated electricity (when 

properly located) as the least costly solar-electric technology is mainly due to three 

reasons. The first is that "good wind sites" have a higher average energy density than 

good solar sites [1]. The second is the higher conversion efficiency of wind turbines 

compared with solar-thermal plants [1]. The third is the lower initial capital cost per kW 

capacity than other renewable technologies. The kinetic energy of wind can be readily 

converted into rotational motion needed to turn a generator. In general on an armual basis. 



wind machines can generate about three times as much energy per unit of collector area 

as a solar-thermal system [1]. It is interesting to note that area in the vertical plane does 

not really cost, but area on the ground does. However wind turbines need space between 

them which solar panels do not. 

Historically the electric utilities have not shown much interest in wind electric 

conversion mainly because of the higher cost of wind generated electricity compared with 

fossil fuel and the unpredictability of the wind. However in the last quarter of the century 

the overall life cycle cost of wind turbines has been reduced and their reliability and life 

span have increased. In addition, there is world wide interest in the reduction of 

atmospheric pollution. As a result the utilities have become interested and started to look 

forward to integrating wind turbine plants in their system. 

The wind energy conversion system that will be discussed in this thesis is owned 

by Central and South West (CSW) Utilities. It is located in the Davis Mountains near Fort 

Davis, Texas. This wind farm is a part of a large research project which also includes 

direct solar energy conversion. The experience and expertise derived from planning, 

construction, operation, data acquisition and analysis, performance evaluation, power 

quality etc. will be used in subsequent wind turbine projects at other sites. An 'initial 

evaluation' of the project from different aspects can be of great value to both the owner 

utility and the manufacturer because many problems related to the above mentioned 

issues can be identified, analyzed and solved during this development and demonstration 

phase of the project. 



In a wind turbine generator system, the mechanical output from a wind turbine is 

used to drive a generator for producing electric power. The wind turbine is driven by the 

energy in the wind. Simply put, wind energy is the kinetic energy of a moving mass of 

air. The theoretical maximum power output, P, of a Wind Energy Conversion System 

(WECS) subtending an area. A, of the air flow with a uniform speed,V, and density p,is 

given by 

P=.5CppV^A (1.1) 

where Cp is the power coefficient of the wind turbine. Generally Cp is dependent on wind 

speed V. It is interesting to note that the cubic dependence of power on wind velocity 

causes the output of a WECS to be an extremely sensitive function of wind speed. As can 

be seen in Fig. 1.1 [5], the power coefficient of the wind turbine is also dependent on 

wind speed. Wind turbines should be installed at sites with high wind speeds in order to 

make the best use of a given wind turbine system. As is evident from equation (1.1), the 

energy output of the wind turbine is directly proportional to the area of the circle 

described by the motion of the blades. For this reason, blades with large diameters are 

typically used in large wind turbines. 

The classical representation of the wind velocity increase with height above the 

ground is given by the empirical relationship 

v,/v, = (hA2f (1.2) 
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Fig. 1.1 Variation of power coefficient with wind speed 



where v, and Vj are the wind speeds at heights h, and h2 respectively. The index 'K" 

usually lies between 0.1 and 0.5 and depends on surface characteristics, temperature, 

season of the year, etc. The fact that wind speed increases with height above the ground 

implies that the hub height of an installed wind turbine is an important factor for electric 

power production. 

Power curve of Zond Z-40 Wind Turbine 
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Fig. 1.2 Power curve of wind turbines installed at the wind farm which has 
been adjusted by Zond for the elevation of the site (6100 feet). 

Wind turbines belong to two major classes: horizontal axis (HAWT) and vertical 

axis (VAWT). The wind turbine generators that will be described in this thesis are 

horizontal axis type. The HAWTs must face into the wind, i.e., the planar surface area of 

the turbine blades are perpendicular to the wind direction, for maximum power output. A 

fiarther description is "upwind" or "downwind," i.e., whether or not the turbine nacelle is 

behind the blades in which case the blades are "upwind." The turbines at the Fort Davis 



Wind Farm are "upwind type." The performance characteristics of a wind turbine 

generator can be best described in terms of its 'power curve' which is simply a plot of 

wind speed vs. power output. Fig. 1.2 [6] shows the power curve of the wind turbines 

installed at the Fort Davis Wind Farm (provided in the contract for the project). The cut-

in speed, which is defined as the lowest wind speed for producing power, is 8 mph. The 

cut-out speed, the wind speed at which the turbine is shut off and the blades are not 

allowed to rotate, is 60 mph. 

In this thesis some of the data/experiences gathered during the initial stages of 

operation of the newly constructed, grid connected wind farm will be discussed. A 

background of the project is provided in Chapter II. A brief description of the physical 

location of the wind farm/turbines and the components and instrumentation in the wind 

farm is included in Chapter III. Chapter IV is devoted to describe the experience with 

data collection and analysis. The effect of different factors, e.g., temperature, site altitude, 

air density, hub height, etc., is discussed in Chapter V. Some interesting observations and 

possible explanations thereof, during starting and steady state operation of the turbine 

generators are provided in Chapter VI. The steady state performance of the wind farm is 

analyzed in detail in Chapter VII. Issues related to utility integration are discussed in 

Chapter VIII. Finally, the conclusions are provided in Chapter IX. 
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CHAPTER II 

BACKGROUND OF THE PROJECT 

The fluctuating price of oil, the drive for generating environmentally benign 

energy and the rapid development in renewables technology in recent times that resulted 

in lower unit cost of wind generated energy, have provided enough impetus for many 

power utilities to consider wind energy conversion systems as a part of their generation 

mix. The objective of the Central and South West (CSW) Renewables project, is to asses 

the potential of wind power and direct solar energy as alternative means for generating 

electrical energy in its service areas. The Fort Davis wind farm is a part of this project, 

which originated from CSW's interest in non-conventional modes of electricity 

generation which are both reliable, and some what comparable in cost with respect to 

conventional technologies. The CSW system consists of four utilities operating in Texas, 

Oklahoma, Arkansas and Louisiana. The participating utilities are Central Power and 

Light Company, Public Service Company of Oklahoma, Southwestern Electric Power 

Company, and West Texas Utilities (WTU). The CSW Renewables Project involves a 

multi-faceted program which includes installation of wind and solar based energy 

conversion equipment, and instrumentation for monitoring their performance, impact on 

ecology etc. Some of the specific areas of interest are performance evaluation of the 

energy conversion systems, determining wind and solar resource for the CSW area, 

identifying issues associated with interconnection to the utility grid, etc. [8]. Creating 



and maintaining a central data base for all the sites in the project area (wind and solar), 

and assessing the societal acceptance of the renewables are also included in the project. 

Wind related activities 

CSW launched a wind resource assessment program in mid-1993 in its service 

areas [7]. CSW originally envisaged a 2 MW advanced wind turbine project for 

installation. However additional funds from the Department of Energy (DOE) and the 

Electric Power Research Institute (EPRI) provided CSW enough money to increase the 

capacity of the proposed wind farm to 6 MW [7]. CSW submitted a proposal for the 6 

MW wind turbine plant and were awarded a contract in the first half of 1994. On October 

25, 1994, CSW signed the contract with Zond Systems, Inc., the contractor for furnishing 

and installing the turbines/accessories at the wind farm (south east of Fort Davis, Texas in 

the WTU service area). 

Wind Farm Site Selection 

An important criterion for the selection of the CSW wind farm site was that both 

the solar park and the wind farm should be within the same area. This was for better 

coordination of research, logistic and public relation activities, and to save on operation 

and maintenance costs. For this reason an area had to be selected which exhibited 

attractive features from both wind and solar energy generation point of view. The Fort 
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Davis-Marfa area provided such a combination [7]. The site also had to meet some other 

important selection criteria. For example, the site had to be: 

i. A good wind site (annual average wind speed not less than 15 mph). 

ii. Within 10 miles of existing power lines. 

iii. Accessible for construction and maintenance. 

The site for the existing solar park was chosen mainly because the land was 

donated by an interested land owner and because of its proximity to the McDonald 

observatory in the Davis Mountains area. Three wind sites were initially identified and 

their wind resource were evaluated. The site names and their annual projected wind speed 

at 40 meters are given below: 

Robison Ridge :15 mph, 

Fomipse Ranch :12.9 mph. 

Holmes Ranch: 11.45 mph. 

Of the candidate sites, Robison Ridge, on the Roxa Ranch property in the Davis 

mountains, clearly had the superior wind resource. As such this site was selected for the 

wind turbine farm. Although the site actually chosen for the wind farm was not the best 

one in the CSW area judged from the point of view of wind characteristics alone, it did 

provide the best compromise between all the desirable features called for by this 

particular project [7]. Construction work was mostly completed by October 1995 and out 

of twelve, ten turbines were fianctioning when the plant dedication ceremony took place 

in September, 1995 [7]. 
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Wind Monitoring Sites 

At present there are about 27 wind data collection sites across the CSW area. The 

data collected from those sites will provide valuable information to generation expansion 

Table 2.1 

Site No. 
1 
2 
3 
4 
5 
6 
7a 
7b 
8 
9 
10 
11 
12a 
12b 
13 
14 
15 
16 
17a 
17b 
18 
19 
20 
21 
22a 
22b 
23 
24a 
24b 
25 
26 
27 

CSW Wind Monitoring Sites 

Tower Height (m) 
10 
10 
40 
10 
10 
40 
40 
10 

75 ft. 
10 
40 
40 
40 
10 
10 
10 
10 
10 
10 
40 
10 
40 

75 ft. 
40 
10 
40 
10 
10 
40 
10 
40 
10 

Instrument Height (m) 
10 
10 

10,30,40 
10 
10 

10,30,40 
10,30,40 

10 
70 ft. 

10 
10,30,40 
10,30,40 
10,30,40 

10 
10 
10 
10 
10 
10 

10,30,40 
10 
40 

70 ft. 
10,30,40 

10 
10,30,40 

10 
10 

10,30,40 
10 

10,30,40 
10 

10 



planners regarding subsequent WECS additions in the CSW system. A list of the wind 

sites along with the height of the meteorological towers and measuring instruments, is 

provided Table 2.1. The actual names of the sites have been suppressed intentionally. 

Solar 

The solar part of the overall project includes a solar park near Fort Davis and 

several other smaller solar-electric conversion systems within the CSW area, where the 

performance of those are being monitored. A breakup of the solar part of the project is 

provided below. 

i. Solar Park: The solar park, which is utility connected, is located about 10 miles 

north of Fort Davis. As of October 1996 it contains one 100 kW flat plate 

(UPG) and one 100 kW concentrator (ENTEC) photovoltaic system as its solar-

electric conversion devices. The UPG has single tracking while the ENTEC unit 

has dual tracking facilities. In addition to these, two other solar systems are 

currently being installed at the solar park. One is the AMONIX system, which is 

a high concentration 2-axis tracking solar system with a power rating of 17 kW. 

The other one, rated 1.5 kW, is a fixed flat plate system fi-om British Petroleum, 

ii. Off-grid: The off-grid photovoltaic systems are smaller in size. These are used 

for supplying energy to residential buildings, street lights, traffic lights and 

well pumps. 
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CHAPTER III 

THE WIND FARM : LOCATION, LANDSCAPE AND COMPONENTS 

Physical Location and Landscape 

The wind farm is situated in the Davis Moimtains along State Highway 166, about 

20 miles west of Fort Davis, Texas. The exact location is latitude 30°31.83' North, 

longitude 104° 11.47^ West. The nominal altitude of the farm site is 6,100 ft. and the 

annual average wind speed is approximately 15 mph. The farm is connected to the West 

Texas Utilities (WTU) sub-transmission system through a 17 mile long 25 kV 

distribution line. Wind direction is predominantly fi"om the east and west, as can be seen 

from the wind rose of the site provided in Fig.3.1 [19]. The twelve wind turbines on the 

moimtains are arranged in two north-south arrays; seven on one ridge and five on another. 

The turbines are positioned sufficiently far apart to make sure that the wake of one 

turbine does not affect the wind felt by the next turbine in the array if the wind is fi"om the 

east or west. There are also permanent meteorological towers located on each ridge. Two 

sets of wind measuring instruments are located on each met tower; one belonging to the 

turbine manufacturers and the other to meteorologists. Each set of anemometers (for 

measuring wind speed) and v^nd vanes (for wind direction) are maintained by the party it 

belongs to. A layout of the turbines and the met towers in the wind farm is shown in Fig. 

3.2 [7]. 
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Fig. 3.1 Wind rose of the wind farm site 
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Fig. 3.2 Layout of the turbines and met towers in the wind farm 
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The Wind Farm and its Components 

The turbines employed at the farm have been manufactured by Zond Systems Inc. 

The model is Z-40, which is a 40m rotor diameter, three blade, upwind, horizontal axis 

wind turbine driving a 500 kW, 6 pole, 480V, 3-phase induction generator. The hub 

height is 40 meters, which implies that there is a 20-meter clearance from the ground 

when a blade is at the lowest point. Each turbine is mounted on the top of a galvanized 

lattice tower. An anemometer is also located on each turbine. A brief description of some 

of the important components of the wind farm is given below. 

Turbine 

The main components of the Z-40 turbine are shown in Fig.3.3 [10] and Fig. 3.4 

[10]. The blades of the turbines are made of glass fiber reinforced polyester and are 

equipped with ailerons. The fixed pitch rotor is upwind oriented with a blade connection 

to the hub which allows fine adjustments of the blade angle. The blades are designed with 

variable lift coefficient from the root to the tip. Regulation and aerodynamic braking for 

over speed control is performed by the ailerons and additional braking mechanisms 

mounted on the shaft. The aileron is 23 ft. long and when activated can turn from 0 to -90 

degrees out of the rotor plane. The turbine drive train ensures efficient power 

transmission from the rotor to the generator. The rated angular speed of the rotor is 30 

rpm (approx.). The output speed of the drive train is 1,200 rpm. Some important features 

of the turbine rotor, blades and the drive train are mentioned in Table 3.1 [10]. 
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, 3.3 Main components of Zond Z-40 wind turbine 

16 



Fig. 3.4 Main components of Zond Z-40 wind turbine (human 
figure shown for size comparison). 

17 



Table 3.1 Some features of the turbine rotor, blades and the drive train. 

Item 
Number of blades 
Length 
Type 
Twist 
Maximum chord length 
Tip chord length 
Blade area 
Diameter 
Swept area 
Hub height 
Nominal rotational speed 
Nominal tip speed 
Orientation 
Weight (incl. blades & hub) 
Solidity (blade area/swept area) 
Input rotational speed 
Output rotational speed 

Description 
3 
19.47m 
Aileron blade tip 
16 degrees 
1.937m 
0.593m 
26.6m^ 
40m 
1257m^ 
40.65 m 
29 rpm 
60.7 m/s 
Upwind 
8,936 kg 
6.4% 
30 rpm 
1200 rpm 

Control System 

The ftmctions of the Zond Z-40 turbines are controlled by a distributed 

microcontroller based system. Multiple microcontrollers are used for overall system 

monitoring and control including pitch and power regulation, brake application, yaw and 

hydraulic pump motor application, fault monitoring etc. The control system has a 32 bit, 

17 MHz microcontroller unit as its master processor. The master processor communicates 

with eleven other 8-bit microcontrollers distributed throughout different sub-systems of 

18 



the turbine. The controller collects and records data related to the performance of the 

turbine for subsequent performance analysis and fault diagnoses. 

A user interface is located on the main controller cabinet (located on the ground) 

for the operator to interface directly with the master processor. A portable user interface is 

provided in the form of a nacelle mounted communication socket. A third communication 

outlet is provided for the Supervisory Control and Data Acquisition (SCADA) system. 

The SCADA system allows a remote operator to monitor and control the operation of the 

turbines. The SCADA system currently in use at the wind farm will be further described in 

Chapter IV. 

Yawing System 

Two 480V, 4kW 3-phase induction motors which are activated simultaneously 

upon command fi"om the relevant microcontroller or an operator, are employed to yaw the 

turbine either left or right. There are two methods for yawing the turbine : automatic and 

operator initiated. 

Automatic. The turbine yaws automatically either to place the hub in the prevailing 

wind direction or when the main power cable has twisted over three turns. Yawing is 

important even when the turbine is running normally because the output of the machine 

falls drastically if the nacelle does not face directly into the wind. When operating without 

any yaw error i.e. when the nacelle is facing directly into the wind, the wind vane is 

parallel to the nacelle. A yawing error signal to the master controller is sent if an error 

signal prevails for two seconds. Once the turbine has started yawing, it continues to do so 

19 



in the same direction for at least 5 seconds. There is also a 2 second delay between yawing 

left and yawing right. A wind vane and an anemometer mounted on the nacelle are used 

for automatic yawing operation and high wind speed shut down. 

A cam activated rotary switch is used for automatic cable twist signaling. After the 

untwisting of the cables is complete, the yawing system releases the brake. Automatic 

cable untwisting is possible only when wind speed is below 20 mph. 

Operator initiated. An operator can make the turbine yaw left or right from the 

user terminal. Another command is also available which will turn the nacelle 90 away 

from the prevailing wind direction. 

Generators 

As stated earlier the wind turbines employ induction generator for converting the 

mechanical power at the turbine shaft into electrical energy. The torque-speed 

characteristics of a typical induction machine is given in Fig.3.5 [12]. When an induction 

machine is operated as a motor, the slip lies between 0 to 100%, usually around 5% for 

rated continuous operation. At standstill, the slip would be 100%. 

However if the rotor of an induction machine is driven by a source of mechanical 

power such that the rotor speed becomes greater than the synchronous speed, the slip 

becomes negative and the machine starts to produce electrical power. 

20 
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Fig. 3.5 Typical torque speed characteristics of an induction machine 
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To get a better understanding of the induction generator, a 3-phase induction 

machine to which a prime mover is coupled mechanically can be considered. When the 

stator is connected to a 3-phase supply, a magnetic field rotating at synchronous speed is 

created and the machine starts to run as an induction motor. The prime mover is then 

turned on to rotate the rotor in the direction of the revolving mmf When the speed of the 

rotor becomes greater than the synchronous speed, the machine starts acting as an 

induction generator and starts producing electrical power. In order for the machine to 

operate as a generator, magnetizing current must always be available, which is the 

arrangement in these Zond wind turbine generators. 

For 3-phase induction generators operating in parallel with a source capable of 

supplying the necessary magnetizing current, the voltage and the frequency are 

determined by the source of exciting current [2]. An induction generator can also be 'self-

excited' if sufficient magnetizing current is supplied through a local capacitor bank. 

From the above discussion it can be inferred that the output voltage and frequency 

of the Fort Davis wind farm is basically fixed by the utility voltage and frequency at the 

point of connection between the utility grid and the farm. The machine starts producing 

electrical power only when the speed of the rotor is greater than 1200 rpm (synchronous 

speed). The name plate rating of the generators, as provided in the Manufacturer's 

Manual is reproduced in Table 3.2. 
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Table 3.2: Name plate rating of the generators 

Item Description 
Type Asynchronous, NEMA-4 rated, 6 pole 

(Two 3-phase "Y" windings) 
Insulation Class "F" 
Nominal output 500 kW at class "B" 
Full load current 701 A at 550 kW 
Voltage 480 V AC (+ or - 10%) 
Frequency 60 Hz 
Nominal Speed 1,215 rpm 
Power Factor at full load 0.856 
Life of bearings 3 00,000 hours 

It is interesting to note that the generators have dual windings. No data concerning 

the impedance of the generator are ftimished in the manual. As a result fault studies at the 

generator terminal or at the wind farm-utility interface can not be done with the data at 

hand. The generator is cooled by ambient air. For protection purposes, the generator 

temperature is monitored by four 100 ohm platinum resistance transducers located in the 

two stator windings. They are connected in a series-parallel arrangement which is able to 

provide an average temperature for both the windings. This measurement is used to 

provide a signal for an over-temperature fault. The single line diagram of the wind farm is 

given in Fig. 3.6 [10] for easy reference. 
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Fig. 3.6 Single line diagram of the wind farm 
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Generator Soft Starter 

A generator soft starter is used to ensure controlled transients while connecting 

the machine to the line. The generator is connected to the line at a rotational speed of 

1200.2 rpm. The starter employs high power Silicon Controlled Rectifiers (SCR) and is 

fully solid state. Two sets of SCRs are used, one for each winding. The two windings are 

paralleled at the connection to the utility. A heat sink is used for cooling the SCRs. A 

wiring diagram of the soft starter along with its snubber circuit is shown in Fig. 3.7 [10]. 

Capacitor Banks 

The power factor of induction generators varies with the load. On their own these 

machines are not very suitable for supplying loads with low lagging power factors. 

However for power factor correction, shunt capacitor banks can be used. Each generator 

at the wind farm has two 480 V, 50 KVAR 3-phase capacitor banks connected to it. The 

size of the capacitor banks have been chosen such that, VAR compensation is done to the 

maximum extent possible without causing self-excitation of the generators. 

Transformers 

The output of each generator is connected to its own step-up transformer to boost 

the voltage from 480 volts to 25 kV. The name plate rating of each 3-phase transformer is 

given below. 
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750 KVA at continuous rise 65° C 

High Voltage: 24.940 kV GNDY /14.4 kV; HV BIL: 125 kV 

Low voltage: 480V Y / 277V; % Impedance: 5.4. 

Energv Metering 

The data acquisition system records the average power output of each turbine for 

10 min.(avg.) time intervals. The system is also supposed to provide information about 

the output of each turbine every 5 seconds (although the time separation between 

successive data points are not always 5 sec). There is an energy meter installed by WTU 

at the point of connection between the wind farm and the utility grid, which can measure 

and record energy (both kWh and kVARh) flowing into and out of the wind farm 

separately. Another kWh meter records the amount of energy consumed by the field 

office located inside the plant and the data acquisition system. The overall metering and 

instrumentation will be described in more detail in subsequent chapters. 

Lightning Protection 

For lightning protection high power Metal Oxide Varistors (MOV) have been 

installed. MOV's have been preferred as surge suppressors for their very fast response 

time. 
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Turbine Auxiliaries 

Apart firom two yaw motors for each turbine, each unit has a pump motor (5 kW) 

for its hydraulic power unit. The purpose of the hydraulic system is to provide hydraulic 

oil pressure for operating the ailerons and the mechanical brake. 
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CHAPTER IV 

WIND AND TURBINE DATA 

Regular and reliable operational data is of great importance if any meaningful 

analysis or research is to be done related to the performance of the turbines/wind farm. 

Since the wind farm is a research project, and the experience acquired from the operation 

of this project will be used for subsequent wind farm addition, the value of quality data 

can not be over emphasized. The data gathering instruments belong to three different 

parties; one set to Zond Systems (the supplier of the turbines and its accessories), and 

another to meteorologists and the third to WTU. In this chapter, some of the issues 

concerning the data recorded at the wind farm will be described. 

Zond's Data Collection Svstem 

The control/data recording system at the wind farm include a remote monitoring, 

and Supervisory Control And Data Acquisition (SCADA) system. Thus an operator can 

communicate with any or all the turbines in the wind farm to enable/disable turbine 

operation from a remote site. The operator can also remotely obtain important operational 

data (10 minute averaged or 5 sec. data) about the turbine/wind farm. The site SCADA 

system is interfaced with the West Texas Utilities SCADA system in Abilene, Texas. The 

twelve turbines at the wind farm are numbered from ID 6 to ID 17 on the SCADA system. 

The wind data recorded by the anemometers (belonging to Zond) located on the met 
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towers correspond to ID 18 and ID 19 on the SCADA system. The information related to 

individual turbines (ID 6 to ID 17) that can be obtained from the SCADA system include 

the following items. 

Date and time. 

Turbine ID No., 

Power produced. 

Wind speed, 

Generator rpm, 

Hub rpm, 

Pitch, 

Generator temperature. 

Ambient temperature. 

Hydraulic oil temperature. 

Hydraulic oil pressure. 

Voltage, 

Current (separately for 3 phases and average). 

Frequency. 

The instrumentation measures current, voltage and power at the low voltage 

(480V) side of the step-up transformers. Thus the data displayed by the SCADA system 

correspond to values on the input side of the transformers. It is important to note that the 

wind speed data listed above is recorded by an anemometer located on that particular 
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turbine, and not on any of the meteorological towers. Since these readings do not provide 

an accurate picture of what wind speed the turbine is actually subjected to, they are not 

used for the performance evaluation of the turbine. 

The wind data corresponding to ID. No. 18 and 19, are recorded by two 

anemometers (belonging to Zond) located on the meteorological towers. For evaluation 

purpose, the wind speed or direction recorded by these instruments are not used either. In 

stead, as will be described in Chapter VI, the wind data recorded by the meteorologists' 

instruments (on the same meteorological towers) are used for power curve verification. 

The data (both 5 sec and 10 minute) corresponding to ID 18 and 19 have the following 

items. 

• ID No., 

• Date and time, 

• Wind speed, 

• Wind direction. 

Problems with Data 

One of the problems with the 10 minute averaged data from the SCADA system is 

that the data contains a lot of 'skips', i.e., there is no entry for any of the items mentioned 

above for certain 10 minute time intervals. The skips are random, and specific to the 

device in the sense that there could be a skip in the data for a certain ID number, yet some 

or all the other devices could have an entry for that particular time interval. The amount 
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of skips varied from l(one) to several hundred consecutive 10 minute intervals. These 

skips in the turbine and the meteorological data make it impossible to generate 1-hour 

averaged data from the 10 minute data. Consequently the turbine performance evaluation 

had to be based on 10 minute data in stead of 1 hour data. The absence of turbine output 

data for a certain time interval makes it impossible to compare it with the predicted 

output based on the wind speed data recorded by anemometers on the met tower 

corresponding to that time interval and vice versa. Since the 10 minute turbine output 

data coming from the SCADA system had many skips but the 10 minute wind data from 

the meteorologists' anemometers had only a few, it was a lengthy and time consuming 

process to synchronize data from the two sources. 

Apart from skips, sometimes the data from the SCADA system would repeat 

itself, i.e., for certain intervals there would be more than one entry. Sometimes a single 

slot would repeat, at other times it would involve a block of 10 minute data. These 

repetitions did not hamper the performance evaluation of the turbines but meant 

additional labor to match the turbine data with the wind data. 

It was also found that the time interval between consecutive data points in the 5 

sec. data from the SCADA system, is not constant, but varies from 5 to 18 seconds. 

Other Observations Regarding Data 

Some interesting observations were made during the course of performance 

analysis of the turbines using the site data. For example, the turbine outputs typically 
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varied within a significant range for the same wind speed. This shows up as the scatter in 

the wind speed vs. kW plot provided in Fig. 4.1. The scatter could be due to several 

reasons. 

i. The power output is a cubic fimction of wind speed. The average of wind speed 

cubed, <v^> is greater than the cube of average wind speed <v>^ Thus the cube 

of 10 minute averaged wind speed (which is used for power curve verification), 

is not equal to the average of wind speed cubed, which is relevant for the actual 

power production by the turbine. 

Scatter plot of kW output vs. wind speed 
(March 1996, Turbine iV12) 

500 

10 20 30 

wind speed (MPH) 

40 50 

Figure 4.1 Scatter plot of kW output versus wind speed of a turbine 

ii. Even for the same average wind speed, the instantaneous variation of wind 

speed within a ten minute time interval can be widely different from one case 

to another. Thus wind energy generated (which is a cubic function of wind 
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speed) within a 10 minute time slot can be significantly different from one 

instance to another, although the average wind speed for the two intervals 

could be equal, 

iii. Improper correction factors to obtain the wind speed the turbine is actually 

experiencing. Correction factors will be discussed in Chapter VI. 

iv. The density of air varies with temperature, and the power output is a linear 

ftmction of air density. As a result, the output can be different at different 

temperatures even for the same wind speed. 

V. The turbine being a large piece of machine, has a considerable moment of 

inertia. Hence, its speed or output can not follow the instantaneous variations 

in wind speed. Consequently, the turbine output for a given time interval 

depends not only on the wind speed in that interval, but also on its immediate 

time history, 

vi. Lack of good time synchronization between the turbine output data and met 

data could also be a possible reason behind the scatter in the plots, 

vii. Instrumental error. 

The voltage and current received from the SCADA system consistently turned out 

to be multiples of 2.34 V and 4.85 A respectively. This is due to the quantization error 

(maximum error 1.17 V for voltage and 2.425 A for current) introduced by the analog to 

digital converter in the system. However the amoimt of error is quite negligible compared 

to the normal value of voltage (480 V), and rated current (approximately 640A). 
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On some occasions it was observed that the turbine produced power although the 

generator rotational speed was smaller than the synchronous rpm (1200) during that 10 

minute interval. It is likely that the generator actually produced power when the rpm was 

greater than 1200 within that time slot, although the average rpm during the interval was 

smaller than the synchronous speed. 

At times it was noticed that there was zero power output corresponding to high 

current (in the kA range). On inspection it was found that this typically happened when 

the wind speed was around cut-in speed (8mph). This indicated that the machine was 

probably in the process of starting up, and hence drawing both real and reactive power 

from the grid in the form of magnetizing current, and also for running the turbine 

auxiliaries. Since the SCADA system displays zero when the turbines consume power 

from the grid, it showed up as 'zero' power for the non-zero current. 

The variation of power factor during a week of operation of the wind farm is 

shown in Fig. 4.2 [9]. It is evident that sometimes the power factor can be as low as 6%. 

Since during start-up the current drawn from the grid is mostly reactive, it may be safely 

assumed that these low values of power factor can only occur when the turbines/wind 

farm are starting up. The amount of power drawn per turbine (while starting) is in the 

range of 10 kW. Since current is inversely proportional to the power factor for the same 

load, this explains why the current is so high even when the turbines (when coming on 

line) are drawing relatively small amount of power from the utility system. 
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Fig. 4.2 Variation of power factor at the wind farm during a week of operation 
(measured at the point of connection between the wind farm and the grid system). 
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CHAPTER V 

FACTORS INFLUENCING WIND ENERGY GENERATION 

In this chapter, the dependence of wind energy generation on site altitude, 

temperature, air density etc. will be described. Wind energy generation depends critically 

on wind speed and wind speed increases with height above the ground. Thus the height of 

the turbine hub plays an important role in the amount of energy that can be generated by a 

given WECS. A discussion on the relationship between wind speed and height will be 

provided later in the chapter. A brief look at the power law exponent 'K' will follow. 

Dependence of Energv Generation on Temperature and Altitude 

As can be seen in equation 1.1, the output of a wind turbine is a linear function of 

air density. Since the density of air varies with both temperature and altitude, a 

dependence of WECS output on air temperature and altitude of the site can be expected. 

For an altitude of h meters, the standard temperature, T̂  and the air density, p, at 

that temperature can be calculated using the following formulae [15] : 

T,(h)= 15-(1.983h/304.8) °C (5.1) 

p = p„exp(-0.297h /3048) kg/m', (5.2) 

where p^ = 1.22496 kg/m^ = air density at mean sea level. 

For the wind farm site, the average altitude is 6100 ft (1859 m), the standard 

temperature, T̂  at this altitude is 2.904°C and the air density at that temperature is 1.022 
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kg/m\ The density of air at any temperature, T, in °C for the site altitude can then be 

calculated using ideal gas law. 

p(T) = 1.022 (T, +273.15)/(T+273.15) kg/ml (5.3) 

Variation of air density with temperature at an altitude of 
6100 ft. 
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Fig. 5.1 Variation of air density with temperature at 6100 ft. 

Fig. 5.1 shows the variation of air density with temperature, at an altitude of 6100 

ft. It may be seen from the graph that the air density can vary significantly (-20%) within 

the temperature regime of interest. Thus a performance analysis of the wind turbines 

with density corrections should be more accurate than an evaluation without those 

corrections. 
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Comparison of power curves : CSW contract and Zond's 
manual (with and without correction for altitude) 
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Fig. 5.2 Comparison of power curves 

It is evident from Fig. 5.2 that the power curve used in the CSW-Zond contract 

(which is to be used for performance evaluation) is different from that provided in the 

Zond Z-40 wind turbine manual. On investigation it is assumed that the power curve in 

the contract resulted from ZOND making density corrections to the power curve in the 

manual for the altitude of the wind farm site (assuming that the power curve in the 

manual is for mean sea level). 

Equation 5.4 [18] relates the density of air to temperature and barometric 

pressure. 

.001293 H 
X l+.00367r 76 

(5.4) 

where p is air density in gm/cc, T is temperature in "C and H is atmospheric pressure in 

cm Hg. Since atmospheric pressure is also dependent on altitude, the dependence of air 
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density, and hence wind energy generation, on both temperature and altitude can be 

appreciated. 

Dependence of Energv on Height of Turbine 

Wind energy generation depends critically on wind speed and wind speed 

increases with height above the ground. Thus the height of the turbine hub plays an 

important role in the amount of energy that can be generated by a given WECS. The 

mean horizontal wind speed is zero at the earth surface and increases with altitude. Since 

wind speed increases above ground level, the height of the hub plays an important role 

on the energy output of the wind turbine. Typical instantaneous and time averaged 

measurements of wind speeds are shown in Fig. 5.3 [3]. In the profile for instantaneous 

wind speed, a number of peaks caused by gusts or turbulence can be seen. The eddies are 

usually of different shapes and sizes with random location and magnitude. 

A model of wind speed variation with altitude is necessary for wind turbine 

design and aerodynamic analysis. Rotor blade fatigue is influenced by the cyclic loads 

resulting from rotation through a wind field which has a vertical profile. On the other 

hand, power output can be increased significantly if the hub height is increased. Hence 

wind turbine designers have to weigh potential gains in output against the increased cost 

of taller towers. Two models are generally used to derive the wind profile over regions of 

homogeneous, flat terrains. These are (i) logarithmic and (ii) power law model. 
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instantaneous, in the atmospheric layer where wind turbines operate 
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i. The logarithmic model 

This model can be derived from physical principles. The basic equation is given 

by [16] : 

U= — [ln(z/zj] (5.5) 

where, 

U* = friction velocity at the ground (function of surface shear stress and air 

density), 

K/ = von Karman constant (classical value assumed to be 0.4), 

z = elevation above ground level, 

Zo= roughness length (characterizes influence of surface irregularities), 

ii. Power law model 

The power law model, which is commonly used by wind turbine designers, is 

given by 

y,/v,-{hA2f (5.6) 

Using this model, wind speed v, at a certain height hj can be estimated if the wind 

speed V2 at another height hj and the power law exponent K is known. Again, the 

exponent can be calculated if the wind speed is knovm at two different heights. The 

power law exponent can be obtained from measured data by using linear regression of the 

log of wind speed and the log of height. For a least square error curve fit using three data 

points of height and wind speed, the exponent K can be calculated from the following 

formula, 
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J. Z HV)T Hh) - 3X (ln(F) Hh) 

A scatter plot of K calculated using 2(10m and 30m) and 3(10m, 30m and 40m) data 

points for one of the wind monitoring sites of the CSW Renewables Project, is shown in 

Fig. 5.4. The difference in hourly values of K using the two approaches is provided in 

Fig. 5.5. As can be seen from Fig. 5.5, the values of K obtained by using the two 

procedures are in good agreement with one another. This is also supported by the fact that 

they have almost identical average values as shown in Fig.5.6 and Fig.5.7. However the 

advantage of using three data points over two points can be appreciated if the difference 

between the heights is large. The power law exponent varies with the time of the day, 

season, elevation, wind speed, temperature etc. The variation in the power law exponent 

effects the transient behavior of the wind turbine, as will be discussed in the next chapter. 

A plot showing the time variation of K for the month of September, 1994 for the same 

site is provided in Fig. 5.6 and Fig. 5.7. It is interesting to note the regular peaks in the 

two plots. On close examination, it was found that the peaks in K typically occurred early 

in the morning which suggests a link between ambient temperature and K. Usually K 

varies from less than 1/7 during the day to more than 1/2 at night over the 24 hour daily 

cycle [1]. 

The power law exponent K of one site can be used to estimate the wind profile at 

other sites with similar surface and terrain characteristics. Hence a better understanding 
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Time Variation of 'K* ( 3 points); 709 hourly data 
Davis PS : September, 1994. Average K = 0.293 

Fig. 5.6 Hourly variation of K (using 3 points). 
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Fig. 5.7 Hourly variation of K (using 2 points). 
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of the power law exponent and its dependence on different governing factors is important. 

Some of the wind monitoring sites under the CSW Renewables Project have 

anemometers at 10m height only. The calculated value of K at a wind site (which has 

wind speed data at two heights) can be used for estimating the wind speed at hub height 

(40m) at other sites with similar features. 
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CHAPTER VI 

TRANSIENT PERFORMANCE OF THE TURBINES 

In this chapter, the performance of the turbines both during start-up and steady 

state conditions will be examined. For analyzing the behavior of the turbines, real time 

current (during start-up and steady state conditions) and voltage (under steady state 

conditions) waveforms of two turbines (#3 and #5) were recorded in transient time frames 

using a Tektronbc PS222 digital storage oscilloscope. Each snapshot recorded had a total 

of 512 data points. The time span varied from 0.05 to 2.0 seconds for different 

waveforms captured (the sampling frequency varied accordingly). Fig. 6.1 to Fig. 6.6 are 

some examples of the waveforms recorded. The fiindamental frequency of all the 

waveforms is 60 Hz. 

Start-up 

Fig. 6.1 shows a typical current wave trace while the generator is starting up. As 

described in Chapter III, each generator is equipped with a soft-starter to subdue the 

transients when the unit is coming on line. The three phase wires of each of the two 

windings are connected to the utility grid by a couple of anti-parallel SCRs. The duty cycle 

of these SCRs is gradually increased with time until it reaches the maximum of 100% at 

steady state. When the generator is at the initial stages of being connected to the line, the 

chopped wave forms are rich in odd harmonics. The amount of harmonic distortion 
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decreases with time until it reaches a minimum at steady state. It should be noted that 

when the generators run at steady state, the SCRs practically act as simple diodes. 
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Fig. 6.1 Current during start-up (Turbine #5). The trace represents 6 cycles 
of the 60 Hz. fimdamental. 
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Fig.6.2 Current trace at steady state recorded from Turbine #5, representing about 
120 cycles of the fimdamental frequency (60 Hz.). 
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Fig. 6.3 Current trace at steady state recorded from Turbine #3, showing 
approximately 30 cycles of the 60 Hz. power frequency. 
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Fig.6.4 Current trace at steady state recorded from Turbine #5 representing 
about 61 cycles of the fimdamental frequency (60 Hz.) 
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Fig.6.5 Current trace at steady state recorded from Turbine #5, 
showing 3 cycles of the 60 Hz. power frequency. 
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Fig. 6.6 Voltage trace at steady state (Turbine #3). About 31 cycles of 
fimdamental frequency shown. 
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Snubber circuits are provided for preventing high dv/dt, which otherwise might 

trigger the SCRs in an uncontrolled fashion. 

Steadv State 

There is no appreciable higher order harmonic distortion in the current waveforms 

while the turbines are operating in a steady state mode. This fact is also supported by the 

fmal report prepared by the University of Arkansas on "The Impact of Dispersed 

Generation Upon the Quality of Electric Power: The CSW Wind Farm" [10]. 

It is interesting to note the variation in current amplitudes in Fig. 6.2 to Fig. 6.5. 

As can be seen the variation in current amplitude is sometimes as high as 100%. The 

current waveforms look like typical Amplitude Modulated (AM) waves with different 

degrees of modulation for different snapshots. It is evident from the current traces that the 

60 Hz current is acting as the carrier which is being amplitude modulated by a slowly 

varying signal. The frequency of this modulating signal is the same as that of the 

envelope. To evaluate the spectral content of these AM waves, Mathcad codes were 

written to perform a harmonic analysis on the recorded waveforms as shown in Appendix 

A. From the frequency spectrum in Appendix A, it is evident that the carrier frequency is 

about 60 Hz., which is expected. The upper and lower side bands are on the right and left 

hand side of the carrier frequency (60 Hz), respectively. 

As the fluctuations in current amplitude were periodic, an effort was made to find 

out the frequency of the envelope. For this purpose, Mathcad was employed to estimate 

the envelope frequency of the amplitude modulated current waves. The sampled data from 
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the scope was rectified, and then low pass filtered using Digital Signal Processing (DSP) 

methods to obtain the dominant frequency component of the envelope. Details of the 

Mathcad codes used are fiimished in Appendbc B. The dominant component of the 

envelope was found to be 1.5 Hz. 

The frequency of the envelope is consistently 1.5 Hz irrespective of the depth of 

modulation. On fiirther investigation it was foimd that this is a direct consequence of the 

event called 'blade passing'. The torque produced depends not only on the incident local 

wind but also on the position of the blades while they are rotating in the azimuthal plane 

[11]. The torque depends on the blade position because of the vertical profile of the wind 

speed (wind speed increases with altitude above the ground). The periodic pulsations in 

torque due to the changing blade position causes a corresponding periodic fluctuation in 

the output current and power. The turbines at the Fort Davis wind farm have fixed speed 

rotors with three blades with a rated angular speed of 30 rpm(approx.). Hence the blade 

passing frequency for those turbines is (30x3) /60, i.e.,1.5 Hz. This is exactly equal to the 

'envelope frequency' of the AM current waves, which supports the fact that the 

modulation is due to 'blade passing'. This phenomenon is also described in the literature 

[11]. 

A second question in regards to steady state operation is what causes the amoimt 

or degree of current modulation to vary from one snapshot to another even for the same 

turbine. This can be explained in the following way. The wind speed profile usually 
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Fig. 6.7 Narrow-band noise spectra from large scale HAWTs with upwind and 
downwind rotors [3] 
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HAWTs with upwind and downwind rotors [3] 
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varies from one instant to another even for the same site (discussed in Chapter V). It is a 

fimction of temperature, wind speed, time of the day, etc. This means that the ratio of 

wind speed between two arbitrary heights in the range between 20m (lowest position of a 

blade) and 60m (highest position of a blade) is not constant but varies almost randomly. 

Thus although the torque fluctuates as a fimction of the blade position, this fluctuation is 

not uniform as a fimction of time. This shows up as the varying degree of modulation of 

the amplitude modulated current waves from one time interval to another. The sharp 

peaks in the current wave forms are typically caused by wind gusts. 

Periodic variation in the audio soimd heard near wind turbines is also related to 

'blade passing'. Fig. 6.7 shows typical acoustic noise produced by the upwind and 

downwind horizontal axis wind turbines [3]. The amplitude modulated time history of the 

sound produced by both types of turbines can be appreciated from the figure (the turbines 

at the wind farm are upwind type). Fig. 6.8 [3] is basically the same as Fig. 6.7, with the 

lower frequency portions analyzed with a narrower bandwidth resolution. The waveforms 

can be broken down to Fourier components which provides the blade passage frequency 

and its integer harmonics [3]. 

The recorded voltage waveforms (e.g.. Fig. 6.6) do not exhibit any visible 

fluctuations in amplitude like their current waveform coimterparts. This is because the 

impedance between the turbine output and the utility system is quite low. Hence the 

turbine output voltage is practically determined by the relatively steady voltage of the 

utility grid. 
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It may be noted that the fluctuation in the current wave shape of the overall wind 

farm is not as pronounced as it is from individual turbines. This is because the fluctuations 

in the output of individual turbines tend to cancel out when they are combined, as is 

evident from Fig. 6.9. 

n 

w 
a 
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< 

Current trace of the wind farm output 
(measured at 25 kV, 9 out of 12 turbines running) 

Time 

Fig. 6.9 Current trace showing overall wind farm output at steady 
state (current values scaled down by a factor of 20). 
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CHAPTER VII 

PERFORMANCE AT STEADY STATE 

In this chapter, some issues related to the steady state performance evaluation of 

the turbines at the wind farm will be discussed in a general manner. The role of the two 

permanent meteorological towers, and the methodology for predicting the wind speed 

each turbine is subjected to (using the data from the met towers), will be described. 

Comments will be made about the actual turbine/wind farm performance over a certain 

time period. A discussion on power consumption by turbine/wind farm auxiliaries, and 

the energy monitoring scheme at the wind farm will also be included. 

Turbine Performance Evaluation and the role of the Met Towers 

Apart from the technical know how acquired from this research project, the 

foremost important thing for the owner utility will, of course, be the cost of electrical 

energy generated by the wind farm. According to the contract of the project, the 

contractor has warranted that the energy generated by each of the turbines will be greater 

than 90% and the output of the whole wind farm (12 turbines) will be greater than 95%, 

of the predicted energy based on prevailing wind distribution and the power curve given 

in Fig. 1.2. Thus a critical computation that must be performed is the predicted output for 

each turbine. 
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It has been mentioned in the contract that tests for determining the fulfillment of 

this standard should be done in accordance with the American Wind Energy Association 

Standard AWEA 1.1 - 1988, Standard Performance Testing of Wind Energy Conversion 

Systems. According to AWEA's Standard Performance Testing of Wind Energy 

Conversion Systems, the test anemometer should be vertically located within +-1 m or 

1/10 of the rotor diameter, whichever is greater, from the rotor center line. For the 

horizontal distance away from the turbine it specifies that the anemometer should be 

situated between 1.5 and 6 rotor diameters from the center of the rotor (for horizontal axis 

wind turbines). It may be mentioned that these distances are valid for plain terrain only. It 

is obvious from the contour map provided in Fig. 3.2, that the wind farm is not on level 

ground, and thus this standard can not easily be used. 

If each of the turbines, or the average of the twelve turbines do not meet or exceed 

the warranted performance curve, the contractor should make necessary modifications to 

the turbines to obtain the warranted performance. While a particular unit is falling short 

of this warranty, the contractor will have to pay the owner $0.0256 per kWh for lost 

generation [6]. There are similar warranties for the 'availability' of each turbine and the 

whole plant. For the above mentioned reasons, the utility has an interest from the 

economic view point for monitoring the performance of the turbines. 

It is worth mentioning that the turbines at the wind farm do not have anemometers 

situated at distances specified in the standards mentioned above. The main reason behind 

this is the cost involved for constructing/erecting separate meteorological towers for each 
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of the turbines. Even if each turbine had a dedicated met tower, the 'standard' horizontal 

and vertical distances of the anemometer from the rotor center would be very difficult to 

meet. Consequently, to analyze the performance of individual turbines without having 

separate met towers for each turbine, the wind speed measured at the two permanent 

meteorological towers are applied to each turbine with a correction factor based on the 

location of each unit, terrain and wind direction. If the wind direction is within a certain 

range, wind speed data from a certain met tower is to be used. Otherwise, data recorded 

by the anemometer on the other met tower has to be used. These correction factors have 

been provided by meteorologists, and are turbine specific. 

The amount of energy actually produced by each turbine in a 10 minute interval is 

compared with the predicted output (using correct wind speed for each turbine and power 

curve in the contract) for each 10 minute averaged wind speed. Skips in data either from 

the SCADA system or from the meteorological towers make the comparison impossible 

for that particular time interval. Hence if there are too many skips in data, proper 

evaluation of turbine performance is hampered. 

Table 7.1 has been prepared using 10 minute and 1-hour averaged wind data from 

one of the two met towers (Roxa 3, WTU 112) for May 1996, and extracting the 

corresponding kW from the warranted power curve. It is interesting to note that the two 

different time scales lead to different predicted energies for the month. Thus the time 

scales involved is a factor to be considered in the performance evaluation of the turbines. 

59 



It is expected that an evaluation based on l(one) minute averaged data will provide a 

more faithful picture of turbine performance. 

Table 7.1: Prediction of energy generation by a turbine for May 1996* 

Data Energy 
10 min. average 52,469.03 kWh 
1-hour average 48,041.40 kWh _^ 

* no correction factor used 

Fig. 7.1 to Fig. 7.4, which are scatter plots of turbine output vs. wind speed 

superimposed on the turbine power curve, provide an idea about the 10 minute average 

performance of four turbines in March, 1996. The graphs have been plotted using the 

calculated wind speed (obtained by multiplying measured wind speed by the assigned 

correction factor) for each 10 minute interval and the measured kW produced in that 

interval. As can be seen from the scatter in these plots, the turbines typically tend to 

produce different amounts of power for the same wind speed. This issue has been 

discussed in Chapter IV. 
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AcluMl Perloim.-ince and Warraiiled (^)\V(M Curvf^ (Turbine #1) 

10 20 30 40 50 60 
Wind Speed (mph) 

70 80 90 100 

Fig. 7.1 Scatter plot of kW output and wind speed 
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A(;llJ.̂ I f'erlorm.ince and Warranted Power Curve (Furbino HQ) 
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Wind Speed (mph) 

70 80 90 100 

Fig. 7.2 Scatter plot of kW output and wind speed 
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Actual Performance and Wairanted Power Curve (Turbine ilb) 
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Fig. 7.3 Scatter plot of kW output and wind speed 
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Actual Peiformance and Waiianted Power Curve (Turbine #12) 

/ • . v j * " " .-
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Wind Speed (mph) 

70 80 90 100 

Fig.7.4 Scatter plot of kW output and wind speed 
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Summary of Monthlv Energv Generation (̂ April 1996) 

A summary of actual and predicted outputs (based on 10 minute averaged 

performance and correction factors) of each turbine for April 1996 are provided in Table 

7.2. 

Table 7.2: Summary of Turbine Energy Generation : Actual and Predicted with 
coefficient correction. Fort Davis Wind Farm, April 1996.* 

Turbine Actual 
No. Output 
1 97,746 
2 105,160 
3 100,275 
4 102,571 
5 86,638 
6 112,538 
7 2,656 
8 98,512 
9 116,109 
10 111,198 
11 109,035 
12 95,200 

Total 1,137,638 

* Energy in kWh. 

Predicted 
Output 
112,277 
125,890 
111,921 
109,138 
102,164 
117,342 
3,368 

104,714 
118,837 
112,015 
112,402 
99,938 

1,230,006 

Difference 
(Actual-Predicted) 

-14,531 
-20,730 
-11,646 
-6,567 
-15,526 
-4,804 
-712 

-6,202 
-2,728 
-817 

-3,367 
-4,738 

-92,368 

Percent 
Difference 

-14.9 
-19.7 
-11.6 
-6.4 

-17.9 
-4.3 

-26.8 
-6.3 
-2.3 
-0.7 
-3.1 
-5.0 
-8.1 

It may be noticed that Turbine #7 did not produce significant amount of energy in 

April, 1996. It was found that the unit functioned for only two days in the month. 

However because of the extensive testing and modification schedule during the primary 

stages of operation of the newly constructed wind farm this could be expected. It is 

important to note that Table 7.2 is based on those time intervals in the month which 

contained data both from the turbines and the meteorological towers. Since the data 

contained 'skips', only this much can be stated with certainty from the table, that the total 
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energy produced by the wind farm in the month was at least 706,096 kWh (the sum of the 

energy produced by each turbine as per Table 7.2). Using the same line of logic, the 

capacity factor, which is defined as the ratio between average hourly output and the 

installed capacity, and is a measure of the utilization of the wind farm capacity, was at 

least 16.3% for the month. According to this table, percent shortfall in monthly energy 

generation with respect to predicted output was 11.4%. It is evident from the above 

discussion that turbine performance evaluation can not be done with any reasonable 

degree of authenticity if the data contains a lot of 'skips', because during periods of 'no 

turbine data' or 'no met data', it is uncertain how much energy a particular unit produced 

or should have produced. 

Auxiliarv Consumption 

A part of the energy generated by the turbines is used up by the turbines 

themselves, for running certain systems located inside each unit. Thus the first few 

kilowatts of generation supplies the internal load of the turbines. Any generation in 

excess of that is exported to the WTU grid. Some of the components of the auxiliary 

system consume energy from the grid even when the units do not produce any power. 

Significant among the turbine auxiliaries are, two yawing motors (2x5 kW) and one 

hydraulic pump (1x5 kW) for each turbine. The peak auxiliary consumption for each 

turbine is about 15 kW, which represents 3% of the rated turbine output (500kW). 
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The metering for each turbine currently (October 1996) reads 'zero' when that 

turbine is absorbing instead of generating electrical energy. Thus it is not possible to get 

precise information about the amoimt of energy absorbed by any particular unit. 

Therefore the net output of each unit, i.e., gross energy generated minus the amount of 

energy consumed by the unit, cannot be calculated. However as stated in Chapter 3, the 

total energy delivered to or drawn from the utility system (both real and reactive) by the 

wind farm as a whole are recorded separately by a two-way energy meter at the vsdnd 

farm-utility system connection point. 

There is a small field office inside the wind farm which represents some air-

conditioning, lighting and computer loads.. The office building which is a single phase 

load is connected to the utility grid through a 25 KV/240V/120V, 15 KVA transformer. 

The energy consumed by the building is recorded by a separate energy meter. Energy, 

although not on a very significant scale, is also used to power the hardware related to the 

SCADA system 

It may be mentioned that the turbine data acquisition system is not equipped with 

instrumentation for measuring reactive power. Hence the amount of reactive power drawn 

(while starting) or supplied to the utility (by the capacitor banks when the turbines are 

producing) by a particular unit can not be recorded at this time (October 1996). 
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CHAPTER VIII 

CONNECTION TO THE CSWS GRID : ISSUES 

To what extent the renewables will meet the electricity demand of this country in 

the foreseeable future depends largely on the planning and operational strategy of the 

power utilities. They are in a position to ensure that electrical energy is delivered to its 

users at the lowest cost with minimal harm to the environment. Since utilities have to 

provide quality power with a high degree of reliability, they are understandably cautious to 

incorporate new technology in the form of intermittent or non-dispatchable energy sources 

like wind, as part of their generation mix. In the early 1980s, utilities were concerned 

about many technical and economic issues related to integrating the WECS into the utility 

system [3]. However with the accumulation of utility experience regarding WECS, and 

increase in reliability and efficiency of wind turbines in recent years, more and more 

utilities are being interested to own wind turbine plants, just as other conventional power 

plants. WECS offer modularity and much shorter construction time compared with large 

steam plants. On the other hand, the economics of large power plants depend heavily on 

accurate long term load forecasts. In the past some utilities have paid the price for 

inaccurate load forecasts by over investing in their power generation projects [1]. Thus for 

some situations, WECS can be a plant of choice for taking care of unforeseen or 

unpredictable load growths, or for deferring investments in large generation projects. 

Some of the issues that utilities have to address for integrating a WECS into their 

system will now be discussed. How strongly the utility connected renewable system will 
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influence the operation of the power grid, depends mostly on the 'degree of penetration' 

of the WECS. If the capacity of the WECS is low compared to the demand of the existing 

system, it is unlikely that the WECS wiU have any noticeable global effect on the system. 

For cases of low penetration, the effects of a WECS addition is practically confined to the 

areas/nodes adjacent to the wind farm. However if the WECS output is a significant 

proportion of the system demand, the effect of the WECS may be noticeable at the system 

level. 

Effect on Transmission/Distribution svstem 

The WECS can influence the transmission and distribution system of the utility in 

several ways. The inclusion of a WECS can increase local short circuit levels significantly, 

which might necessitate replacement of existing circuit breakers with breakers of higher 

rating. In some cases the WECS (when producing power) can change the normal direction 

of power flow through the network. This might call for a change in the protective scheme 

in a particular area. Again, portions of the network can be overloaded resulting in 

unacceptable voltage drops and regulation. Reactive power compensation could be an 

additional requirement in these cases. Apart fi*om size, the factors affecting the impact of 

the wind farm on the utility include the type of generator incorporated in the wind turbine, 

the type of connection between the wind farm and the existing system, the way the 

turbines are connected with one another, and the control systems in the turbines 

themselves [3]. 
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At the local level, several effects are probable. For example, power swings due to 

fluctuating wind speeds can result in voltage flickers [3]. Utilities typically solve this 

problem by connecting the wind farm to the grid at a sufficiently high voltage so that 

fluctuations in current are easily absorbed by the high voltage network, and do not cause 

significant variations in voltage. This method has been used for connecting the Fort Davis 

wind farm to the CSW system. Each of the 12 turbines has a step-up transformer to boost 

the voltage fi-om 480 V to 25 kV. The combined output of the farm is coupled to the 

CSW system at 25 kV. Induction generators commonly used in modem wind turbines 

draw high starting currents which can cause surge and voltage drops [3]. This problem has 

been circimivented at the wind farm by providing a time gap between the start-up of 

individual turbines. 

Also, induction generators draw reactive power fi-om the grid if there is no local 

source for supplying magnetizing current. At the Fort Davis wind farm, there are switched 

capacitor banks to provide VAR support for the induction machines. Consequently these 

machines do not draw VARs from the grid when they produce power. As has been stated 

in Chapter VII, while producing power, the wind farm in fact supplies reactive power to 

the grid. 

It is worth mentioning that any negative effect on the transmission grid will be 

greatly aggravated if the wind farm is cormected to a point in the transmission or 

distribution system, where the short circuit level is low. For this reason, wind farms are 

usually connected to a high voltage node of the utility network. It has been suggested as a 
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rule of thumb that the short circuit capacity of the grid at the point of connection should 

be at least 20 times greater than the rated power of the wind farm [4]. 

Harmonic distortion is an important area of concern for power utilities who intend 

to have WECS in their generating system. For investigating the possible impact of the Fort 

Davis wind farm on power quality. University of Arkansas at Fayetteville, carried out a 

power quality evaluation [9]. Their study, which included monitoring the node at the wind 

farm-grid interconnection for one week, showed that the voltage regulation was 

acceptable, and total harmonic distortion for current was less than 5% at the wind farm 

output. The report concluded that the wind farm should not pose power quality problems 

to the distribution system in Valentine. The wind farm is directly connected to the 

Valentine area through a 17 mile 25 kV line. 

WECS Operation 

A utility system never operates at a true steady state; it is a continuously varying 

dynamic process. Normal operation for the utility can be defined as relatively predictable 

total load variations taking place on a daUy basis, as well as random load fluctuations 

occurring from one moment to another. Typically this daily demand varies from a 

maximum to a minimum in a slow but predictable manner. Since wind power varies 

randomly, and can not follow the load at all, the incorporation of WECS presents the load 

dispatchers with new operational problems. The rest of the generating system has not only 

to follow the normal load variation but also the fluctuation in the WECS output. For this 

reason the WECS power output is sometimes considered as 'negative load'. Since the 
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degree of uncertainty involved with the amount of WECS power production is much 

greater than the utilitiy's daily load forecast, the generating system should have sufficient 

capacity (of the appropriate type) in the form of spinning reserve to meet their reliability 

standards. Thus if the WECS penetration is high, it will necessitate a change in the 

spinning reserve requfrement of the system. The utility might prefer to have wind 

turbines located sufficiently far apart, so that thefr combined output is more uniform over 

time. For higher penetrations an accurate wind forecast can become more important [4]. 

If the amoimt of wind generated energy is small, the generating system wiU 

simply not notice it, as it will be obscured by the normal chronological load variation of 

the system. Thus the 6 MW wind farm at Fort Davis does not have a significant impact 

on the overall CSW system operations, whether it is producing power or not. However if 

the size of the WECS is large enough, the loss of a WECS may be noticeable at the 

system level. 

For high penetration, a high wind speed cut-out (transition fi-om rated power to 

zero output) can cause operational problems to the utility. If a significant proportion of 

the utility's generating system (conventional or WECS) suddenly stops producing power, 

the rest of the g^ierators slow dovm slightly, the frequency drops and the system voltage 

somewhat decreases globally. Load dispatchers always have generators running at partial 

or no-load (spinning reserve), so that they can correct these power deficiencies. Any 

utility which wants to operate a WECS of significant size, has to make sure that for a 

transition from full output to zero power, the WECS does not make the system unstable, 

or vulnerable to instability. Time scales involved with the dynamic events of a typical 

utility system operation are shown in Fig.8.1 [3], Power utilities, whether they employ 
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Fig. 8.1 Dynamic events in a power system 
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WECS as a mode of generating electrical energy or not, have to cope with the dynamic 

phenomena illustrated in the figure. Of the time scales, the 'daily load following' is the 

longest. Utilities interested in employing wind turbine technology, should be aware of the 

time scale involved with the 'transient and dynamic stability' phenomena. As can be seen 

from the figure, if significant variations in the output of a WECS has a time period of 15 

seconds or longer, utiUties should have no concern about its adverse impact on system 

dynamic stability [3]. 

Benefit to the Utilitv: Fuel cost savings 

For the utility, the per unit energy generation cost is maximum at the time of peak 

demand because during those periods, the least efficient power plants like open cycle gas 

turbines, diesel engines etc. have to be used. Thus the value to the utility of a unit of 

WECS generated energy at the time of peak demand is much greater than that produced at 

low load hours. Consequently, the benefit to the utiUty in the form of fuel cost savings 

depends to a great extent on the degree of correlation between the WECS power 

fluctuation and the utility's demand variation. From the utiUty perspective, a site exhibiting 

strong correlation between wind speed and system load fluctuation can be more attractive 

compared with a site with weak correlation but somewhat higher total annual energy 

output. 

However it is worth noting that if the penetration of wind systems is large enough, 

it can shift the operating points of at least some of the other plants in the system, causing 

them to function at efficiencies different from what would have been otherwise. The 
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introduction of a WECS will also change the power flow pattern in the power network, 

causing line losses to be different. For these reasons, an accurate calculation of the benefit 

of a WECS in terms of operating cost savings is complicated. The utility also benefits from 

the WECS in the form of savings in capital cost. However this issue will not be discussed 

here. 
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CHAPTER IX 

CONCLUDING REMARKS 

The major conclusions based on the experience during the first year of operation of 

the wind farm are provided below. 

The turbines employed at the Fort Davis wind farm are the first ones of this design 

installed by Zond Systems. This is also the first wind farm operated by the owner utility. 

Thus the wind farm has presented both the parties a unique opportunity to gain on-site 

experience regarding the operation and performance of the turbines. To get the most out 

of this research project, the instrumentation must be adequate and reliable. The 

instrumentation system at the wind farm collects and records lots of useful data, however 

there are shortcomings. 'Skips' in both turbine and met data has hampered research in 

general and power curve verification in particular. The 'skips' in the data from the 

SCADA system could be due to limitations of the master computer at the wind farm. It 

has been observed that the time gap between successive 5 sec. data (from the SCADA) is 

not constant. In addition, the SCADA system needs to provide information regarding 

power factor or reactive power, which it currently does not. When a certain unit is 

consuming power instead of producing, the SCADA system simply displays 'zero' output. 

The system should also be able to indicate the amount of energy absorbed by a particular 

unit. 

It may be beneficial to the project if an operator log is maintained at the wind farm. 

This log would record repairs and adjustments made on the turbines, the times when a 
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certain unit was shut down and then turned back on, the reason behind any turbine outage 

etc. This can provide critical information to both the utility and the manufacturer about the 

performance of the turbines. The log can also be useful in another way. Whenever a 

certain unit is shut down, the SCADA system ceases to record any information about that 

particular unit until the unit is switched on again. Thus the operator log could explicitly 

show if some of the 'skips' in the turbine data was due to shutting that unit down, or due 

to the problems in the SCADA system or its accessories. 

Due to testing, maintenance and modification on the turbines during the initial 

months of operation, the energy generated by the wind farm, and hence the capacity 

factor, was comparatively low. The amount of energy produced by a turbine for a 

particular wind speed varies over a wide range. This 'scatter' could be due to the reasons 

listed in Chapter IV. It is not certain if the correction factors used for obtaining the wind 

speed each turbine experiences are accurate. Again, one minute averaged data in stead of 

ten minute averaged data, will possibly lead to a more accurate power curve verification. 

Density corrections (due to ambient temperature variation) may also be incorporated to 

get a more realistic picture of turbine performance. 

The wind farm does not pose any problem to the utility from the power quality 

view point. The SCR soft starters control the transients during start-up. There is no 

appreciable sub-harmonic distortion due to 'blade passing' at the wind farm-utility 

interface at steady state. The reactive power requirement of the induction generators 

employed in the turbines is met by local capacitor banks. While operating at steady state. 
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the wind farm in fact supplies VARs to the grid. Since the capacity of the wind farm is 

only 6 MW, its impact on the utility in terms of fuel cost savings is not significant. 
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APPENDDC A 

FREQUENCY SPECTRUM OF CURRENT WAVEFORMS 
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Data from Tektronix 222 Scope: 

Read Data from .prn File: 

Scope_Data =READPR^tiir3_15) 

Separate Data Anay into Vectors: 

Times =Scope_Data sec 
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APPENDDCB 

OBTAINING THE ENVELOPE FREQUENCY OF CURRENT WAVEFORM 
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Data from Tektronix 222 Scope: 

Read Data from .prn File: 

Scope_Data :=READPRN(tur3_17) 

Separate Data Array into Vectors: 

Times :=Scope_Data'' sec 

f 1 
Sample ~ _. „. 

^ Tmies - Times 
n = last(Times) n = 511 

Sept-23-1996: 

ms = 10' sec 

<l> 
Values :=Scope_Data 
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m :=last(Values) m = 5ll 

N ^ : = n + 1 i .= 0..n 
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Finding AM modulation frequency using smoothed version of rectified data window of 8 

Rec :=mag(Values) Mov_Avg .= movavg(Rec,4) Tot_Avg :=movavg(Rec,511) 

Removing DC Offset Smooth. :=Mov_Av&- Tot_Avg 
=»511 

Sawoth. 
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/TinMs\ 

1500 2000 

Spec_Avg :=fft(Smooth) 

'% "^•^ 'Sarr^le 

Amp_Avgj, := 
Spec_AYgj,| 

Amp_Avg, := 
2 |Spec_Av&| 

freq^ :=0 sec" 

N 
i:=0. 

40 
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Now we'll generate filter coefficients using a Hamming window: 

Cut-off frequency = 20Hz L :=lowpass| ,25 
\255 

outL := convol(Rec, L) length( outL) = 536 

outRes :=response(Rec,L,512) length(outRes) =512 

i:=0..n 

200 -
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o u t L . 1 0 0 
1 

fectjiied data 
Ip-filtered data 

300 

setwrindow(5) = 5 

400 500 

Spec_Avg :=flft( outRes) Amp_AYgj. = 

N 
i :=l . . 

^ ^ ^ - — - ^ S a m p l e 

_ |3pec_Avgjj| 

N 

N 

freq^ :=Osec' 

N 2 |Spec_Av&| . 
Amp_AYg. := —! ^ i:=0.. —^ 
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