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2000 KILOWATT WIND TURBINE SPECIFICATION

Rotor Generator
Number of blades. . . . . . . . . . . . ... .. . e 2 Type. . . . . . . . .. . Synchronous ac
Diameter, ft. . . . . . . . . . .. ... .. . 200 Rating, kVA . . . 2225
Speed, rpm . . . . . . . . . . ... . 35 Power factor. . . e . . 0.8
Direction of rotation . . Counterclockw1se (1ook1ng upwind) Voltage, V. . . . 4160 (three phase)
Location relative to tower. . e e e e e e Downwind Speed, rpm. . . . . . .. . . . 1800
Typeof hub . . . . . . . . . . . ... ... .. Rigid Frequency, Hz . . 60
Method of power regulation. . . . . . . . . Variable Pitch
Coneangle, deg . . . . . . . . . . ... ... .. .. 9
Tilt angle, deg . . . . . . . . . . . . . . ... 0 Orientation drive
Type. . . .« ¢ . o ... .. Ring gear
Blade Yaw rate, degree/sec. . . . . . . e .25
Yaw drive . . e e e e e e e e . Hydraulic
Length, ft. . . . . . . . . . ... . ... ... 97
Material. . . . . . . . . .. Steel Spar/Foam Tra111ng Edge
Weight, 1b/blade. . . . . . . . . . . . .. . ... 21,500 Control system
Airfoil . . . . . . . . o o o e e, NACA 44XX
Twist, deg. . . . . . . . . . ... ... B i | Supervisory . . . . . Computer
Tipchord, ft . . . . . . . . . . . . . v . .. 2.8 Pitch actuator. . . . . . . . . .. .. Hydraulic
Root chord, ft. . . . . . . . . . . . .. ... 12
Chord taper . . . . . . . . . . . .. ... Linear
Performance
Tower Rated power, kW . . . e 2 000
Wind speed at 30 ft, mph:
TYPE. « v vt e e e e e e e e e e e e e e Pipe truss Cut-in . . . . . . . .11
Height, ft. . . . . . e e e e e e e e e e . 131 Rated . . . . . 25.5
Ground clearance, ft. . . . . . . . . . ... ... .. 40 Cut-out. . . . . 35
Hub height, ft. . . . . . . . . . . ... ... ... 140 Maximum design . 125
Access. . . . . . . . . . e e e e . Hoist
Weight k1b)
Transmission
Rotor (including b1ades). .......... 103
Type. . « « v ¢ o v o0 v e e Three-stage conventional Above tower . e e e e e e e 330
Ratio . . . . . . . . . o .o o e e e 51 Tower . . . . . L 0 Lo e e s e e e e 320
Rating, hp. . . . . . . . . . . . . ... ... 2209 Total . . . . . ... ... e+ e e« . . . 650



The Measurement System used at the Gedser Windmill

Purpose, Performance and Experience.

Per Lundsager, Risg National Laboratory,
DK 4000 Roskilde, Denmark.

Abstract

The paper summarizes the experiences gathered with the measure-
ment system used in a series of measurements made on the Gedser
windmill during the period Oct. 1977 - Apr. 1979. The layout of
the system and the measurement procedures used are motivated and

described, and the performance of the system is evaluated.

Presented at: IEA-Implementing Agreement LS-WECS:
3rd Expert Meeting Sept. 25-27, 1979,

Boone, North Carolina, USA.



1. Introduction

In the period Oct 1977 to April 1979‘a series of measurements

on the Gedser Wind mill was carried out as reported in refs.

1l to 6. The measurement program was carried out under contract
with the Research Association of the Danish Electricity Supply
Undertakings (DEFU) in cooperation with US Energy Research and
Development Administration (US ERDA) as a joint venture by Rise
National Laboratory, Structural Research Laboratory of the Tech-
nical University of Denmark (SRL) and Danish Ship Research
Laboratory (DSRL).

The field measurements are terminated and the data processing
is well under way, and therefore time has come for an evaluation
of the results of the efforts put into the project. The purpose
of this presentation is to evaluate the measurement system in
a broad sense, i.e. not only the measurement system itself, but
also the way it was used. Fig. 1.1 shows the main points in the
presentation, which concludes with a series of recommendations
of both what to do and what not to do, based on the experiences

at the Gedser Windmill.

2. The Measurement Program

The figures 2.1 and 2.2 show the object of the measurements,
which is the last and largest of 3 research windmills built in
the 1950's by SEAS (Southeast Zealand Electricity Ltd.) and

DEF (The Danish Association of Electricity Supply Undertakings).
Fig. 2.3 shows a summary of the characteristics of the mill,
which deviates from the majority of new designs in that the
rotor is 3 bladed, upwind located and stall regulated. The blades

are stiffened by a number of stays.

Very few of the large windmills hitherto built have avoided
major problems. One of those who did succeed is the Gedser
windmill which was in continuous automatic operation during the
years 1958-67 without major mechanical troubles, and thus the
design of the Gedser mill has proven to be quite successful for
its time. It is therefore of considerable interest to verify
the design by studying the structural and aerodynamic response
as well as the power production as a function of meteorological



conditions.

The main objectives for the measuring program was, cf. fig.

2.4, the determination of power carves, loads and response,

and power fluctuations. However, the lay-out of the instrumen-
tation also aimed at obtaining results that may be useful in the
evaluation and development of models for windmill design and
analysis. Furthermore the results may be of interest in a com-
parison with later designs of USA and Sweden, which have several
essentially different design features.

In order to meet these requirements, the measurement program
outlined in fig. 2.5 was carried through. When studying the
structural response one must be able to resolve frequencies up
to several Hz. On the other hand one is interested in the long
time performance as far as power production goes. In order to
limit the amount of data needed the division in short term and
long term measurements was considered necessary, and the program
therefore consisted of a long term part and a short term part.
The long term part contained continuously recording of wind and
electric power data in order to describe the site climatology
and to establish an average power curve. The short term part
consisted of a number of runs of approximately 1 hours duration,
during which measurements of wind, power and structural response
were made together with the recording of various operational
parameters, using a high scanning rate. A limited number of ro-
tor channels were available, and it was decided to instrument
two of the three blades rather extensively in order to get

the best possible description of the blade behaviour. The third

blade was not instrumented.

3. The Measurement System

The measurement system consisted of sensors of various types,

data transmission systems and data recorders.

The sensor types are outlined in fig. 3.1, where they are grouped
according to the type of information given by them. Most of the
sensor types were off-the-shelf items, exceptions being the
position indicators and some of the strain gauges. Most of the
strain gauges were exposed to the environment, being mounted



externally on the structure. They were mounted using the cement

and moisture protection specified in fig. 3.1.

The data transmission of the short term measurements is shown
scematically in fig. 3.2. High speed samplings of the signals
are recorded on magnetic tape by means of three recording sy-

stems: 1) An integrated digitizer/raidolink/digital/magnetic
tape recorder-system 2) a 60-channel digitizer digital/magnetic

tape recorder built into a recording van and 3) a microcomputer
using paper print-out. Fig. 3.3 shows the main characteristics
of the digital telemetry system and the recording van. Fig. 3.4

shows the data flow during long term measurements.

The main problem in setting up the experiment was the data
transmission from the rotor to the ground. Therefore it was
decided to include two different transmission systems 1) the
digital transmission system mentioned above and 2) an analog
transmission system. None of the two systems had been used be-

fore in a similar application.

The use of two independent wireless telemetry systems was a
consequence of the fact, that the limited time available made
it necessary to use already existing telemetry systems. However,
both telemetry systems had troubles at the mill as will be
described later, the analog system being still under develop-
ment and the digital system being a prototype developed for
stationary long distance telemetry. ‘

The digital telemetry system transmits and records signals
from 26 sensors on blade 3. A box containing 28 operational am-

plifiers (Make CIL type SGA706) was built for the purpose. This
amplifier box supplied the feed voltage (3 volts) for the strain
gauge bridges on the blade and amplified the signals by 2000 x.

The strain gauge bridge will give v 7uV/ strain and is amplified
to 14 mV/pustrain. The signals are fed into the digitizer/transmit-
ter part of the telemetry system. A multiplexer samples 28 signals,
2 synchronizing signals and two scan counter bytes in a regular
pattern at a frequency of 1600 Hz, which means 50 Hz for each
instrument. The signals are digitized into a series of 8 bits,
which is encoded onto a 2256 Mhz radio transmitter (s-band, fre-



quency modulated). Upon receipt of the bit stream by the ground
based receiver, the signals are decoded into 8 bit bytes again,
using the synchronizing words to identify the complete scan,
and consequently recorded on computer compatible magnetic tape
consists of 64 scans, each of 32 8-bit bytes representing a
scan of 32 instruments, i.e. 2048 bytes. Thus the measurement
results are represented by an integer number between 0 and

255 on the tape. A change of this number by 1 represents a
voltage change on the input to the digitizer by 8 mV or ~
Lustrain. Two points of interest for the data user should be

emphasized:

1) The sampling is serial, i.e. the numbers in one scan are

sampled at equidistant moments, 0.6 msec apart.

2) The system measures instantaneous values, not averages. On
the other hand an RC-filter of 100 Hz is used on each sensor,

providing for some anti-aliasing.

The analog telemetry system was meant as an extra back-up sy-
stem to secure that data from the rotor were obtained in case

of data transmission problems. The system is an analog multi-
plexer sampling 16 signals at 250 Hz/channel. The channels are
read out and kept in parallel for each scan and after turn ga-
ted to the A/F converter for FM transmission. Scan length and
speed are controlled from "ground station" by telemetry. At the
"ground stage" F/V conversion, demultiplexing and samplehold
take place before readout in 16 parallel channels. Unfortunately
this system suffered heavily from noise problems, mainly stem-

ming from weaknesses in the FM transmission system.

The recording van samples the signals from the ground based

sensors. The system can record 60 channels simultaneously with
individual sampling rates. Each input channel is basically a
pulse counter that counts over the chosen sampling period.

Each channel is furthermore equipped with an analogue-to-pulse
rate converter that adapts analogue signals to the pulse input.
In this fashion each channel can accept analogue or pulse rate
input as chosen individually. The number of counts during a
sampling period is recorded on computer compatible tape together



with a channel number. Each instrument reading consists of 1
8-bit bytes for the channel number and 2 8-bit bytes for the
result (12 bits resolution only). The magnetic tape unit is
9-track, 800 bpi and uses 1800 ft tapes. Each block on the
tape contains 682 3 byte readings or 2046 8 bit bytes.

As the input channels are pulse counters, the results are
blockaveraged over the sampling period in contrast to the
digital telemetry system. However, a few of the Sensors
provided the recording systems with too few pulses per 20

msec to produce a proper resolution of the signals. These
channels were modified to measure the time lag between the
pulses. A 100 kHz pulse generator, which is triggered by the
arrival of a sensor pulse and stopped upon the arrival of the
next one, is connected into a pulse-counting input. Scans

that contain a count rate intermediate between 0 and 200 p/20 ms
make the arrival of a sensor pulse. The exact count rate of such

an "unfilled" scan yields a precise time in units of 10-5 sec.

The recording van and telemetry system was synchronized together:
the telemetry system scan-counter triggered the bus sampling.
The scan number from the telemetry system was recorded on the

van tape too so that simultaneous scans from the two tapes can

be easily extracted.

The microprocessor

The microprocessor is used to give immediate reading of wind-
speed and -direction and power during runs or otherwise. The
parameters are sampled at 4 Hz and on-line calculation of
average wind speed and mean power are made over a chosen period

of time. The output is immediately printed on paper.

The frequency range that can be covered in the short term mea-
surements is limited by the wish to limit the data files to
reasonable sizes. With the instrumentation at hand a full 9-track
800 bpi, 1800 ft tape can store 100.000 scans or v 5 decades in
the spectrum. We have chosen to use runs of appr. 40 min. each
with a scanning rate of 50 Hz (100.000 scans). This gives a

high frequency cut-off of 25 Hz, which seems reasonable in com-
parison with the expected dynamic resonance frequencies



(0.01 Hz - A 5 Hz) as it allows the possible study of one cr

two higher harmonics also. 40 min. is more than enough to cover
the slow resonances (turning of the nacelle). From a meteorolo-
gical point of view 40 min. cover the whole turbulent part of
the spectra (10 min. averages are common meteorology practice)
and hits close to the spectral gap between turbulence and synop-

tic region in the wind spectrum.

The result of each run during the short sessions on the Gedser
windmill is two digital magnetic tapes. Although the sampling
on the two main systems are synchronized, the block length and
structure are different and the data handling software is diffe-

rent.

To facilitate the data access, the contents of the two tapes are
transferred to a disc pack and errocneous scans are exchanged
with the latest correct one. The two sets of data files are now
merged together to form the final data set. It should be noted,
that originally recorded datavalues (in 8- and 12 bit integer
words) have been conserved through the conversion process to
save space on the disc pack. Each data value is now stored in
C2-format (16 bit). The structure of the data files has been
fixed to be the same for all runs.

The data quality is tested by making various plots and by com-
puting averages for the whole run for all sensors. Once the data
have been tested, they are dumped on magnetic, unlabeled tapes
(multi-reels). The values still being raw data, they have to be
converted when read. The data processing is summarized in fig.
3.5.

4, Measurement procedures

Fig. 4.1 shows the mounting of rotorinstrumentation and gives
an idea of the rather difficult access to the externally mounted
equipment, which was through a manhole on top of the nacelle.

Fig. 4.2 summarizes the problems encountered during mounting and
running in of the measurement system. Getting used to the equip-
ment took some time, and a number of problems had to be solved.
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While most of the problems were rather trivial, a few needed

some consideration to be solved. A number of the ground based
channels and the analog telemetry system had a built-in span
check capability, which in principle circumvents the zero-adjust-
ment and gain-control problem, but the digital telemetry system
did not have that feature. Furthermore the long term stability
of the strain-gauge installations was not considered sufficient
to allow the measurements to be referred to zero measurements
made in periods with zero wind speed, and it was therefore neces-
sary to establish zero measurement procedures to be applied in
conjunction with the measurements taken in operational wind. The
problem of referring the measurements to a force-free condition
was then transferred to the data evaluation phase. This problem
is substantial since in addition to the wind forces during zero
measurements also the gravity forces are difficult to account for

because the rotor assembly is statically indeterminate.

It was essential to choose proper amplifications and zero set-
tings for the digital telemetry in order to utilize the limited
range of 255 counts optimally. However, this proved to be a

minor problem which was solved during a few initial runs.

Serious problems, however, were experienced with the wireless
telemetry systems. The FM link of the analog telemetry system
had sO severe problems with noise, that it was decided to con-
centrate the efforts on the digital telémetry system only. This
suffered from problems with mechanical fatigue of components such
as print cards due to the gravity field, that rotated relative
to the instrument. This problem was solved by reinforcing the
components mechanically, but problems with spikes and inter-
ruptions of signals proved more difficult to solve. Following
some electronic refinements (floating zero, shielding etc.) the
remaining spikes were removed by securing a connection between
sender and reciever, that was uninterrupted by stays and other

obstacles.

Other, minor problems were to make the nacelle instrumentation
oil-tight and to protect the external equipment against the

rough environment. As the instrumentation was gradually run in
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an increasing problem proved to be that of keeping the working
channels intact. This problem was not diminished by a distance
of 150 kilometers to the mill.

Fig. 4.3 shows the preamplifiers being adjusted on the rotor. It
was a tough job, and during winter times hot coffee proved essen-

tial in keeping the personnel intact.

The measurement procedures developed during the initial phase of
the measurements are outlined in fig. 4.4. The runs were recorded
during sessions of 2-5 days duration. As the measurements proceeded,
more specific demands for the weather conditions arose,and obtai-
ning reliable weather forecasts showed to be a major problem.

During a typical session 1 to 3 runs were recorded. Most of the
first day of a session typically was spent warming up the instru-
mentation, i.e. checking/repairing channels, zero adjusting rotor
channels etc. A typical run then was initiated, when desired wind
conditions arose. The channel signals were checked using paper wri-
ters, and with stopped mill static zero and span check readings
were made. Static zero readings includes both wind and gravity
forces. During upstart (typically 2-5 min. duration) dynamic zero
readings were made on a separate data file. Dynamic zero measure-
ments are averages over one slow revolution (typically 20 sec.
duration) and gravity forces thus are averaged out. When the mill
had coupled to the grid recordings were 'not started before all
channel signals had been checked using paper writers. When the
recording was terminated and the mill was stopped, static zero

measurements might be made.

Usually the measurements were made by a team of 5 plus a utility
representative operating the mill. A major part of the maintenance
and repair work was done by the team between runs.

Finally, fig. 4.5 and 4.6 show examples on data after processing,
that consists mainly in cleaning the records by replacing faulty
scans with the previous scan. Only some of the pulse counting
channels have demanded more elaborate editing, an example being
the rotor velocity. The signals generally show satisfactory

resolution.
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5. Experiences

Fig. 5.1 contains a summary of the major problems encountered

with the instrumentation and precautions made to their solution.

As part of the instrumentation and recording equipment were proto-
types, and other parts originally designed for other purposes

and now applied for the first time under these rather extreme
measuring conditions, extensive commissioning tests and modifi-
cations showed necessary before start of field measurements.

The sensor themselves have presented few problems, that mostly
have been associated with non-standard sensors. The externally
mounted straingauges were stable, although some decay of iso-
lation resistances was observed towards the end of the measure-

ment period.

The strain gauge preamplifiers purchased for the digital tele-
metry system had to be returned twice because laboratory testing
showed that they were not up to specifications. Once the ampli-
fiers were replaced there have been few problems with the strain
gauges except for the not surprising finding that any cable near
the amplifiers should be left where they are, as otherwise small
changes in currents in the cables immediately necessitate a

new, complete readjustment of all amplifiers.

The main problems experienced have been in the wireless data
transmission, which have caused a considerable delay in the
program schedule. After completion of the set up of the whole
system all signals from the rotor showed up to be faulty. The
digital telemetry system showed several spikes on each rotor
revolution. The problems were finally solved by mounting the
transmitter antenna on the protruding tip of the stay assem-
bly and by moving the receiver antenna approx. 100 m away from
the mill in a suitable direction. The radio link was quite sen-
sitive to the position of the receiving antenna, which had to
be repositioned before every run depending on the wind and rotor
directions. There have been no serious problems in finding the
right positions for the receiving antenna. It also showed up
that the digital telemetry system was never designed to be vi-
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bration resistant. In several instances broken print cards have
had to be repaired and improved in order to resist the rough
environment. The Aanderaa and bus recording systems which were
connected directly to the sensors by cables have given no pro-
blems worth mentioning.

The digital transmission of data has proved reliable. Distortion
of signals seem to be to a large extent detectable, and this type
of transmission contains a kind of redundancy, because faulty
scans in many cases may be restablished during processing on
basis of the regqularity of the bit patterns. Thus this type of

transmission appears as a robust data transmission.

The accuracy estimates made on the results indicate, that the
deviations of the results from the sensors as it is desirable are
only marginally increased by the data transmission and recor-

ding equipment. However, in some analog signals having small
resolution the digitizing may add significantly to the devia-
tions, and this is also the case for pulse counting channels

giving few pulses per scan. This is a disadvantage associated

with digital transmission/recording, but it may be overcome

with more careful matching of the sensors and the recording

system. This was in fact done with the pulse counting signals

half way through the measurements by conversion into measurements
of time lag between the pulses. The time lag was recorded by recor-
ding the number of pulses from a 100 kHz oscillator arriving between
sensor pulses. This effectively reduced the digitizing error

on these channels.

Fig. 5.2 contains a summary of the experiences with the measure-
ment procedures and the strategy adopted for the measurements.

With the instrumentation at hand the remote processing of tape
recorded data was given, and it was chosen to record all channels
in every run. Given that initial choise the execution of the
measurements during few concentrated sessions still seems appro-
priate, because the instrumentation when zero adjusted and checked
proved reasonably stable during the next few days.

However, the choiceof measuring all channels in every run is not
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obviously correct. Although the most complete overall picture
of the mill in principle is obtained this way, the practical
difficulties connected with keeping all channels intact all
the time proved to be very large indeed.

Problems of another kind have appeared as a consequence of the
fact that the measurements have been made without actual ana-
lysis being performed in parallel to the measurements. For
various reasons the analysis was not included in the contract,
which means that the control of the data rests on spot checks
only, while the control and feed-back to the measurements asso-
ciated with the data being applyed in analysis and model veri-
fication is missing. Therefore the amount of data, that may
confidently be used in analysis is lesser than what might have
been obtained. However, a very large amount of data is recorded,
and the real problem now is not, that there are too few reliable
data but rather, that the extraction of valid data from a total
of 17 hours of records demands considerable efforts.

The procedures for the execution of runs have worked reasonably
well, considering the large number of channels of different
types. During most of the sessions rather high windspeeds were
aimed at, and consequently runs had to be made when the high
winds occurred, leaving limited time for rigorous checking of
the channels before the runs. Therefore the sensors were given
precedence according to their importance so that the most impor-
tant channels were checked first during the check phase before

the runs.

All measurements have been made by the same team of 5 people
responsible for both recording and data processing, although
runs have been made by as few as 2 people. This continuity
proved extremely profitable both in the maintenance of the
equipment and in the recording, processing and control of the
data. The increased personal experience and familiarity with the
measurement system without any doubt is the main reason for the
increased reliability of the system and the recorded data expe-

rienced during the measurement period.
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6. Conclusions

The measurement system used in the Gedser measurements was to

a large extent based on equipment available at the time, and

it appears from the preceeding parts, that it was certainly not
free from troubles. Nevertheless it performed in fact satisfactory
in many ways, and the records seem to contain sufficient data

for meaningful analysis. Fig. 6.1 summarizes the most important
experiences that may be of interest for the layout of future

wind mill measurements.

Standard off-the-shelf sensors and equipment may very well per-
form satisfactorily, and they should be preferred when available.
It is however advisable that they be checked in the laboratory in
order to secure that they meet the specifications expecially
regarding stability, since this may be extremely difficult to
check when mounted on the mill.

After initial troubles the transmission of data from rotating
parts using digital wireless telemetry proved reliable. It seems
that such antenna systems very well may have problems during the
running-in phase, but that they then will perform well. We feel
that digital radio transmission of data may be trusted in the
sense, that signal errors most often will have their origin else-

where in the system.

The digital recording of data which is natural in connection with
digital data transmission seems advantageous for the reasons given
above. However, problems of accuracy may occur in connection with
pulse counting channels, but these problems may be overcome by a
time measuring gate and possibly a better digital resolution of
the digitizer. This may be of general interest for example in

the high speed recording of cup-anemometer signals, that very
often are pulse counters with a fairly slow pulse rate.

Although the instrumentation was reasonably stable during the
sessions, long term stability of the instrumentation caused con-
siderable problems, and much effort was offered in order to keep
instrumentation drift under control and to control proper sensor
functions. We feel that a span check function to be applied as
close as possible to the sensor should have a high priority.
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The strategy adopted of measuring all channels during all

runs posed considerable problems. It demanded much effort to
secure proper operation of all channels at all times, and the
effort was not entirely successful. We feel that it might be
advantageous to concentrate on specific effects in a given run.

The strategy adopted of making all measurements before analysis

is commenced poses problems, since it may be 2ifficult to know when
to have confidence in the results. We feel that instead of re-
cording vast amounts of data in this way it may prove profitable
to make a limited amount of recordings, each recording being
preceeded by preliminary estimates of what to expect from the
records. This greatly will facilitate the data control and thus

improve the confidence of the data.

The strategy adopted of using the same team for field measure-
ments and data processing appears to be necessary, when remote
data processing is made. This is a function of the problems men-
tioned above, since the confidence to be associated with the
data recorded at Gedser is dependant of a close knowledge of
the actual behaviour of the instrumentation. If, however, the
procedures outlined above are followed we feel that on-line
processing in this context may lead to the data processing be-
ing more independent of the data recording, although we still
feel, that the possibility of remote date processing af runs

on basis of recorded tapes should be retained.

In short, the measurement system at Gedser performed satis-
factorily in may ways, but running-in of the system, current
maintenance and stability control of the system caused the
majority of the problems and most of the effort was used on
this. Needs for improvements are apparent just as much in the
strategies for the use of the system as in the system itself.
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MEASUREMENT PROGRAM
THE GEDSER MILL
PURPOSE
PROGRAM

MEASUREMENT SYSTEM
SENSORS
DATA TRANSMISSION
RECORDING

MEASUREMENT PROCEDURES
RUNNING-IN OF THE SYSTEM
MEASUREMENT SESSIONS

EXPERIENCES
INSTRUMENTATION
PROCEDURES

CONCLUSIONS

Fig. 1.1
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Fig. 2.2. The Gedser windmill

N O s W N

Vertical tube of the tower
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External ladder
Transformer house.
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Rotor location
Rotor diameter
Number of blades
Blade tip velocity
Rotational velocity
Rotor area

Blade construction

Regulation
Generator
Transmission
Tower
Performance

Upwind

24 m

3

38 m/s

30.23 rpm at zero slip

450 m2

Steel, main spar, wooden webs, aluminium

skin. Heavily stayed. Braking flaps in

blade tips

Stall regulated, no pitch control

Asyncroneous 200 kW, 750 rpm(l% slip at 200 kW)
Double chain 1:24.84 (primary 1:4.74, secondary 1:5.24)
Stiffened concrete cylinder, hub height 24 m
Selfstarting at 5 m/s

200 kW at 15 m/s

Typical annual production 350.000 kWh/yr (ref.l)

Fig. 2.3



AIMS OF THE MEASUREMENTS:

- DETERMINATION OF POWER/WIND

RELATIONSHIP

- DETERMINATION OF LOADS AND
STRUCTURAL RESPONSE

- INVESTIGATIONS OF POWER,
FLUCTUATIONS

- DATA FOR LATER MODEL
VERIFICATION

- DATA FOR COMPARISON WITH
MODERN MILLS

Fig. 2.4
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MEASUREMENT PROGRAM:

METEOROLOGICAL MEASUREMENTS
- LONG TERM
- SHORT TERM

POWER MEASUREMENTS
- CHARACTERISTICS
- FLUCTUATIONS

STRUCTURAL RESPONSE MEASUREMENTS
- ROTOR FORCES AND MOMENTS
- NACELLE FORCES AND MOMENTS
- NACELLE MOVEMENTS

EXECUTION:

LONG TERM MEAS:
CONTINUOUS 10 MIN. AVERAGES

SHORT TERM MEAS:
FAST SAMPLING OF ALL CHANNELS
RUNS RECORDED ON TAPE
REMOTE DATA PROCESSING

Fig. 2.5



- 22 -

Group Number of Transducers Quantities measured
Channels
1 21 Strain gauge sensors Blade section forces and
on blade 3 and adjacent stay forces
stays
2 5 Differential pressure Differential pressures on
transducers on blade 3 blade 3
3 19 Strain gauge sensors Blade section forces and
on blade 2 and adjacent stay forces
stays
4 5 Strain gauge sensors Forces between nacelle
on measuring cylinder and tower top
S 4 Accelerometers in Linear and angular accelera-
nacelle tions, yaw rate
6 3 Pulse counters and poten- Rotoropositions (1/1° and
tiometer in nacelle 1/7360°) and nacelle position
7 2 Strain gauge sensors Transmission and generator
on transmission shafts shaft torque
8 3 Electrical power KWATT, KVAR and Volt
transducers
9 12 Ultrasonic anemometer Wind vector and temperature
sensors at 3 levels
10 9 Various sensor Meterological wind
condition data
11 2 Anemometer and wind Wind speed and direction
vane at hub heigth

Strain Gauges:

Fig. 3.1

Cement

Moisture protection:

Hottinger X60, Eastman 910
Silicagel Philips PR 9258/00

Neoprene foam rubber

Glass fabric
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SENSORS SITISORS REONS SENSOPS
BLADE 3 BLADE 2 TR MET.
) NACULLE MAST
28 16 18 2
R L
| RADIO LINK | | CAPACITIVE LINK {
I by !
| forcirac | | [awatoe |
| breLenerry ROTOR | | |reLemerny ROTOR |
| |rransmitrer | | |rransmiTTER |
| i) : [ ) '
| oata] | contro | | oata] | controL !
| 1] 1l !
| DIGITAL | ANALOG |
| TELEMETRY GROUND I ! TELEMETRY NACELL8|
| RECEIVER | : RECETVER |
L_“____.T.._._"_J L_“_.__.ﬂ.__._"_J
L ) Q
28 PATCH PANEL
3
15
“LCRD
\} SYNC. 7 PROCESSOR
THLEMETRY SreNALs |MOBILE
RECORDING 0" DATACOLLECTING (:
UNIT UNLIT (BUS)
\)
TACE TAPE
RECURDER RECORDER

Fig. 3.2, Diagram for the data flow during
short term measurements.
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SPECIFICATIONS TELE BUS
CHANNELS 28 60
TRANSMISSION 27GHZ CABLES
DIGITAL ANALOG
RECORDING DIGITAL DIGITAL
RESOLUTION 256 4096
SAMPLING SERIAL AVERAGE
AMPLIFICATION. + +
SEPARATE RECORDER + +
PAPER WRITER - +

SPAN CHECK

Fig. 3.3



- 25 -

GENERATOR
{POWER) :>

NACELLE

METEOROLOGICAL
MAST

| |
PATCH PANEL et b |
A J 1

MICRO

PROCESSOR

AANDERAA (\___.
RECORDER

Fig. 3.4
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DATA PROCESSING:

TAPES 9 TRK, 800 BPI, 1800 FT
CAPACITY 100.000 SCANS~ 5 DECADES
FREQ.CUTOFF 5-25 HZ

SYNC. TELE SCANNUMBER

RECORDED B4 BUS
B 6700

PROCESSING MERGING OF FILES
CLEANING THE RECORDS
ZERO CORRECTION
CONVERSION/CALIBRATION
CHECKING

AVAILABILITY PROCESSED RUNS AS RAW

DATA ON 2 TAPES
+ CONVERSION ROUTINE

Fig. 3.5
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RUNNING-IN OF THE SYSTEM:

GETTING USED TO THE EQUIPMENT
- DISCOVER STRONG/WEAK POINT
- ESTABLISH PROCTICAL ZERO ADJUSTMENT
PROCEDURES
- CHOOSING ZERO SETTINGS AND
AMPLIFICATION OF TELE CHANNELS

| TELEMETRY/TRANSMITTER PROBLEMS

- ROTATING GRAVITY => MECH.FATIGUE

- NOISE ON KHZ LINK (ANALOG TELE)

- SPIKES ON GHZ LINK (DIGITAL TELE)

OTHER PROBLEMS

MAKING EQUIPMENT OILTIGHT
EXTERNAL MOUNTING OF EQUIPMENT
KEEPING WORKING CHANNELS INTACT

100 MILES TO THE MILL

FIG. 4.2
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Fig. 4.3
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MEASUREMENT PROCEDURES:

SESSIONS OF 2-5 DAYS

RUNS

TEAM

ACTIVATING INSTRUMENTATION
1-3 RUNS PROVIDED DESIRED
WIND CONDITIONS
MAINTENANCE AND REPAIR

OF 2-5 HOURS

CHANNEL CHECKS (STOPPED MILL)
STATIC ZERO/SPAN CHECK READINGS
DYNAMIC ZERO READINGS (UPSTART)
CHANNEL CHECKS (MILL RUNNING)
RECORDING (APPROX. 1 HOUR)
STATIC ZERO READINGS

OF 2-5 PEOPLE

MEASUREMENTS
DATA PROCESSING

Fig. 4.4
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GEDSER/RUN16CL ~00.
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GEDSER/RUNY Z7/.CL/0O1.
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1r,O‘SIEC/['3IV,l 0.020SEC_AVE.

0.%00 - ¢
1: ROTOR

0.000 - C

A A TV N

30.000 KN C

23: NYS,

'SOM KN (

100.000 KN C
24: N11,

<0.000 KN C

« o
25! M1,

QU™ OF USE

C 0:

26: M2,

ouUT OF USE

1- 10 StC
1 CO)

POS, 1,360 CE

0 CO)
186 CO)

BLADE-3

100 CO)
193 CO)

BLARDE-3

125 CC)

1000 CC)

BLADE-3

1000 CO)

BLADE-3

¢ 0:,000 CO)

27 M3,

OUT OF USE

¢ O

28: Mi4,

OUT OF USE

30.000 kA

29: M2t,

0.000 KN C

BLADE-3

1000 CC)

BLADE-3

¢ 210 CC3

BLADE-3

S8 (¢



- 33 -

EXPERIENCES, INSTRUMENTATION:

PROTOTYPE INSTRUMENTATION PROLONGED RUNNING-IN PERIOD.

- MOST SENSOR PROBLEMS WITH NON-STANDARD SENSORS, STRAING.
STABLE.

- AMPLIFIERS NOT ZERO STABLE AND SENSITIVE TO CABLE MOVE-
MENTS.

- RADIO LINK SENSITIVE TO REFLECTIONS ETC.
TELEMETRY VIBRATION SENSITIVE.

- DIGITAL DATA TRANSMISSION AND RECORDING PROVED RELIABLE.

- UNCERTAINTIES IN RECORDED DATA:

- SENSOR ERRORS (ANALOG CH.)

- DIGITIZING ERRORS (PULSE CH.)
THESE ERRORS MUCH REDUCED BY TIME MEASURING GATES:

Fig. 5.1
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EXPERIENCES, PROCEDURES:

- FEW INTENSIVE SESSIONS GIVE THE MOST RELIABLE RESULTS.
SUITABLE FOR LONG TERM UNSTABLE SYSTEMS.

- RECORDING ALL CHANNELS ALWAYS GIVE MAINTENANCE PROBLEMS.

- NO PARALLEL ANALYSIS LESSEN THE PERCENTAGE OF RELIABLE RE-
SULTS.

- RUN PROCEDURES SATISFACTORY. SENSOR PRIORITY RANGE DUE TO
LIMITED TIME FOR CHANNELS CHECK.

- ONE TEAM FOR MEASUREMENTS AND DATA PROCESSING INCREASED
DATA RELIABILITY.

Fig. 5.2
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CONCLUSIONS:

- STANDARD SENSORS PREFERABLE, LAB.
TESTS OF STABILITY RECOMMENDED.

- WHEN RUN-IN OVER, DIGITAL RADIO TRANSMISSION
DO NOT INTRODUCE UNCONTROLLABLE ERRORS.

- DIGITIZING ERRORS ON PULSE SIGNALS (CUPANEMOMETER)
MAY BE REDUCED BY TIME MEASURING GATE

- SPAN CHECK DESIRABLE FOR EASY STABILITY AND MALFUNCTION
CONTROL.

- RECORDING FEW SENSORS AT A TIME IS RECOMMENDED. CONCEN-
TRATE ON SPECIFIC EFFECTS, ESTIMATED IN ADVANCE

- ONLINE PROCESSING SHOULD HAVE REMOTE PROCESSING OPTIONAL.

Fig. 5.3
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IEA Expert Meeting: "Large Wind Energy Systems"
Blowing Rock, N. C. (USA)

September 26 to 27, 1979

GROWIAN TEST PROGRAM

(Objectives of Power Output Measurements)

by

Erich Hau
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l. INTRODUCTION

The large Wind Energy Plant GROWIAN is designed as a typical
plant with respect to power output and technical design to deliver
a considerable contribution to electric power need in the Federal
Republic of German;/. This contribution should be achieved by a

great number of identical units.

Therefore GROWIAN is planned as a prototyp and not as an experi-
mental plant. On the other hand GROWIAN is of such a size, that
a variety of technical problems is involved, which only can be
solved experimentally. For this reason it is foreseen to carry out

a test program in connection with the qualification phase.

The outline of this test program has recently started. The objectives,
the measurement methods and the hardware will be studied in more

detail.

This paper describes the objectives of the test program with respect

to the power output measurements.
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Fig. 1: Large Wind Energy Plant GROWIAN

Rated Power 3 MW

Rated wind speed 12.8 m/s
Cut-in wind speed 6.3 m/s
Cut-out wind speed 24.0 m/s

Rotor diameter 100.4 m

Rotor speed 18.5 rpm + 15 %
Hub height 100 m



Fig. 2: GROWIAN Program - Time Schedule

Phase 1977 1978 1979 1980 1981 1982 1983

Project Definition [/////r /////A

Design Documents

Site Wind Measurement /A7 7 A % E

Program

[\

Rotor Blades /////////7////]

Tower, Nacelle, Machinery, V///////V///AI

Site Reparation

Start up @@

Test Program —- . i

_Oﬁ_
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Il. PREDICTED PERFORMANCES AT THE SELECTED SITE

Site

GROWIAN will be erected in the North German coastal area.

The selected site (Kaiser-Wilhelm-Koog) is about 100 km far away
from Hamburg on the mouth of the Elbe river (Fig. 3).

The topography is completely flat with only single groups of trees.

Wind Data from the Site

Up till now wind measurements directly from the site are not avail-
able. Therefore a measurement program has been started which takes wind

data by means of a special tower of 150 meters height.

These measurements are carried out by the "Institut fur Meteorologie
und Klimatologie" of the Technical University Hannover. For the per-
formance calculations wind data from the meteorological station of
List on the island of Sylt have been taken. These data seem to be
somewhat more favourable than the expected values from the site on

Kaiser-Wilhelm-Koog.
Figure 4 shows the relative and cumulative frequency of wind speed.

The wind speed at hub height was calculated by means of the Hell-

mann formula with an exponent of 7.5.

Predicted Performances

Based on the computed rotor performance chait the mechanical power

output of the rotor and the generator output have been calculated

(Fig. 5).

The curves of Fig. 5 show the performances without consideration
of performance losses due to increased surface roughness of the rotor

blades, tower shadow or influence of the control system.
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Fig. 4 Wind Data BT
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Fig. 5 Predicted Performances
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IHi. POWER OUTPUT MEASUREMENT PROGRAM

1. General Tasks

The outline of the test program considers two different aims.

For GROWIAN as a prototyp of a commerically used wind power plant
a start up test program has to be performed. These tests have to
qualify the system and to evaluate the operating modes. For this pur-

pose a permanent operational data acquisition system will be installed.

On the other hand for a limited time GROWIAN has the function of an
experimental unit. By means of an engineering data acquisition system
a variety of experimental investigations will be carried out. They include
modifications of critical components in order to evaluate alternative tech-
nical solutions and general tasks of an experimental research program

for large wind energy systems.

2. Data Acquisition jn Power Measurements

The data acquisition for power output measurements has to consider the
special type of generator used. The double feeded asynchronous machine
allows a certain speed variation (+ 15 %) of the rated speed at constant

frequency.

The kinetic energy of the rotor acceleration and C[eceleration has to be
taken into account in-the correlation between generator output and rotor
performance. In order to calculate the rotor power it is necessary to
measure the instantaneous rotor speed (w Ro) and acceleration (W Ro) .
In that way the rotor efficiency (cp) can be calculated based on the

usual generator output (Fig. 7).



Fig. 6
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General Tasks

of operating_modes

- GROWIAN as a prototype of a commercially
used plant

- equipped with an operational data acqui-
sition system

— GROWIAN as an experimental unit

- equipped with an engineering data acqui-
sition system
(requires additional hardware and design
modification)
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3..Main Objects of the Test Program

Aerodynamic Properties of the Rotor Blade Airfoils

The aerodynamic properties of the chosen laminar flow airfoils

d ecrease significantly with increasing surface roughness.

Figure 8 shows the influence on the power output considering
a smooth surface and one with extreme roughness, simulated in

wind tunnel tests.

If it proves, that in real operation the surface condition will be
near to "rough" some design parameters i. e. the blade pitch
angle in partial load operation and eventually the rotor speed have

to be changed in order to avoid severe power losses.

In the engineering test program the correlation between blade sur-

face condition and those parameters will be experimentally studied.

Tower Shadow

GROWIAN is designed with a leeside mounted rotor. The tower
shadow effect is expected to be relativelylow due to the slender

staged steel tower.

Nevertheless the theoretical calculations show a significant effect
on the power output. In the power curve sharp gaps up to 40 %
decrease from the steady value could be possible at high operating

wind speeds (Figure 9).

The test program with respect to those effects includes the study
on power loss and drive train dynamics as well as anevaluation

»
of aerodynamic aids for reducing the tower wake (vortex generators'

(edges) on the tower surface).
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Fig. 8 Aerodynamic Properties of Airfoils

(Surface Roughness)

by F.X. Yortmann

124 —
cl | Smooth r°“l’: """""" PR R=50m .

® Rve 30a10° -

© ReslDax® o
0.8-_ & ReeS0x2’
a.‘:_ Sﬂm

FX W-151-A
0 p (Ql\r 12 6 20
10%¢c,

Electric Power Out

4000

Generator Po Out P ~ kW
wer Output G

3000
7"
2200 /'( oen
smooth Kmugh
1800 /
2 //
7] S 10 1S5 20 25 30
Meen Wind Speed \‘/w ~ m/s
Test Progrom_

- Influence of blade surface roughnese on power output
- Selection of optimal blade pitch aengle and eventually

odaption of rotor speed



Fig. 9 Tower Shadow

Tower diameter : D=35m
Tilt ongle of rotor axie: ¢ =18°
Distance rotor to tower : 50

Vel

(according to S. Mickeler)
El?,2500 :

2000

nzarctan 53:3

1500 L '
0 180 360 Y~deg

Test Programm

- Mecsurement of Tower woke (velocity profile, vortex

structure

- Power losses

- Testing of aercdynamic aide for reducing the tower
wake (“vortex generators™ on the tower)
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Power Control

Above rated wind speed the power output is maintained at 3 MW by

blade pitch angle variation.

Between cut-in wind and rated wind speed (partial load operation)

the pitch angle will be set at a constant position of 2°. The selec-
tion of an optimum constant pitch angle with respect to a maximum
power output depends on the characteristics of the rotor performance

chart (cp-,l-chart) (Fig. 10).

That means in the case of degradation due to increasing airfoil rough-
ness the pitch angle has to be changed. In the test program the opti-
misation of power control in partial load operation will be an important
subject. In this framework the feasibility of a control procedure (main-
taining the blade pitch angle in several steps) close to the envelope of
the cp-,l-chart will be studied. This would result in a certain per-

formance gain.

Wind Direction Misalignment

The yaw drive system will be actuated when the rotor axis is misaligned

more than 50 with respect to wind direction.
Due to this effect a small power loss is theoretically predicted.

The test program includes measurements of power output and rotor loading

at different rotor misalignments.

Rotor Teetering

GROWIAN is designed and will be operated with a teetering rotor.

Nevertheless it is foreseen to block the pendulum hub and perform a test
program with a fixed rotor. The results of theoretical calculations do not
allow a definitive conclusion about the general advantage of a teetering

rotor. For this reason an experimentally trade off investigation should be

carried out.
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Fig.18 Power Control Procedure

Full Loed : Blade pitch engle control according to
max. allowcble generator output and

overspeed

Partial Load: Constant blaede pitch angle (F= 2%

or

pitch angle control close to the envelope
of the Cp = A = chart

.5 T '

Full Power Operation _— Envelope

Power Coefficient cp
KN

(]
Pitch Angle = 2

-.2 —
(%) 10 15 2e 25
Tip Speed Ratio A

wn

Test Progrc_n:

:I“l-ou?ml operation at partial load with W= 2° = conet.
- Feasibility of control method close to Cp - \ - envelope
(neasurement of the porformnco improvement)



Fig. 1
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Wind Direction Deviation

Start of the yaw drive system at 5° misalignment of
the rotor axis with respect to the wind direction

Test Program

— Measurement of power losses and rotor loading at
different rotor misalignments

Rotor Teeterins

Teetering rotor coupled with cyclic blade pitch
angle control
teetering ansle =1: 3

blede pitch angle

Test Program_

~ Nominal operation with pendulum hub
- Test program with blocked hub, i.e. fixed rotor
(requires additional hardware and wmodification of

the hub)
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IV. RANGE OF EXPECTED POWER OUTPUT

The power output calculations for a given wind rotor configuration
can be performed with a good accuracy by means of the available
theoretical models. Deviations from the results,which are based on
ideal conditions, are caused by the real conditions discussed before.
The power losses, due to such effects as tower shadow, surface
roughness of the airfoils, rotor axis misalignment etc. can be
calculated with more optimistic or more pessimistic assumptions.
For this reason Figure 12 shows the calculated power output based
on the idealized mathematical model and gives the range of expected

output considering estimations for power losses.

~

The appropriate annual energy output has been calculated from
9.8 GWh based on pessimistic assumptions to 11 GWh with more

optimistic figures.
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Fig. 12 Range of Expected Power and Energy Output
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DOE/NASA

WIND TURBINE DATA SYSTEM

H. NEUSTADTER
R. WOLF

LEWIS RESEARCH CENTER



INTRODUCTION

BACKGROUND
ENVIRONMENT
FUNCTIONS
TRANSDUCERS
DATA FLOW
COMPONENTS

DIGITAL ANALYSIS
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BACKGROUND

OBJECTIVES
o TO SUPPORT INSTALLATION AND DESIGN

APPLICATIONS
o ATTAINING OPERATIONAL READINESS
o DIAGNOSING MALFUNCTIONS
o ASSESSING PERFORMANCE

REQUIREMENTS
e ON LINE DISPLAYS OF ENGINEERING DATA
o COMPACT ARCHIVING OF ALL DATA
e REMOTE SITE OPERATION
e FULLY INTEGRATED SYSTEM
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BACKGROUND (CON’T)

APPROACH
o FM TRANSMISSION
e FM RECORD
o COMPUTER CONTROL
o FULLY INTEGRATED SYSTEM
o HARDWARE DIGITAL COMPRESSION
e MOBILE SYSTEM
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WTG OPERATING ENVIRONMENT

TEMPERATURE
ALTITUDE
HUMIDITY
CORROSION
ACCELERATION®
VIBRATION®

*AS APPLICABLE

-359 € 70 +55° C

SEA LEVEL TO 3,000 M

0 TO 1007

SEA SALT, FUNGUS

MIL. STD. 810C (HELICOPTER)

MIL. STD. 810C (HELICOPTER)
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FUNCTIONS

TRANSDUCE
STRAIN GAGE
THERMOCOUPLE
VOLTAGE OUTPUT
CURRENT OUTPUT

CONDITION
CONVERT TO FM
MULTIPLEX
TRANSMIT VIA COAXIAL CABLE

RECORD/PLAYBACK
ALL DATA AS FM MULTIPLEX
TIME

DISPLAY
STRIP CHART
CRT
SPECTRUM ANALYZER
PRINTER/PLOTTER

REDUCE
COMPRESSED DIGITAL RECORD
STATISTICAL ANALYSIS



TRANSDUCER

STRAIN GAGE
THERMOCOUPLE
ACCELEROMETER
ELECTRICAL
WIND

TRANSDUCER CALIBRATION

CALIBRATION

APPLICATION OF KNOWN LOAD

REFERENCE TABLES/TEMPERATURE REFERENCE
FACTORY

FACTORY

FACTORY (WIND TUNNEL)

CALIBRATION MAINTENANCE

GRAVITY CHECK

ICE POINT CHECK
GRAVITY CHECK
SENSOR CROSS CHECK

PERIODIC REPLACEMENT/WIND
TUNNEL CALIBRATION

-bg-



MEASURED PARAMETER

STRAIN
BENDING MOMENT

TEMPERATURE
ACCELERATION
POWER

VOLTS

CURRENT

WIND

TRANSDUCER FEATURES

TRANSDUCER

STRAIN GAGE BRIDGE

THERMOCOUPLE
ACCELEROMETER
WATTMETER

POTENTIAL TRANSFORMER
CURRENT TRANSFORMER

ANEMOMETER/WIND VANE

OPERATING PRINCIPLE

CHANGE IN RESISTANCE DUE
TO CHANGE IN STRAIN

BI-METAL JUNCTION
SERVO/FORCE BALANCE

HALL EFFECT

TACH GENERATOR/POTENTIOMETER

BANDWIDTH

DC TO 40 HZ

DC TO .1 HZ
DC TO 10 HZ
DC TO 10 HZ
DC TO 10 HZ
DC TO 10 HZ

DC TO 10 HZ

_Sg—
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DATA VAN OVERVIEW

UP TO 63
ROM Ulpermacne
e 2 MULTIPLEXES Y
OF 16 CHANNELS e L
1 DISCRIMINATORS CALIBRATE
14 TRACK
ANALOG
DATA VAN

“ﬁ;“,"&”»ra T ——

- OPERATORLE
3
i3 CONSOLE %

OVERALL ERROR
NOISE L 5%
ACCURACY L 3%

7.
800 B.P. L
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COMPONENTS

REMOTE MULTIPLEX UNIT (R.M.U.)

o 32 CHANNELS PER UNIT (EXPANDABLE)

o DIVERSE TRANSDUCER INPUT

o 0-40 Hz CHANNEL BANDWIDTH

o FREQUENCY MODULATION; CENTER BAND + 125 Hz

o 16 DATA CHANNELS PLUS REFERENCE PER MULTIPLEX
o OPERATE IN WIND TURBINE ENVIRONMENT

o NO EXTERNAL CONTROL REQUIRED

e U400 METERS TRANSMISSION (EXTENDABLE)

o ACCEPT CALIBRATE COMMANDS
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COMPONENTS (CON’T)

FM RECORD/PLAYBACK UNIT

TIME CODE + FM MULTIPLEXES

DIRECT RECORD, WIDEBAND I
1-7/8 1.P.S.
0.4 TO 25.0 kHz
S/N: 25 pB

14 TRACKS

15 INCH REEL; 1 INCH TAPE

TIME CODE

GENERATE/TRANSLATE
IRIG B (DAY, HR., MIN., SEC., MSEC)
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COMPONENTS (CON’T)

FREQUENCY DISCRIMINATORS
o MATCHED TO LOWER 8 RMU FREQUENCIES
o DETRANSLATION OF UPPER 8 FREQUENCIES
o 0 1o 40 Hz

ANALOG OUTPUT, + 10 V

e TAPE SPEED COMPENSATION
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COMPONENTS (CON’T)

ANALOG/DIGITAL MULTIPLEXER
o UP TO 128 CHANNELS
e UP TO 100,000 SAMPLES/SECOND

e 12 BIT RESOLUTION (1/4000)

DATA COMPRESSION UNIT
o 128 CHANNELS

o SEPARATE ALGORITHM FOR EACH CHANNEL
REJECT/PASS
BIT MATCH/NO BIT MATCH
IN LIMITS/0UT OF LIMITS
BIT CHANGE
AMPLITUDE CHANGE BY PERCENT
PASS EVERY NTH
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NEW MEXICO
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SUMMARY

e MATCHED, INTEGRATED SYSTEM
o SUPPORTS WTG INSTALLATION AND INITIAL OPERATION

e PROVIDES DATA FOR DESIGN ENGINEERS
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P-A Johansson/I1E

EVALUATION OF THE PROTOTYPE PROJECT OF THE SWEDISH
WIND ENERGY PROGRAMME

INTRODUCTION

The prototype project is the major part of the Swedish
wind energy programme. Teh programme is conducted by
the Swedish Board for Energy Source Development, in
Swedish abbreviated NE.

The project comprises concept studies followed by de-
sign, erection and evaluation of two larg scale hori-
zontal axis WECS.

Together with other projects in the wind energy programme,
the purpose of this project is to provide basic infor-
mation for a possible decision in the direction of

large scale utilization of wind energy in Sweden. This
decision is scheduled to be made around 1985. The pro-
ject has now reached the implementation phase.

Early this summer NE came to agreements with two proto-
type contractors, Karlskronavarvet AB (Kkrv), part of

the Swedish state shipyard group, and Karlstads Mekaniska
Werkstad AB (KMW), part of the Johnson group. Both agree-
ments hav later been confirmed by the Swedish government.

The prototypes

The main characteristics of the units are listed in
table 1 below, together with the corresponding require-
ments stated in the request for proposals.

Kkrv KMW RFP
Rated power (MW) 3.0 2.0 2-4
Turbine diameter (m) 77.6 75.0 70-90
Number of blades 2 2 2-3
Blade type GRP Steel+ Optional

GRP

Tip speed (m/s) 101.5 98.1 <170
Turbine orientation Downwind Upwind Optional
Hub height (m) 80 80 2Turbine dia.
Hub type Teetered Rigid Optional
Generator type Synchr/ Induction/

/1 500 rpm /1 500 rpmOPtional
Tower design Steel shell Concrete Optional
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cont. Table 1

Kkrv KMW RFP
Rated Wind speed (m/s) 14.2 12.5 Optional
Cut in wind speed (m/s) 6 6 6
Cut out " " (m/s) 21 21 221
Blade pitch control Computer + Computer+ Required

hydraulic hydraulic
Yearly energy produc-
tionl) (Gwh) 8.1 6.7 -

l)Hypothetical wind conditions equal for.both prototypes
but not équal to conditions on the prototype sites

Siting and operation

Sites for the prototypes are shown in figure 1. The
Kkrv prototype will be erected near the south coast in
the province of Skdne in southern Sweden while the KMW
unit will be sited on the island of Gotland. The sites
have favourable wind conditions.The yearly median winds
being approx. 9 m/s on both sites. From an evalua-
tion point of view and also considering operation and
maintenance the selected sites are less favourable,
particularly the site on Gotland. The units will be
connected to the national Swedish power grid at 50 kV
and 30 kV voltage levels. The available short circuit
power at the connection points would be 150-800 MVA
according to the RFP specification, but will be as low
as 50 MVA for the Gotliand site.

The day to day operation and the maintenance of the
units will be assigned to Sydsvenska Kraft AB and to
the Swedish State Power Board, the utilities which are
operating in the areas where the units are located.

Time schedule

The different phases of the implementation of the two
units are planned to run roughly according to identical
time schedules.

An overall time schedule for remaining activities of
the prototype project is shown in figure 2.
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Evaluation

In figure 2 are also indicated the evaluation activities
to be conducted during the remaining phases of the pro-
ject. These activities are planned to be carried out in
a systematic and well documented manner.

Studies and evaluation of the implementation

During final design of the units and subsequent
manufacturing and installation NE will closely
supervise technical and economical aspects of the
delivery. From the technical point of view; new
technology and "old technology" in new applica-
tions will be of major interest together with
problems associated with transportation of large
components to the site an also erection.

The aim of the economical studies is to obtain a
base for more accurate cost estimates of WECS
manufactured in larger series.

Planning of the evaluation activities during this
phase has recently been started.

bDelivery test
The delivery tests shall verify that

o Functional requirements on the unit and its
subsystem are met.

o Loads and stresses at critical points do not
exceed the design limits.

o The unit is capable of producing energy according
to the specification.

o Other contractual requirements are fulfilled.

The main part of the delivery tests will be per-
formed during the test period indicated in figure 2.
If wind conditions are unfavourable, some test may
be postponed to a later date.

The testprocedures for the delivery test will be

worked out by the contractor. NE has however the

right to influence them. The contractor will also
carry out the testing with NE having contractual

rights of full supervision of the tests.

Studies of the operational units

The evaluation work to be performed during this
phase will be conducted by NE, but executed with
external assistance from among others the utilities
operating the units and the prototype contractors.
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Activities to be performed during this phase are:

0 Acquisition and evaluation of engineering and
operational data, utilizing qualified data
aquisition systenms.

o Logging of experiences from operation and main-
tenance of the units. Techical and economical.

o0 Studies of the unit”s influence on the environ-
ment.

o Studies of costs for operation and maintenance.

Planning of activities during this phase will be
started later this fall.

A preliminary listing of the studies to be per-
formal has, however, already been made as a basis
for specification of the data acquisition systems
for the prototypes.

MEASUREMENTS AND STUDIES ON THE PROTOTYPE SITES

Measurements on the prototype sites during delivery
tests and the subsequent test period will be performed
utilizing one permanently installed data acquisition
system,DAS, in each prototype.

Originally the data acquisition systems were intended
to be part of the delivieries of the prototypes and
included in the procurement of the units. On a late
stage, shortly after the prototype proposals had been
recieved there was a decision made, that the DAS should
be separately specified and procured.

There were several reasons for this decision.

The RFP had on this point been interpreted in widely
different ways. Each bidder had his own ideas about

level of qualification and the scope of delivery for
the DAS.

As a result there would be a risk of not being able
to perform equivalent evaluation of the two units.

Secondly it was judged that NE“s ambition to be essen-
tially independent of the prototype contractors in its
evaluation work would be difficult to maintain with the
systems proposed. Generally, the measurement facilities
were closely tied to the control systems of the units.

Further, the ideas about the requirements on the evalua-
tion were at this stage a bit unspecific, not exactly
suited for a final decision on the capabilities of the DA
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A committee was formed and was given the task to pre-
pare a separate procurement of the data acquisition
systems. The idea was to make one specification for

the complete DAS i. e. instrumentation (primary sensors,
signal conditioning and transmission) and data recording
equipment. Realizing that the instrumentation was an
integral part of the prototype and if possible should

be included in the prototype contract we changed opinion
in order to prepare the instrumentation specification

in time for coordination with the prototype procure-
ment. It would be possible to specify the data registra-
tion equipment, i. e. computer systems, later if special
attention was paid to the interface between instrumen-
tation and computer system in the specification work.

For the work the following general requirements were
set up:

- Both prototypes should be equipped with identical
systems as far as differences in prototype design
allowed.

- The data acquisition systems should in principle
be separated from the control system of the units.

- The system should within reasonable limits be
"complete", i. e. meet the needs for data registra-
tion of various types and for various purposes.
Measurement tasks which are best solved with
temporary installations should not be taken into
account.

In its work, the committee has been assisted by external
experts:

- Meteorologists from the university of Upsala and
from the Swedish Meteorological and Hydrological
Institute, SMHI.

- Representatives from the utilities which will be
responsible for the operation of the units.

- Experts on electrical matters from the Institutes
of Technology in Lund and Gothenburg (Chalmers).

- The potential prototype contractors.

The committee itself represents experience in aerodyna-
mics and structural dynamics and also experiences from
the evaluation of the Swedish 60-kW experimental unit.
Consequently the conditions for obtaining a complete
coverage of the various evaluation aspects must be
considered to have been good.



The first result of the committee”s work was a docu-
ment named "Tasks and Goals of Prototype Evaluation”.
It gives a listing and rough description of the studies
to be performed on the prototype sites and was compiled
to give a basis for the specification of the instrumen-
tation and data acquisition computer systems.

It contains the following main sections:

l. General

. Evaluation of the WIS as a power plant
. Loads and stresses

. Fault monitoring

. Environmental effects

. Other evaluation tasks

7. List of measurands

I will comment on the major points of interest in each
of these sections and will also, where relevant, comment

on specific methods which are suggested for the evalua-
tion.

General

This section describes the purpose of the document. A
short description is given of the meteorological system
which will be installed on each prototype site. These
systems are installed and operated by SMHI, under
contract with NE. The systems will be interfaced to

the prototype DAS:s. :

This section deals with plant power and energy procuc-
tion and consumption, the plant”s interaction with the
power grid and the availability of the plant.

The power output as a function of wind velocity will

be determinded as a routine measure. It will, however,
not be relied upon as a verification of the prototype
design. The reason for this is the obvious problems

of obtaining a good measure of the undisturbed velocity
of the wind passing through the rotor disc area.

For verification of the performance of the prototype

an entirely different method will be used. This method
is agreed upon by the prototype contractors and NE.

The wind speed duration curve for a specific period

of time will be determined. This duration curve will

be combined with the precalculated wind power curve

of the unit (design data), yielding a theoretical energy
output under given wind conditions. The calculated
energy output will be compared with the real-measured-
energy output from the same period of time.
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A number of specified conditions shall be fulfilled
among them:

- All wind speeds within the operating range of the
unit shall have been prevailing during a minimum
time of the test period.

- The theoretical wind speed vs. power curve shall
be adjusted with respect to actual cut in and
cut out speeds as well as rated power, if they
differ from the theoretical values.

- The wind speed shall be determined using wind
measurements from the meteorological system. The
measurements will be made in a specified manner.
Wind speeds on three levels shall be weighed to
give a good representation of the average wind
speed over the disc area. The time average of the
wind speed shall be calculated in a specified manner.

Energy production and associated wind conditions will
be recorded essentially during the entire evaluation
period. Then data will be used in studies of system
balance. As a necessary complement to the energy pro-
duction data from the prototypes will serve wind speed
data from 12 different locations in Sweden. Under a
separate NE project conducted by SMHI, existing masts
will be equipped with aremometers up to 100 m height.

Power losses and internal energy consumption of the
units will be studied.

Energy consumption of auxiliary systems such as hydrau-
lic system, heating and control system will be measured
with energy meters.

Losses in energy production caused by misalignment of
the axis of rotation of the turbine in relation to the
wind direction has been discussed during the evalua-
tion of the prototype tenders. An investigation requires
reliable measurements of mean wind direction over the
disc area which seem as difficult to obtain as reliable
wind speed data.

The behaviour of output voltage and power at transient
conditions such as wind gusts and connection and dis-
connection of the generator will be studied.

The availability of the units will be studied using
automatic data acquisition as far as possible.

The aim is to obtain, essentially for the entire evalu-
ation period, a complete survey of




- 82 -

- the time of operation of the unit.

- the time of standstill of the unit for various
reasons: lack of wind, technical faults and
preventive maintenance.

By combining wind data and information on the unit”s
mode of operation, energy "losses" caused by standstill
during windy conditions can be calculated.

Automatically collected data will have to be supplemented
by manually logged information about fault reasons,

time for repair and maintenance etc. to make the avail-
ability study complete.

Loads and stresses

This section describes measurements of extreme loads
fatigue loads and vibrations.

In these measurements it is necessary to use elaborate
methods to extract relevant data from very large amounts
of raw data. Methods which are so far discussed are:

- Measurements are limited to selected periods of
time with specific wind conditions or operating
conditions such as start up, shut down, overspeed
of the turbine.

- Extreme loads or generally extreme operating con-
ditions may be captured using limit supervision
and/or a flight recorder function. The flight
recorder function or past history log will make it.
possible to study time recordings of analogue
measurands around significant events. The recordings
will include limited time intervals before and
after the event. Intervals of 30 minutes before
an event has been mentioned to be of interest by
one prototype supplier.

- Direct and continuous recording of load spectra.
One method of determining load spectrum named
"range pair exceedance count" is suggested by
the Swedish Structural Welding Code issued by
the National Swedish Committee on Reulations for
Steel Structures.
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This methos has been used off line in the evalu-
ation of the Swedish test unit in Kalkugnen. At
the end of this year an on line version will

be implemented on the DAS of the test unit. The
method is explained in figure 3.

Local maxima on the strain gauge signal (or com-
puted load) are identified. The range of one
possitive and one negative maximum is compared
with a number of predetermined amplitude levels,
say 20-40 levels. Each match results in a "count".
When evaluating, the number of counts are plotted
in a count versus strain level diagram according
to figure 4. The figure shows an example from the
evaluation of Kalkugnen.

Recording of load spectra will be made for long periods
of time. It will be desirable to make detailed studies
of spectra during different wind and operating condi-
tions. Storing of the level counts will therefore be
made on a rather short time basis (a few minutes)
possibly also dependant on wind and operating conditions.

Here we have a functional interface to the control
systems of the units. The DAS:s are intended to give
possibilities to study sequences of events at technical
faults and extreme operating conditions in a better
way than will be possible using the fault monitoring
functions of the control systems.

Event logging will be implemented on both the control
systems and the DAS:s, while on the DAS:s also the
flight recorder function will be utilized for fault
monitoring.

Environmental_effects

Emission of audible noise and infra noise will be
measured in the nacelle as well as outside the unit.
Figure 5 illustrates the measurement set up used in
Kalkugnen. At steady wind conditions, registration
of sound pressure has been made four directions from
the unit and at various distances. Measurements at
the prototypes will be made in a similar manner.

TV interference

In the neighbourhood of the units disturbance of recep-
tion of TV transmissions are likely to occur. Trans-
missions in the UHF band are particularly sensitive

to influence from the units.
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Based on studies and measurements made in Kalkugnen
the extention of disturbed areas around the prototypes
have been predicted. Figure 6.

The validity of the predictions will be cheched by
measurements.

Influence of the units on bird life will be observed.

Other evaluation tasks

This section is a "rest 1list" containing some general
ideas such as

- Studies of different pitch control strategies
- Studies of ice build up on the blades.

List of measureands

For evaluation tasks based on data recordings by the
prototype DAS, a list of measurands was compiled. In
the list each measurand is named and requirements
which are important for dimensioning of the instrmen-
tation and the data recording equipment are given.

INSTRUMENTATION

The next step in the committee”s work was to prepare a pro-
curement specification of the instrumentation part of the
data acquisition system. The specification was completed
in time to be presented to the prototype suppliers
before the prototype aggreements were signed and is

now part of the agreement. The specification includes
sensors, signal conditioning, signal transmission and

an interface to the data recording equipment. Also
included is auxiliary equipment for the recording
equipment, rooming, power supply, ventilation etc,

which is a natural part of the prototype delivery.

The requirements of the specification are functional.
Within the requirements stated the supplier shall

make a detailed design, which - according to the agree-
ment - is negotiable and may be influenced by NE.
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As a consequence of this "functional" approach, NE:s
ambition to have identical systems on the two prototypes
may not necessarily be fulfilled in detail. The number
and type of measurands as well as the quality of the
measurements will, however, definitely be compatible.
Both contractors are interested in cooperating with
each other and NE when designing the systems. There-
fore it seems as though the systems will be made very
similar in design, with the differences mainly caused
by differences in design of the prototypes themselves.

The main sections of the specification are

- General
- Technical specification
- Scope of delivery.

Section Geperal describes the scope of the specifica-
tion, the purpose of the DAS and the relation of the
DAS to the prototype subsystems.

It is stated that the DAS shall be, in principle,
functionally independent of the control system of the
prototype and vice versa.

Physical connections will occur. Some sensors of the
control system will be used for measuring as well, and
the control system computer will transfer information
to the DAS.

Here the functional requirements of the system are
specified. The technical quality of the delivery, in-
stallation requirements, methods for marking and
labelling of the equipment are specified.

Requirements on the measurands of the system are given
with references to the "list of measurands" mentioned
above. For each measurand the following is - or will
be - specified (see appendix 1):

Médtstorhet: Designation of the measurands. The type
of the measurand is specified, the number
of sensors is stated separately. A
specific measurand may be specified
several times to separate between diffe-
rent evaluation purposes, recording
intervals, required frequency contents
of the signal for different evaluation
purposes and to allow separate indica-
tion that the measurand shall be utilized
by the flight recorder function.



Matkrav

Givare

Utvdrderings-
uppgift:

Mdtperiod:
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Frekvens-
innehéll:
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Reference to the document "Tasks and
Goals . . .".

Recording interval. Defines the extent
of the interval.

"Kont." means continuous recordings
over the period of evaluation or at
least very long recording intervals.
If shorter intervals are stated, norm-
ally a few minutes, this indicates that
each recording will be approximately
that long. This information is used to
estimate requirements on the recording
equipment.

Number of samples per second. Is speci-
fied as an alternative to

Frequency contents of the measured vari-
able. A typical value is 0-20 Hz, which
apply for strain measurements. For a
few electrical parameters 0-200 Hz is
specified.

M&tnoggrannhet:Permissible system inaccuracy measured

Fellogg:

Placering
matpunkt:

Typ/fabrikat:

Antal (exkl.
redundans) :

at the interface to the recording equip-
ment.
In the specification text general re-
quirements are stated:

Strains and accelerations 4%

Other measurands 2%
Exceptions from these rules are stated
in this column.

A mark in this column indicates that
the measurand will be utilized by the
flight recorder function.

Location of sensor.

Type/make of the sensor.

Number of sensors (not including re-
dundant sensors).
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Redundans: Redundancy. A mark in this column indi-
cates that each sensor shall have a
back up sensor. A general statement of
the specification text says that "sen-
sors which are impossible or diffecult
to repair or replace shall be dupli-
cated”". Redundant sensors shall be
equipped with cabling to an easily
accessible connection point.

Bvr. givarkrav:Other requirements on the measurand in

question.
Berdkningar

On line: Calculations to be made on line by the
recording equipment are mentioned here.

Utvdrdering Calculations to be made when evaluating
the recorded data are mentioned here.

Datalagring

Radata: A mark in this column indicates that
raw data will be recorded.

Berdknade: A mark inthis column indiates that the
results of on-line calculations will be
recorded

Anm: Remarks.

In table 2 the total number of sensors per prototype

"sub system" are listed. The figures of table 2 are

not obtained by simply summering up the figures of the
column "number of sensors".

Included in the list of measurand and table 2 are sig-
nals from the meteorological system. These signals will
be interfaced to the DAS but the metorological instrumen-
tation is not part of the prototype instrumentation.

Table 2. Number of sensors per sub system.

Analogue Indica- Pulse
SUB SYSTEM measurands tions measurands
METOROLOGICAL SYSTEM 32 1 -
TURBINE & PRIMARY SHAFT 77 - -
SEC.SHAFT & TORQUE LIMITER 2 - -
NACELLE 27 1l -
TOWER 28 - -
GENERATOR 13 - 2
GRID CONNECTION & AUXILIARY
SYSTEMS 3 - 7
WTS CONTROL SYSTEM 5 45 -

r 187 47 9
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The number of sensors is of course a preliminary con-
tracted number, which will be altered during the f1na1
design of the 1nstrumentation.

Computer interface

All measurands will be made available to the data
recording equipment on a connection board - in the spe-
cification named computer interface - located in the
WTS control room, where also the recording equipment
will be installed.

The computer interface will have three main parts
containing signals from respectively

- sensors on the prototype
- the control system of the prototype
- the meteorological system.

For each of these three sub systems two alternative
interfaces are specified, a serial digital interface
and a parallel analogue and digital interface. The
alternatives are listed in table 4.

Table 4

" " Serial Parallel

Sub system An signals Di signals
WTS "PCM interface" 0-10 V Relay contact
Control system CCITT v24 0-10 V - -"-
Met system CCITT V24 0- 4V e

The "PCM interface" is the output of a PCM data trans-
mission system. Data are made available in a word serial
bit parallel mode.

Since the number of signals and long transmission dis-
tances are factors that call for multiplexed digital
signal transmission the "parallel” alternative has
been specified to serve as an 'tmergency exit' to be
utilized if serial interfaces of the instrumentation
and the data recording equipment can not be matched

in a satisfactory manner. '

For the time being we have good hope to be able to
avoid the"emergency exit". Both prototype suppliers are
interested in using the same type of data transmission
equipment, which in turn is comparatively easy to
interface to any computer. For the CCITT V24 interfaces
it will probably be no problem to define suitable
protocols.
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Signal transmission

Both suppliers will utilize digital serial transmission
of signals between sensors/signal conditioning equip-
ment and the computer interface. The specification
allows this type as well as parallel transmission on
individual conductors.

Some type of telemetry will probably be used for trans-
mission of signals between turbine - nacelle - tower.
Transmission on slip-rings, which is specified as an
option, was initially discussed with the suppliers.
Recently, however, a 200 MHz radio link has been suggested
by one contractor. Signals from the turbine will be
transmitted to the nacelle and joined here by nacelle
signals. All signals are then transferred to the tower

on a similar radio link.

Test outlets

All signals from the WIS are specified to be available
on test outlets, which shall be located in the vicinity
of the primary sensors. The test outlets are intended
for calibration and maintenance purposes.

Since serial signal transmission will be utilized, a
practical solution for test outlets is to arrange con-
nection points for a mobile test box on a few selected
locations along the transmission line. The test
boxes will have a limited number of outlets, but be
programmable so that any measurand can be connected to
any outlet.

In this section is listed the work to be carried out
by the contractor regarding:

- Design and manufacturing
- Installation

- Testing

- Documentation.
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DATA RECORDING EQUIPMENT

Computer based systems are obviously a necessity if

it shall be possible to implement some of the recording
methods mentioned previously. To allow NE to decide on
a suitable level of ambition of the system, i.e. what
is economically and technically feasible and necessary,
a prestudy has been made identifying different ambition
levels and associated price tags.

A preliminary decision has been made to specify and
purchase two systems with the following main features.

- The data acquisition shall be controlled by the
system itself to a great extent to allow unattended
operation and facilitate attended operation of the
system.

- Data from long term measurements shall be reduced
before recording; raw data shall be recorded when
short term measurements are made.

- Final processing of recorded data shall be made
off-site. Facilities for a preliminary check of
recorded data on site shall, however, be provided.

- To ensure a high quality of the data recorded, faci-
lities for adequate book-keeping of recordings
and system check functions will be provided.

- The system shall be relatively easy to operate
for personell without knowledge of computer pro-
gramming.

- Modifications and additions of system functions
shall be relatively easy to carry out.

The specification is under way. RFP:s are planned to

be sent out in November. The aim is to have a turn-

key delivery from one of the, say 3, companies in Sweden
which are capable of supplying systems of this kind.
Several of the system functions which are related to
wind energy will be undefined at the time of purchase.
Efforts will be made to identify and include in the
purchase system functions which have major influence

on the system design.

A preliminary hardware configuration of the system being-
specified is shown in figure 8.

System functions can only be schematically described.
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Data acquisition

All sensors/signal sources will be permanently connected
to the system. Signals to be recorded are selected by
program control. Measurements are made in three modes

- continuous measurements. Recorded continuously are
mainly power production and consumption data,
meteorological data and fatigue load data.

- campaign measurements. All measurands will be
recorded in suitable combinations. Recording
periods are a few seconds up to an hour depending
on time resolution of the recording.

- past history log. Parameter combinations and re-
cording periods as for compaign measurements.

Data reduction

Will be performed on continuously measured data as an
on-line calculation. Typical calculations are time
averaging of wind and power data and fatigue load cal-
culations.

Storing of data

Data acquired in all measurement modes will be tempor-
arily stored on disc storage. From here data are avail-
able for on site check and evaluation.

Magnetic tape will be used as a "final" storage and
will be the interface to the computer on which final
processing is made.

Continuously measured data will be transferred to tape
from disc regularly, say once a day. Data from short
term measurements will be transferred on operator”s
request or automatically in case the system operates
unattended.

Separate tape drives are foreseen for continuous and
short term measurements.

On site evaluation

System functions for on site evalutation are intended
for immediate check of recorded data when campaign
measurement are performed with personell on site, for
example during commissioning and delivery test of the
WIS.

Functions to be implemented are

- Display of recorded data in analogue and alpha-
numeric modes on CRT and plotter/hard copy unit.

- Event recording of digital data.

- Mathematical and statistical caloculations. The

results of the calculations will be available
in graphical and alphanumeric form on display
and in hard copies.
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System control

Facilities for set up and change of parameter combina-
tions, scale factors, recording period etc. for all
measurement modes will be provided. The set-up will
be made via a CRT-display in a man-computer dialogue.
Parameters etc. defined will be stored together with
measured data.

Recordings will be initiated/stopped either by operator
commands or automatically by the system.

A number of different parameter combinations for cam-
paigns and past history recordings may be preselected.
Recordings may then be triggered by the system itself
when conditions specific for each combination are
fulfilled.

Conditions may be

- the WTS is in a specific mode of operation, e.g. start
up, emergency stopping, turbine overspeed.

- specific wind conditions prevail.

- measured variables exceed preset limits.

Time controlled data acquisition may possibly be used
to reduce data volumes from continuous measure-

ments. It may be sufficient to record wind conditions,
production data and load spectra intermittently, say
during a few minutes each hour and still obtain signifi-
cant results.
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METEOROLOGISKA DATA FRAN MAST

METEOROLOEACHK &

TATA FRoF HAST.
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|
r
1 -
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rbulens riktn.=9
burbuw |[lence '
-m_ 2o 4 ) Turbulensgrad x
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i
ndriktning 2.1 Kont 0.2 Wind dircetion 2 { 10 min-medelvirde{Varaktighetskurvo x
bt
2.13 ; \
. —-—
" 2.22,3.1 10 min -"- ! \ " \ ‘ x M3t kampan jer g
- 4.1 10 min RE x i P | x '
! !
! : : |
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TURBIN OCH PRIMKRAXEL TNREBI NG Y PRi1ARY LHAPT
Utvérde- | M&tperiod Matkravw Givare Berdkningar Datalagring
Mitstorhet |FinEsuppg | (kantinu- || Mitn./s.| Frekvens Mitonog-{Fel- | Placering || Typ/ fntullexkl{ Redun- ) v, : R&- | Berdk-j  Amm.
(App. 3) | erlig/mit- innehd1l | grannhety lopy | Mikpunkt fabrikat fedundens | dans [givar- Cn line Utvérdering data | nade
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loppingvinkel | 3.1 S min 10 F(,apran'n i) ang le 2” x Kx_‘z:tvaktoms x
- riktn,
15 Qhgar 1 34 1 min 0-20 Siralne ||on blades '2)3) 4) Frekvensanalys,
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! 20 nivéer perioder
-20 . 1
4.?jningar i 3.1 1 min 0-2 Steaint |lin huwb 0 2) | Moment , spénning- .
i ce I ar,frekvensana- | x o)
lys N
0 4.1 - 0-20 x w0l . s :
0 3.12 Kont 0-20 cad i - Lastvdxlingar, | Sammanstdllning 5)
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.2st i blad- 3.1 1 min 0-20 Load in|, pitch s P x Som fdr blad x
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cent §opri- | 34 10 min 0-20 73»—_7:46 in prﬁ'- 1 x Effekt ur mo- x
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3.22 ;
- 3.12 | Kont 0-20 ; 1 x Lastvaxlingar x
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1. Summary:

After af short description of the two windmills being built at
Nibe, Denmark, the main strategy for the measuring program is out-
lined.

The physical lay-out of the measuring system is also described.
Signals from about one hundred sensors are going to be processed
in a PDP 11/34 conputer, and the computed values are to be dis-
played on a printer/plotter or a CRT-screen. At the time of
writing the mills have not been put into final operation, so
practical results are not yet available.

2. Windmill A and B

The technical specifications of the two windmills being built

at Nibe by the Wind Power Program of the Ministry of Commerce and
the Electricity Utilities in Denmark are summarized in tabel 1. The
mills are rather similar to one another, the main difference being
the stayed/nonstayed bladeconstruction and the type of regulation.

The site for the Nibe mills is shown on figure 1, which also
indicates the mean wind velocities in Denmark for a 30-year period.
The site is at an inland position, which generally would imply

a low mean wind velocity, but in the actual case the wind conditions
are supposed to be satisfactory, because of the open waters

west of the mills and the flat and open countryside in the other
directions, see figure 2, The distance between the mills is app.

200 m, and a meteorological tower is placed between the mills

as seen on figure 3.

Figure 4 gives a general view of mill A and B. Both rotors have
identical airfoils and a 11° twist. All blades have an outer

section made entirely of fibreglass laminate and an inner section
made of fibreglass shells attached to a tubular steel beam. The
blades on mill A are supported by 9 stays. Mill B has cantilevered
blades. This is partly the reason why mill A has stall regulation and
mill B pitch control.
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A cross section of rotor A and nacelle A is seen on figure 5. As
might be seen the blade angle may be changed during operation.
In fact the pitch angle of the outer blade section is changeable
between + 15 and - 20 degrees. The nacelle rests on a yaw bearing,
yawing being controlled by two hydraulic motors and four disc
brakes. The blades of rotor B can be changed between - 1 and + 90
degrees.

Figure 6 shows a horizontal cross section of the nacelle and
the position of the main components. The power supply to the
transducers mounted on the rotor and the higth level signals
from the rotor are transmitted by sliprings on the main shaft.
The low level signals from all strain gauge bridges are trans-
mitted by a radio frequency carrier system with antennas mounted
between the two main shaft bearings (PCM telemetry system).

The towers of mill A and B are identical, see figure 7. Rein-
forced concrete towers have been used, because this construction
seemed to be cheapest and also non-harmful to the upwind rotors.
Preliminary tests have verified the calculated eigen-frequency
of appr. 1,3 Hz (low tuned towers).

The electrical system is composed of conventionel components,
see figure 8. The generators are 6 kV induction generators,
which feed into the public grid through a 6/20 kV transformer.
The high tension components are placed in high tension rooms
at ground level and inside the towers, see also figure 7.

The control system is responsible for the fully automatic opera-
tion of the mills. In each of the mills two microprocessors
execute sequence control respectively closed loop control
operations. A third CPU takes care of the mutual communication

between the two control processors.

Figure 10 shows the details of the operating and display panel.
To the left a set of alarms is placed. In the middle push buttons
and status indications for start and stop of rotor respectively
yaw system is placed. To the right 16 thumb wheels make

it possible for the operator to change certain control parameters.

The control of the rotor system follows the pattern shown on
the graphs on figure 11. Mill A has two discrete pitch angles.
Mill B varies the pitch angle continously as shown on the
graph. Both of the mills produce 630 kW at full: power.

In this case both of the windmills are prototype mills. It is

therefore difficult to seperate the costs between development
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costs and design and construction costs. The summary on
figure 12 should, consequently, be treated accordingly.

3. Measuring program.

3.1. General purpose.

After commissioning an extensive measuring programme will be put
into operation in order to clarify all aerodynamic, mechanical
and electrical properties of the mills.

For practical reasons the measuring programme has been devided

into a number of stages, see figure 13.

Stage 0 aimes at obtainingprovisional data about operation and
efficiency of the mills. In this case only signals from the
permanently installed sensors are used, and the recording medium
is a six-channel fast speed analog recorder. A conventional xy-
recorder with averaging input circuits will be used to record
the power curve (relationship between windspeed and active
electric power). Stall observations may succesfully be
carried out by airfoils attached to one of the blades of mill A.

Stage 1 through 3 are all performed by a computerized data
collection and evaluation system. Most of the sensors are
specific to this system, but some are shared with the previously

mentioned operational system.

Stage 1 may shortly be decribed as spot checks, i.e. specific
investigations of specific problems. Included in this is also
verification of designparameters and assessment of the most
importent operational characteristics. As far as possible most
of the dataevaluation should be made on-line in order to avoid
excessive amounts of tapes for later troublesome interpretation.

Stage 2 is also a sort of spot checks, but in this case the
innestigations are supposed to be of a more detailled character.
Besides, more considerations are taken into account. This relies
for instance to the study of wind qusts and also to a comparison
of the performance of the two windmill, which are very much alike
but differ with regard to control principles (stall respectively
" pitch control).

Stage 3 may be described as continuous on-line measurements and

data evaluations. This applies especially to the recording of
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averaged wind characteristics and production data, but th=
possibility of recording accumulated stress in the fibreglass
material is also being considered. The reason for this is that
the properties of fibreglass material subjected to dynamic load
cycles are rather unknown.

3.2. Sensors.

The location of rotor sensors on mill A and B is shown on

figure 14 and 15. M1, M2 and M3 are symbols of torsional, edge-
wise and chordwise moments. N2 is a shear force and T1, T2 and T3
are temperature measurements. All sensors have been calibrated
in the laboratory after having been mounted on the blades.

Figure 16 shows an example of calibration curves for blade A1l.

On two blades - A1 and B2 - 2x6 strain gauges have been installed
in non-bridge configurations. These sensors have not been calibra-
ted in advance.

Figure 17 through 21 is the complete list of sensors available to
the measuring program. Most of the figures need no further explana-
tion, but it may be relevant to add that the regulation rod
mentioned on figure 19 is used to control the pitch angle of the
blades. It is placed at the center of themain shaft and its
horizontal monement is transferred to the blade system by a
mechanical link, see figure 5.

On figure 20 it is said that the data system is prepared to

accept input channels from the instrumentation of the towers

if such an instrumentation should be needed later on. At the
moment an accelerometer is mounted in tower A to give preliminary
information about the tower movements.

3.3. Data system.

All sensors from mill A and B and the met.tower are connected to
a central data system and processed by a PDP 11 computer before
the final results are stored on tape resp. disc or displayed on
plotter resp. CRT-screen, see figure 22.

The details of the transmission system is shown on figure 23.

As mentioned earlier the sliprings are only used during stage O.

During the later stages the rotor signals will be transmitted by

a PCM-system with wireless transmission from a transmitter on the

main shaft to a nearby receiver in the nacelle.

The computer room is located in a small wooden office shed,
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which is temporarely placed at mill A, see figure 24. Next to
the computer room is a bigger office room, which may be used
by people operating the measuring program.

3.4. Measurements.

At the moment of writing the software system is being finally
designed. Figure 25 shows the main principle of data collection
during stage 3, which is going to be in operation continuously.
During the slow scan period most of the sensors are sampled, and
mean values and variances are stored for later presentation.
During the fast scan periods only certain rotor signals are
processed in order to determine resonance frequencies and
fatigue fenominons in the fibre glass material.

Spot checks, i.e. stage 1 programs, may be able to operate
parallel to stage 3 programs, but to a limited extent stage
1 programs may interrupt stage 3 programs. That means that
the statistical values must not be damaged by too frequent
interruptions.

More details about the software system is to be given at a
later occasion.

4, Economics.

The total cost of the measuring system can notbe given at the
moment, because the extent of stage 2 is not fixed. In fact
stage 2 has been postponed.

Figure 26 shows the budget for the periode 1978-1980. It should
be self-explanatory. If figure 26 is compared with figure

12, it is seen that the total cost of the measuring program is
of the same orden of magnitude as one 630 kW windmill.

Poul Nielsen
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Technical svecifications for mill A and B.

Mill A Mill B

System life 25 yr. 25 yr.
Tower, type Corcrete Corcrete

- , height 42 m 42 m
Rotor, type Stayed Non-stayed

- , hub height 45 m 45 m

- , diameter 4o m 4o m

- , location Upwind Upwind

- , tilt angle 6 deg 6 deg

- , cone angle 6 deg 6 deg

- , velocity 33.8 rpm 33.8 rpm
Blades, number 3 3 _

- , material steel,glassfibre steel,glassfibre
Nacelle, type Conical Conical

- , yaw rate 0.4 deg/s 0.4 deg/s
Gearbox, type Conventional Conventional

- , ratio 1:44.85 1:44.85
Generator, type Induction Induction

- , rated power 630 kW 630 kW

- y velocity 1516 rpm 1516 rpm

- s Voltage 3x6 kV,50 hz 3x6 XV,50hz

Regulation, type

- , range
- , max speed
- , normal

Wind, cut-in speed
- , rated -
- , cut-out -

Estimated production

Rated spec. power

Stall regulation
+15 to -29 deg.
6 deg/s

1 deg/s

5 m/s
13 m/s
25 m/s
1.9 GWh/yr

500 W/m2

Pitch control
+90 to -1 deg.
8 deg/s

6 deg/s

5 m/s
13 m/s
25 -/s
1.9 GWh/yr

500 W/m2

Tabel 1.
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Mean Wind Velocity, m/s Year 1931-60

27 7

56

Figure 1
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Figure 5




1. Main shaft bearings 5.
2. Main shaft 6.
3. Hydraulic cylinder 7.
4. Coupling 8.
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Bearings 11. Auxiliary supply
Disc brakes 12. Hydraulic system
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14. Terminal oconnections and relays
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and constructirn costs for one 630 kW winldmill.

kkr. k$
Tower : 800 152
Nacelle, incl hub : 2.500 476
Gearbox : 260 50
Generator ] 135 26
Rotor : 500 95
4.195 799
Siting : 250 48
Electrical : 650 124
Div. : 125 24
- 1.025 196
Total = S.220 995

Price of Mill A and Mill B almost the same.

1 $ = 5,25 d.kr.

Figure 12
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Stage

1979

1980

1981

Measurements

Preliminary data.
Security tests.

Stall observations.

Operational characteristics
Verification of design.

Special investigations.

Study of wind gusts.
Comparison of mills.

Optimization study.

Wind characteristics.
Storing of production data.

Recording of acc. stress.

Measuring programme, windmill A and B.
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4000

1000

2000

1000 -t

)

Signal
pviu=-5999 v)

Vinge nr 1, Inderrar « top
Betastning 1+ X2 retring
Hysterese 11% .

M1 M3

Blade no. 1
Load applied at the tip

in the X, direction
Moment
mdlesnt

100 M2 KNm

Bending moments in
two sections

4000

30001

2000 ¢-

1000 1-

)

Signal
uviu=z 6 0031)

Vinge nr 1 Inderrar « tap
Belastiung i X3 reting
Hysterese 1,3%

/
4

7

7"2

/

Blade no. 1

Load applied at the tip
in the Xq direction

- LEL -

Moment
mdlesnit

we M

Bending moment in
onc scction
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Parameter

Sensor Number @ Range Unit
Wind speed Cup anemometer 5 0 - 60 m/s
(3, 10, 25, 45, 56 m)
Wind direction Cos=-sin resolver 4 0 - 360 °aAz
(10 and 45 m)
Air. temperature Pt-100 resistor 1 -25 to + 35 °c
(2 m)
Diff. air temperature Pt-100 resistor 1 X0 ¢
(10 and 56 m)
Air pressure Barometer 1 948 - 1083 mbar

(Ground level)

d Number refers to number of measuring channels.

INSTRUMENTATION OF METEOROLOGICAL TOWER

4 X
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Parameter Sensor Number Range Unit
Bending moments Strain gauge 9 0 - 160 kNm
@

Normal forces (stays) Strain gauge 9 kN
Strain (glass fibre) Strain gauge 12 W Str,
@D 18 measuring channels available.

INSTRUMENTATION OF ROTOR A
Parameter Sensor Number Range Unit
Bending moments Strain gauge 19 kNm
Torsional moments Strain gauge 2 kNm
@

Shear forces Strain gauge 2 ? kN
Temperature Resistor 3_ °c
Strain (glass fibre) Strain gauge 12 Il Str.
Temperature ( - ) Resistor 1 °c

@) 25 measuring channels available.

TNSTRUMENTATION OF ROTOR B

- £EL -
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Parameter Sensor Number Range Unit
Rotor position Disc on gen. 1 DEG
shaft, 40 holes
Pitch angle @ Lin. pos. transd. 1 g; :fg tg :13’5 DEG
Main shaft torque Strain gauge 1 0 - 400 kNm
Gen. shaft torque Strain gauge 1 kNm
Wind direction Wind vane on 1 -180 to +180 Oaz
nacelle
Nacelle position Potentiometer 1 0 - 359.5 Az
Force in reg. rod Diff. pressure 2 2x(0 - 160) bar
Angular velocity, gen. DC-Voltage 1 0 - 60I rad/s
Angular velocity, gen. AC-Voltage 1 v 30 rad/s
Div. temperatures Pt-100 resistor 3 ¢

Continous scale on mill B.

)

4 pos. on mill A.

INSTRUMENTATION OF NACELLE A/B

- veL -
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between tower

and nacelle

@

Parameter Sensor Number Range Unit
Accelerations Accelerometer 3

(2 horizontal, (Placed at

1 torsional acc.) top of tower)

@
(@D Not installed. Preparations made in datasystem.
INSTRUMENTATION OF TOWER A

Parameter Sensor Number Range Unit
Accelerations Accelerometer 3

(2 horizontal €]

1 torsional acc.)
Normal and shear forces | 12 transducers 36

@D Not installed.
@ Not installed.

Preparations made in datasystem.

12 dummy plugs installed.

INSTRUMENTATION OF TOWER B

- SgL -
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Parameter Sensor Number Range Unit
Current Trafo 1 0 - 40 A
Voltage Trafo 1 0 - 25 kv
Active power Trafo 1 =120 to +1200 kW
Reactive power Trafo 1 0 - 500 kVAr

INSTRUMENTATION OF GENERATOR A/B

Additional instruments on each mill:

Counter

Counter

Counter

Counter

for
for
for

for

operational hours.
generated kWh.
number of start-actions.

number of yaw-actions.

Common instruments:

- kWh received from utility grid.

- kWh sent out to utility grid.

- 9¢lL -



Mill A.

Rotor: 18 AT
RFE (Midi)
Nacelle: 16 AT
NEFF-unit
L o
[ | DMA-
Inter-
Met. tower:
NEFF-unit 12 AL » face
(e !
Mill B. ’
Rotor: | 25 AT|
RFE (Midi)
Nacelle:
NEFF-unit 16 AT

ZZ oanb1d

Magtape
Remote control ,f,g 1.:11 bytes
via modem

I Discs

4 x 5 M. bytes
PDP 11/34 RL 01
48 K. word
Ferrite-core

Printtronix
RSX-11 M Printer -

Plotter
DEC-Writer

Datasystem, windmill A and B, Nibe.

CRT-Display
Keyboard

- LEL -
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CRT-display
Keyboard

MTU-Cabinet

YHLTEM

CPU-Cabinet

J

JHLLOTd
-dILNIYd

EXP -Cabinet

Computer room, appr.10m?

Figure 24
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Slow scan

Mill A and B

t=50 min. . ) > t=10 min.

Slow scan Slow scan

Mill A and B Mill A and B

t=40 min.

Slow scan

Mill A and B

Slow scan: 0.2 samples per second for 10 min.
Calculation of 10 min. mean values and variances.

Fast scan: 50 samples per second for 2 min.
Calculation of resonance frequencies.

Principle of data collection, stage 3.

Figure 25
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Summary of costs (excl. tax) for measuring programme for
two 630 kW WECS covering the period: 1978 - 1980.

kkr x$
Experiments with instrumentation

and calibration of blades 221 42
Final instrumentation and calibra-

tion of 2 x 3 blades. 535 102
Additionel instrumentation in the
nacelle. 105 20
1)Rent of measuring system 1.955 372
Service on measuring system 244 46
Additional computer equipment 30 6
Computer room 50 lo
Measurements, stage 0 loo 19
Measurements, stage 1 and 3 800 152
2)Measurements, acoustic noise and elec-
tromagnetic disturbances loo 19
Cooperation with WECS staff members 200 38
3)Operational costs 600 114
Administration, management, etc. 400 76
Total (1 d.kr. = 5,25%) 5.340 1.016

Note 1: Own property by paying additional 590 kkr

Note 2: 40 kkr from national agency of environmental protection

included. ,
Note 3: Utility staff 550 kkr
Maintenance, etc 250 -
800 -
Generated electricity -200 -
600 kkr

Figure 26
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Measurement of Wind Conditions and Load in the GROWIAN Project x)
by

F. Kérber, Maschinenfabrik Augsburg - Niirnberg AG -
N eue Technologie, Munich, Germany.

1. Summary

This report deals with planned measurements on the German
wind energy converter GROWIAN which will operate in the
early eighties. GROWIAN is a large scale wind machine with
100 m tower and a 100 m two-bladed rotor. Rating is 3 MW.

The report gives a survey on two themes treating wind con-
ditions and load and stress on the machine and its compo-
nents. There are as yet no experimental results available.

Wind condition will be evaluated by an arrangement consisting
of three wind measuring towers 150 m, respectively 160 m
high. One standing 570 m in front of GROWIAN, a pair of
towers standing 70 m in front. Strain gauges, accelerometers
and other equipment are used for load and stress evaluation.

%) To be presented at the IEA Expert Meeting on Data Acquisition
and Analysis for Large - Scale Wind Energy Conversion Systems
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TR e et s e e ooy

Large Scale Wind Turbine
GROWIAN 3 MW

rig. 1
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2. Introduction

The project GROWIAN is one of the German wind energy acti-
vities sponsored by the Ministery of Research and Technology.

Works started in 1977 defining the construction in 1978 which is
layed down in specifications and drawings. The fabrication of one
test blade and two operational blades is prepared now. Construction
of the other components will be ordered in fall 1979. Plans pre-
dict operation of GROWIAN in 1981.

Main data of GROWIAN are:

Performance

- Rated capacity 3 MW

- Mean annual energy output 12 Gwh

- Power-to-area ratio 380 W/m
Wwind

- Rated wind speed 11,8 m/s
- Cut-in speed 6,3 m/s
- Cut-out speed 24,0 m/s
Dimensions

- Rotor diameter 100,4 m

- Rotor speed 18,5 rpm + 15 %
- Hub height above ground 100,0 m

- Mass d nacelle with rotor 240 t
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Figure 2 shows a comparison of dimension including
buildings and WECs.

After the erection of GROWIAN, which we hope to finish in
1981, a test and measurement program will start which

is supposed to last for 2 or 3 years. At the moment we
are in the planning stage of this program.

Our test and measurement program (abbreviation MP)
shows a lot of tasks to be completed:

Information on earlier works

Definition of measurement method
Transducer, data handling, data processing, data analysis

GROWIAN adaptation to measurement procedure
Planning of measurements on

Wind conditions

Wind turbine power
Kinematics and dynamics
Load and stress
Electrical system
Optimum operation
Environmental impact

Provision of a mathematical GROWIAN model

Conducting measurements and analysis

For this report two themes have been chosen:

Measurement of wind conditions
Measurement of load and stress
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3. Wind conditions

There are many unanswered questions concerning wind conditions

in the field of large wind turbines. Data used today by the engineer
designing a large wind machine give a somewhat rough view on the
meteorologic conditions although the maximum values which are im-
portant for a WEC are known from long term statistics.

For this reason special emphasis was layed on the measurement of
wind condition and the interaction of wind and machine in the GROWIAN
program. This concerns local conditions as well as chronical vari-
ations. The measurement concept is based on three wind measuring
towers each of which reachingthe maximum blade tip height of 150 m
or little more. The local arrangement of measurement towers

in respect to GROWIAN is shown in Fig. 3, 4 and 5. Main wind
direction at the site is WSW. Wind is blowing from free sea in

a perpendicular direction to the dike. Location of GROWIAN

is about 1600 m inland from the dike. The influence of the

dike which is 8 m high on the wind field is negligible because

of the 1000 m distance to the first measuring tower. The

purpose of this first mast is to receive wind data at far up-

stream condition where no effect from the turbine itself on

the windflow is to be assumed. The tower is a stayed truss
construction made of angle iron. This is not an optimum

solution because of high drag coefficient. A beiter con-

struction will be used for the pair of towers standing near
GROWIAN, They will also be built in truss construction but

pipes which perform a much lower drag will be used. So it

can be assumed that the measuring towers with their stay

cables have only a negligible influence on the wind flow

meeting the rotor area of the WEC. Fig. 6 shows the pair of
masts.

The goal to be met by the arrangement of wind measuring towers
is threefold.

One side is to be seen in measurement of wind velocity, di-
rection, temperature and humidity in the undisturbed air-

flow approaching GROWIAN. This will be done by tower 1.

It will have anemometers at several stations at different levels
on the tower. Because of reliability conventional anemometers
will be used. The data from tower 1 have long term character
for wind statistics, but also can be used in a short term mode
for gust measurements.
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Long term and short term data from tower 1:

- Wind speed vs. height

- Wind speed duration for power calculation

- Wind direction vs. height

- Airtemperature vs. height

- Air humidity

- Chronical variation of wind speed and direction vs. height (gusts)
- Vertical dimension of gusts

On the other hand the pair of towers near GROWIAN will be used for
measurement of data approximately valid for the rotor area. We
think that this approximation does not include toco many faults although
the plane of measurement is about 70 m away from the rotor plane
itself. A smaller distance is not possible because of the yaw move-
ment of the WEC's nacelle which brings the blade tips close to the
meteorological towers and theit stay cables.

In fig. S the towers are seen in wind direction. Each one spreads

12 m long arms on both sides bearing the transducers. The plane thus
defined is perpendicular to the main wind direction. The arrangement
or the anemometers provides a network that is representative for the
cross section of stream lines meeting the rotor. It will give us the
possibility to test "what the rotor sees" and to register the response
of GROWIAN. These measurements are in majority short term evalua-
tions which will be conducted in campaigns when wind direction
corresponds to the directional arrangement of towers and GROWIAN.
So a disadvantage of the local arrangementof the measuring towers
which might appear at first glance is not so serious. We think that

in a 20 percent portion of GROWIANSs operation time wind will blow
from the right direction. This will (]):;e enough for the intended inves-
tigations. If the wind turns for 180 the wake of the wind turbine

can be evaluated. )

Data from the pair of towers 2 and 3:

- Wind speed vs. rotor area

- Wind direction vs. rotor area

- Chronical behaviour of wind speed and direction

- Response of the WEC to wind characteristics

- Dimension of gusts

- Simulation of blade rotation by timed switching on the transducers
along the blade's circular movement

- Wake measurements of rotor and tower

- Definition of a representative wind measuring spot as to

operation control
- Evaluation of the sequence of gusts
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Finally there is a third possibility using the towers for wind
investigation. On the way from tower 1 to the towers 2 and 3
the windflow will undergo changes, e.g. shape and dimensions
of gusts. Maybe we can get some information about the pro-
perties and behaviour of these air formations which the meteo-
rologists describe as cylindrical or egg-shaped. They are of
special interest for the design of large rotors for they can
influence it partially causing one-sided loads on the structure.

Load and stress

The wind machine has to resist loads coming from external and
internal effects. As the machine is an elastic construction it
will allow complicated movements. Figure 7 gives an impression
of the various individual movements of the components.

In figure 8 a load flow diagram is shown. The forces acting on the
different components and the whole machine are specified in quali-
ty. The list includes the following forces:

- Weight

- Centrifugal force

- Aerodynamic force

- Inertia force

- Dynamic overload

- Blade pitch adjustment force

- Yaw drive force

- Stay force

- Additional force (e. g. ice, forces from teetering)

For the measurement of these loads and the resulting strains
many transducers must be installed in GROWIAN. A rough review
on measuring spots, the quantity registered and the proposed
sensors is given in the following table.

A graph in fig. 9 shows the situation for measurement of load
and stress.



Measuring spot

Quantity measured

Sensor

Number

tower
foot
shaft

stay cables
interface tower/nacellq

nacelle
yaw dvive
rotor bearing

rotor
teetering bearing
hub structure
blade bearing

blades

fixing force
bending/stress
vibration

acceleration
vibration,displacement
tension

vibration

fixing force

acceleration
yawing forces
rotor shaft forces

force
bending/ stress
fixing force

stress
vibration

displacement bending/
torsion '

force transducer
strain gauge
strain gange
accelerometer
laser beam
force transducer
accelerometer
strain gauge

accelerometer
strain gange
strain gange

strain gauge .
strain gauge
strain gauge

strain gauge
strain gauge
accelerometer
measuring beam
strain gange,
laser beam
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24
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Measurements on the blade

GROWIAN features a blade with a nominal length of 50 m,
rotor axis to tip. For the prototype a blade with a steel
spar over the whole length will be used. The airfoil is
built of glass fiber and fixed on the spar. Figure 10 shows
a drawing of the blade. Three blades will be built in the
actual program. One will undergo laboratory tests with
static and dynamic loads and a final crash test. The other
two are mounted on GROWIAN.

On the structure and the skin of the blades strain gauges

will be applied. The blade shows fittings for holding accelero-
meters for measurement of accelerations at different blade
radius. In the center of the spar it is planned to install a
measuring beam for the determination of bending and tersion
ofthe blade (fig. 11). The beam will be held in clamps

wnich are fixed in the blade structure, so it will follow

the movements of the rotor blade. Another possibility for
registering the blade motions especially in the tip region isa piece
of equipment that sends a laser beam from the center of the
rotor to the blade tip. The swinging blade will meet the beam
at different spots of its surface where a number of photo-
cells are installed. Preparatory works in laboratory tests

of the complete blade will show the usefulness of the measu-
ring equipment planned for the wind turbine tests.

The forces acting on the blade were calculated. The maxi-
mum value in longitudial direction is 1100 kN. The force

in the two other directions are lower. The maximum ben-
ding moment acting on the blade root is 10 000 kNm. Compu-
tations that take into account dynamic overload from gusts
and tower wake showed that there is no danger ahead so far as
we can see now.
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Measurement oanthe hub and nacelle

The next component following the blade is the teetered hub.
The main part of measurements to be conducted will be the
determination of strains. The frame of the teetering hub needs
a number of strain gauges. The loads come from the blades
and the blade pitch adjustment device. A special problem
arises from additional loads occuring if the teetered hub goes
to the stop at maximum amplitude. Figure 12 shows a draw-
ing of the teetered hub.

Measurements in the nacelle (fig. 13) include accelerations
and strains especially on the interface to the rotor and on the
interface to the tower including yaw drive force.

Measurement on the tower

The tower will be built in steel pipe construction. Usually wind
energy towers are designed for high eigenfrequencies. Against this,
GROWIAN features a tower with a low eigenfrequency (fig.14). It is
designed to lie between the lower rotor frequency and the higher
blade passage frequency. Therefore frequency measurements

are of extraordinary significance. After erection there will
probably be some discrepancy between the tower eigenfrequency
and the rather narrow bands where no excitation of the tower

is supposed. For that reason a careful tuning of the building is
necessary. The tuning will be accomplished by installing addi-
tional masses in the tower and by tightening the cables.

From this tasks the necessary measurements can be derived.
There are strainganges and accelerometers for the tower and
load transducers for the tower root which is screwed to the
foundation. The stay cables need load cells and accelerometers
for measurement of their tension and vibration.
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Principle of Teetered Hub




1. Rotor blade

2. Rotor bearing

3. Pendulum hinge

4. Rotor pitch adjustment
5. Step up gearbox
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10. Yaw drive
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12. Telescoping slewing crane
13. Auxiliary lift
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REVIEW OF ‘GUST MODEL CONCEPTS(?)

David C. Powell

1.0 INTRODUCTION AND DEFINITIONS

Within the past two years Pacific Northwest Laboratory (PNL) has been
associated directly or indirectly with several documents in which the authors
set forth their concept of a wind component gust model. In this paper three
models, each representing a somewhat different concept, are reviewed. The
models are listed in Table 1.1.

TABLE 1.1. Gust Model Literature Reviewed

Abbreviation Author Title
CF W. C. Cliff Wind Velocity-Change (Gust Rise)
G. H. Fichtl Criteria for Wind Turbine Design--
PNL-2526, July 1978.
NL D. A. Spera Wind Gust Analysis for Wind Turbine
T. R. Richards Design--memorandum from NASA Lewis

Research Center, July 1978. Appended
to One-Dimensional Gust Modeling for
Wind Turbine Design: Literature
Review and Analysis--PNL-3138,
December 1979.

. Huang Gust Rise Estimates for Wind Machine
. Fichtl Design in the Atmospheric Boundary
Layer--PNL-2530, July 1979.

HF

DO
T

A gust model can be defined as a mathematical model that begins by
describing wind fluctuations in terms of discrete events and ends by defining
statistics of those events. In the present models, all wind fluctuation is
described in terms of either individual wind components with respect to a
Cartesian coordinate system at a single point, or volume averages of these
wind components.

(a) This paper was based on work preformed under U.S. Department of Energy
Contract No. EY-76-C-06-1830.
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The models are difficult to compare as documented. They begin by defining
different discrete events and end with statistics that require different
descriptive words. One of the models is primarily for fatigue calculations
and the others are primarily for calculating frequency of occurrence of rare
gust events. Additional differences of definition are encountered in the models.

This paper describes some work we are now conducting. We have created
our own basis for comparison of these models and have drafted a document,
copies of which are now in the hands of the original authors. After receiving
their comments, we shall publish the appropriately modified document. Using
the better mix of ideas that will be available to us at the completion of the
review, we. plan to create new gust models, if necessary, to avoid the short-
comings of the reviewed models. ’

The subjects of this talk are (1) the basis of comparison and (2) the
review of the three previously named gust models. In this talk the review
comments, particularly the more interpretive ones, are tentative since written
comments from the authors have not yet been received. Before discussion of
our subjects, however, we present the definitions of turbulence and wind gusts
that have been assumed in this analysis.

1.1 TURBULENCE DEFINITIONS

Turbulence describes wind component fluctuations at an observation point
(x,¥,z) in terms of a Cartesian coordinate system with the x-axis pointing in
the direction of the mean wind, the y-axis horizontally perpendicular, and the
vertical axis pointing upward.

The most basic concept in all turbulence definition is that a total fluc-
tuating quantity can be divided conceptually into two parts--a mean and the
fluctuations about that mean. Referring to the longitudinal component of
turbulence (the component in the direction of the x-axis) we can write these
ideas as:

U(t) = U + u(t) (1.1)
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where U(t) is the total fluctuating quantity; U is its mean value; and u(t)
is the fluctuating part. The mean wind is defined with respect to a period T
over which the turbulence is assumed to be a stationary process. This equa-
tion is:

.
U=‘T i U(t)dt. (1.2)

The corresponding integral of the fluctuating part u(t) is zero by definition.

Turbulence fluctuations v(t) and w(t), for the lateral and vertical dir-
ections, can be defined by an analogous set of equations for these components.
The only difference is the V is zero by definition of the directional orienta-
tion of the coordinate system. Also, the expected value of W is generally zero.
The remainder of the definitions are for the longitudinal component only.

A primary turbulence definition is that of the turbulence variance.
This is given by:

T
2 _ 1 2 '
o =F -£ u(t)“dt (1.3)

It has the dimensions of energy per unit mass.

The time function u(t) is a continuous, correlated function of time
because of the eddy structure of turbulence. Therefore, the variance may be
decomposed over a range of frequencies that represent a range of eddy (or
fluctuation) sizes in the stream of air advected past the observation point
(x,y,z) by the mean wind. The frequency function is the turbulence power
spectral density function ¢u(n), where n is cyclic frequency, and is related
to the variance by:

ou2 - J; 8, (n)dn (1.4)

If the concept of a turbulence power spectrum is not immediately appreci-
able, it may perhaps be better understood, by entertaining an analogy. The
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rendition of a musical composition can be considered as a time function analog-
ous to u(t)--likewise, the grooving of a musical composition on a phonograph
record. The turbulence variance is analogous to the total sound energy in

the music, and the power spectrum is analogous to the distribution of this
energy over sound frequencies.

However, this analogy breaks down in two ways. First, owing to the scale
structure of Western music, most musical renditions favor discrete frequencies.
For example, the 88 keys of the piano keyboard are each associated with a
discrete frequency (and overtones). On the other hand, turbulence is a con-
tinuous function of frequency.

Second, is that music, whatever it is, is not a stationary process to the
person who perceives it as music. In stationary process, all representative
samples taken from it yield the same statistics. For example, if a process is
stationary over time T and is analyzed by computing the statistics of all
moments of segments of time length T/2 starting at various points in the
first half of the interval T, the statistics of all such segments should be
the same.

Furthermore, if the turbulence function u(t) contains forms that appear
salient and could be described as discrete events, such as the hump and the
spike in the function below:

utt)

the significance of these forms is lost in such statistics of stationary pro-
cess analysis as moments and power spectra. This is true because the power



-17 -

spectrum and variance applying to this u(t) also apply to turbulent functions
u(t) in which such event configurations are completely absent.

On the other hand, music is significant entirely because of the individual
forms or events sensed in it, or more precisely, because of the similarity of
the forms of human emotions to the forms in music.

1.2 DISCRETE GUST DEFINITION

The author is aware of no technically adequate definition of gust that is
uniformly accepted within the community of design engineers and atmospheric
scientists involved in this literature. The definition used here will apply
to a foreign body exposed to the atmosphere at a fixed location where it
experiences the gust phenomena as events in time, such as an anemometer that
records the passage of wind fluctuations as a time series. Within this frame-
work we define gusts as constituting any series of discrete velocity-time
events that can be defined from a turbulence time series according to some
rule of utility. As indicated by the phrase velocity-time events, two inde-
pendent parameters are needed to describe a gust: a measure of velocity and

a measure of time duration.

Three comments should be made about the definition above before proceeding.
First, this is an operational definition. The criterion, or rule of utility,
depends on the usefulness of the rule with respect to some application that is
extrinsic to the consideration of atmospheric phenomena. Second, this defini-
tion does not imply that discrete gusts are intermittent patches of turbulence
distinguished by large fluctuations. Third, the discrete gusts are to be
defined by an explicit rule. The rule could invoke a magnitude criterion such
that discrete gusts under the particular definition would correspond more
closely to the physical imagery the word conveys; however, this is not a
necessary property. According to the definition, interesting gusts from the
time series may be either intermittent or continuous.

Two examples of this type of gust definition, shown in Figure 1.1, repre-
sent a sample of wind fluctuation in the form of a wind-component time series.
The discrete events are delimited by adjacent crossings of the zero value in
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A A AN

GUSTO DEFINITION

GUST, DEFINITION

FIGURE 1.1. Definitions of Gust as a Time Series

the first series; i.e., the GUST0 definition. The discrete events are delim-
ited by adjacent crossings of the first derivative in the second series; i.e.,
the GUST, definition. In each case, the pair (Ai’ti) illustrates the required

1
measures of velocity and time increment.

Having established definitions of turbulence and discrete gusts, we now
move on to discussion of the bases for comparison and descriptions of the
three models.

2.0 THEORETICAL BASIS

To specify a discrete gust model we begin by defining the discrete turbu-
lence events to which machine responses are considered significant and end by
providing the mathematical means to compute the frequency of occurrence of
those events, subject to necessary simplifying assumptions. The mathematical
formalism is developed from the following specifications:
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e one basic state of the atmosphere S that depends on mean wind speed,
thermal stability, and surface roughness

e one definition of discrete turbulence events E
e one subset of events E that can be characterized by magnitude x
e one machine filter function F.
We can write the basic mathematical structure of a wind fluctuation model as:

N (S.E.F) = N (S.E.F) PIx|og(o(S,F),F)] (2.1)

where Nx is the frequency of occurrence of the events of magnitude x; N0 is
the basic frequency-of-occurrence factor (which will be called the basic
frequency factor hereafter); and P is the dimensionless probability that a
given turbulence event will have magnitude x. P is a conditional probability;
jt expresses the probability that x will occur, given that the turbulence
events E have a characteristic magnitude (rms) of Op- O is numerically and
conceptually distinct from the turbulence rms o(S,F), but depends on the
turbulence rms as well as on the filter F. Effectively, the turbulence rms is
the square root of the variance of the time series that represents the

turbulence.

The x stands for a range of numbers, say all events of definition E but
of magnitude larger than a given number. The physical significance of No’
which varies from one model to another, will be discussed later. Here we
simply point out that N0 is the factor on the right that gives Nx its dimen-
sion, which is that of inverse time. If the frequency of these events is to
be considered as a function of all atmospheric states, then equation (2.1)
must be integrated in principle as follows:

Nx(E,F) = JENX(S,E,F) p(S)ds. (2.2)

where p(S) is a probability density function of any atmospheric state S.

The treatment of these specifications in the three models is described
in the next section.
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3.0 MODEL REVIEW

The different aspects of the models are reviewed in the following order
(1) data and discrete event definition, (2) spectral filtering, (3) basic fre-
quency factor, and (4) final products. The review closes with an interpretive
section.

3.1 DATA AND DISCRETE EVENT DEFINITIONS

The HF and CF models are both based on the idea that velocity change over
an arbitrary interval of time is important. The data used in these models are
defined by:

du(t,t) = u(t + 1) - u(t) (3.1)

The discrete events defined by these models make critically different use
of the differencing interval as shown in Figure 3.1. The discrete events of
the CF model are discrete values of the continuous process Au(t, t) separated
by the differencing interval 1. These are the heavy dots in Figure 3.1.

Note the double role t plays in this definition. Not only is t the differenc-
ing interval, as defined by equation (3.1), but it also serves as the discreti-
zation interval between successive elements of the Au(t, t) data. The dis-
cretization interval can be arbitrarily short regardless of the value of T.

The difference may be appreciated from the fact that differencing the data
according to equation (3.1) arbitrarily makes T a highpass filter parameter,
while the discretization interval is essentially a lowpass filter parameter.

To create discrete events for the HF model it is necessary to draw a
horizontal Tine at level x through the time function Au(t, t) such that
Au(t, 1) forms positive slope crossings with respect to the level x. These
events are indicated by the arrows in the figure.

The final events in the CF model also require the line x for definition.
They are the large dots at a level exceeding x. (None are shown in Figure 3.1).
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DATA: Au(t,T)=u(t +T) - u(t)

EVENTS

Aul(t,T)
>
£
>
<>
<§
i
|
z
I
L
~ 1

C F EVENTS
H

; i [ ]
\ H F EVENTS

FIGURE 3.1. Discrete Events Defined (Cl1iff-Fichtl
and Huang-Fichtl Models)

The NL discrete events are similar to those of the GUST0 definition in
that they are amplitudes pertaining to u(t) rather than to Au(t, t). However,
the NL discrete events are idealized "one-minus-cosine" positive and negative
gusts about a mean wind value. We interpret this definition as shown in Fig-
ure 3.2. The T is the most probable period of a gust of amplitude A, subject
to the constraint that the inverse of T be within the band of frequency sensi-

tivity of the machine.

EVENT DESCRIPTION:

Uiy=U+A (1 - cosz—’:,') 0ct<T

A,

uU(t)

P

T

FIGURE 3.2. Discrete Events Defined (NASA-Lewis Model)
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3.2 SPECTRAL EQUATIONS AND SPECTRAL FILTERING

A1l three models use a filtered power spectrum
¢p(n) = ¢(n)F(n) (3.2)

where n is cyclical frequency; ¢(n) is a model turbulence power spectrum
(1ength2 time'l); F(n) is a dimensionless filter; and the quantity on the
left is the filtered power spectrum, that is, the power spectrum of turbulence
as seen by a machine such as a wind turbine with filter properties represented

by F(n).

The CF and HF models use a gradual filter that is a function of the dia-
meter D of the disk of blade rotation. This is given by:

F(n) = —1 (3.3)

The half-power point of this filter is at the frequency U/D. We can enlarge
the filtering concept as it applies in these models by considering the differ-
encing of the original time series according to equation (3.1) as part of the
filtering. The spectrum of the differenced filtered data is related to the
spectrum of the original undifferenced data by:

pe(n,7) = 2zcosZmr) 4y (3.4)

)

The NL model uses a sharp cut-off filter for computing the turbulence rms
of its filtering data. Effectively,

1 n1 S n N n,
(3.5)
0 otherwise
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This filter is used to compute o(F), the rms of the filtered turbulence data
according to:

/'"2 7
o(F) = ¢(n) dn (3.6)
N

Also the definition of the constraint on the most probable time of a gust T
becomes:

1
2n, < T, < 2n, (3.7)

3.3 BASIC FREQUENCY FACTOR

The differences of basic frequency factor among the three models are
very significant. This is the quantity indicated by N/ in equation (2.1).
Only the HF model uses a basic frequency factor that incorporates atmospheric
turbulence behavior. Assuming that the turbulence is Gaussian, N0 can be
calculated using the theory of Rice (1945) according to:

1
No(T3F) = [o(w:F)]™ [f n2¢F<n,T>dn]2 (3.8)
0
Ny» 0> and o (n) are also functions of U/z.
The CF model uses:
=1
No = 2T (3-9)

A comparison between these two basic frequency factors is shown in Figure 3.3.
As T becomes large (subject to a set of input data), No from equation (3.9)
approaches zero, whereas N from equation (3.8) oscillates about the value

of NO(F), the frequency of zero crossings of the undifferenced series u(t) as
seen through the filter F. This is given by:
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Ny(F) = [o(F)]™! f: n2¢F(n)dn (3.10)

No basic frequency factor appears in the NL model. The designers use the
blade rotation rate for a basic frequency factor when applying the model.
(Powell and Connell 1980).

10.0

:[ l FACTOR OF 2

50 ARROW TAIL IS CF .
ARROWHEAD IS HF

T _

Q2 i 7

P |
No(‘l’) soc

0l —

a0l
T-S6C

FIGURE 3.3. N0 (t) in Huang-Fichtl and Cliff-Fichtl Models
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3.4 FINAL CALCULATED PARAMETERS

The CF and HF models both yield frequency of occurrence expressions for
the velocity differences Au(t,t); see equation (3.1). The final CF expression
may be written:

2
T X _l{ Augrg
N, (t5F) = -zl[ 2| —1 f e 2[olmF ] daulp(U)dU  (3.11)
X R V772 o(t;F) Yo
1

U1 and ﬁé encompass a sufficient range of mean wind speed to account for all
desired contributions. They may be machine cut-in and cut-out speeds,
respectively.

NX(T;F)'is the frequency of occurrence of positive velocity differences
Au(t,t) exceeding x, subject to the following conditions and assumptions:

o The Au data are of Gaussian probability.
o The o(1;F) reflects the machine filtering.

e The only atmospheric variable that o(t;F) is a function of is mean wind
speed U; otherwise, the final integration would be over p(o(T;F))do(t;F)
rather than p(U)dU. Equations are given for computing o(t;F) knowing U
and F.

e The effective frequency of occurrence NX may be computed by considering
discrete values of Au(t,t) at the interval 7. Effectively, this filters
out contributions from all fluctuations in Au(t,t) with frequencies higher
than 1/27.

The final HF expression may be written:

o 2
N, (T5F) =f N (T3F) e 2lolwh ] pmdu (3.12)

U
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As explained before, NO(T;F) and o(1;F) are also functions of U. NX(T;F) is
the frequency of crossings by the Au(t;t) process of level x with positive
slope. NO(T;F) is the frequency of zero-crossings with positive slope by the
same process. The first three conditions and assumptions listed under the CF
model apply here, too. The fourth condition does not apply to the HF model.
(In the theoretical part of the HF model document, atmospheric stability is
also considered. However, stability is dropped later when calculations are
performed).

The final expression of the NL model is not frequency.of occurrence,
but the probability density of the amplitudes A of one-minus-cosine waves
(see Figure 3.2). The final expression is:

]
p(A) = —L 7 [E(?T (3.13)

where o(F) is the rms of the u(t) process with spectrum ¢(n) and is filtered
according to equation (3.5).

Another difference between the equations in the NL memorandum and the
documentation of the other two models is that the NL memorandum does not
mention integration over the states of the atmosphere. The omission of this
step is logical when the model is used in conjunction with fatigue loads that
are a function of mean wind speed. However, the CF and HF documents also have
equations for NX(T;U;F) that can be used in the same way since U moves into
the argument Tist on the left side of the equation, and no integration over
p(U) occurs on the right side. These correspond to equations (3.11) and
(3.12), respectively and are:

Cliff-Fichtl Model:

2
1]Au(T
N, (30, F) =-2% ——i———fx e 2["(“")] du (3.14)

Vi/20(1;F) %o
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Huang-Ficht1 Model:
2

__I_[Au T ]
N (5T,F) = N(T5F) e 2lo(;F (3.15)

As previously explained, the dependency on U is in o(t;F) and in NO(T;F).

3.5 INTERPRETATION

3.5.1 The Huang-Fichtl Model

Using the HF model the following information can, in principle, be
calculated:

e frequency with which the time series Au(t,t) exceeds any designated value
(frequency of level crossings at that value)

e fraction of time over which the Au exceeds any given value
e average duration of an exceedance interval for any level x.

Only the first of these is given explictly in the document; see equa-
tion (3.12). But one may deduce from the same equation that the fraction of
time Rx over which the time series exceeds a given positive value x is:

— 2
U w1 Au
2 "7 |t FY
e - 41 R [e el PO e

Then the average duration DX of each exceedance interval is:

RX
D(TF) = i (3.17)

We have two reservations regarding the HF model. First, the essential
data, the net difference of u(t) over an interval t, may not be monotonic.
Non-monotonic change is as illustrated in Figure 3. 4.
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t

FIGURE 3.4. Au(t,t) from Non-monotonic Change in u(t)

Let us assume that this wind is filtered so that it is as "seen" by the machine.
We believe that the severity of the wind effect in this interval will be under-
estimated if the value of Au(t,t) defined by the figure is used rather than

the maximum difference occurring in this interval. If so, then a gust model
defining discrete gust events only over intervals of monotonic change of u(t)
should be a more conservative model.

The second reservation is with regard to the calculated frequency of
occurrence of gusts of unusual magnitude, say the maximum expected gust value
during the lifetime of a machine, which may be 30 years. The problem here
involves the tails of model probability distributions--Gaussian for the tur-
bulence and Rayleigh for the mean wind. The Rayleigh distribution is given

by:

2
)
- 4 \u (3.18)
p(0) 2Uﬁ exp c

The calculated values of Nx are so sensitive to errors in p(U) that the only
realistic way to use to equation (3.12) with respect to rare gust values is to
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solve it inversely. That is, having a value of Nx’ solve for x. This can be
done by iterating the direct solution until the desired value of Nx is con-
verged upon. Also, it is of the highest importance to have the best possible
representation of p(U) for a given location, particularly if the wind is calm
over a significant fraction of the time. This may require a tabular, rather
than an analytical, representation of p(U). Of course, the assumption that
turbulence at extremely high mean wind speeds can be represented by the same
stationary process spectrum as applies to more usual wind speeds is questionable.

3.5.2 Cliff-Ficht] Model

We believe that the treatment of frequency of occurrence in the Huang-
Fichtl model is correct in principle, and that the CF treatment is in error.
The basic reason is the initial definition of data discretized at the inter-
val T, as shown in Figure 3.1. This either filters out or aliases (represents
the contribution at a lower false frequency) all contribution to the Au(t,t)
process from frequencies greater than 1/2t. If our view is correct, the Cliff-
Fichtl model yields only the second of the three items listed as available
from the Huang-Fichtl model at the beginning of Section 3.5.1. But, ignoring
this objection and assuming that the data defined by the dots in Figure 3.1
are what you want, the subsequent mathematical treatment is correct under the
Gaussian assumption. '

3.5.3 The NASA-Lewis Model

Only the NL model projects the idea of a discrete gust definition consis-
tent with that given at the beginning of this paper; i.e., two parameters,
amplitude and time, are intrinsically specified for each gust. It is the only
model to use a power spectrum that has the correct slope at high frequencies.
(Kaimal 1973).

.164(f/f0)
E (3.19)
1+ 0.164(f/f0)’3‘

b}
lo-
N
=
n
o

where

-+
[}

nz/U.
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To adopt this spectrum to neutral conditions, Frost, et al. (1978) recommend
the value of fo = 0.0144 for the u-component.

The NL model also recognizes the need for more careful specification of
the mean wind distribution, using the Weibull distribution:

k-1 U
p(0) = Egk— exp '[f] (3.20)

where C and k are determined by curve fitting with respect to a given data
sample. The Rayleigh distribution, given by equation (3.18) is a special case
of the Weibull distribution.

Our reservations regarding the NL model can best be illustrated if we 1ist
their equations in an order different from their order of appearance in the NL
memorandum. First we begin with the atmospheric boundary layer power spectrum,
equation (3.19), and define a turbulence rms as in equation (3.6).

n, 1
o(F) = f n¢(n)d[Ln(n)]|?
M

We next introduce a velocity A by the probability expression, equation (3.13):

2
1 A
p(A) = —L ¢ 2 [gﬂ]

Since turbulence is approximately Gaussian, and since the sigma used is
that for filtered turbulence, we may say that A has essentially the same proba-
bility distribution as that which applies to the entire turbulence process u(t)
filtered by the bandpass limits N and n,.



- 185 -

The turbulence of the wind is assumed to consist of a set of discrete
gusts with Gaussian random amplitudes but with specified (deterministic) shapes
and periods. The assumed shape of each discrete gust is as follows:

U(t) =U + A [1 - cos(g$§)] 0StiT (3.21)
in which t is time, A is gust velocity, and T is gust period (see Figure 3.3
for our interpretation). From equations (3.6) and (3.13) we get the impression
that A is equivalent to the entire filtered turbulence process. But from
equation (3.21) the A's appear to be a subset of values that define the maxi-
mum departure from the mean wind in each discrete gust event. It is not
obvious that those two versions of A have the same probability density.

The other reservation we have stems from the use of blade rotation rate
as a basic frequency factor, and the blade rotation time as a gust time scale
in place of the intrinsic time scale T in equation (3.21). We have not
attempted to show what bias results from this treatment. But at this time we
suggest that if wind shear is considered to be the dominating fatigue factor,
then use of blade rotation rate for a basic frequency factor appears desirable.
However, if turbulence is considered to be the dominating fatigue factor, then
the basic frequency factor should in some way reflect frequencies of turbu-
lence as seen by the machine.

At this point mention should also be made of the fact that the "time
scale" of a gust as seen by a machine is heavily dependent upon machine fac-
tors, much more so than is the amplitude of the gust. This determination was
made from both GUST0 and GUST1 analysis in which the time scale of these gusts
was exhibited as a markedly changing function of filtering, as the same tur-
bulence data were subjected to different filterings in successive analyses.
This work is fully described in the forthcoming review document referenced
earlier.



- 186 -

REFERENCES

Cliff, W. C. and G. H. Fichtl. 1978. Wind Velocity-Change (Gust Rise) Criteria
for Wind Turbine Design. PNL-2526, Pacific Northwest Laboratory, Richland,
Washington.

Frost, W., B. H. Long, and R. E. Turner. 1978. Engineering Handbook on the
‘ Atmospheric Environmental Guidelines for Use in Wind Turbine Generator
Development. NASA Technical Paper 1359, National Aeronautics and Space
Administration, Washington DC 20546.

Huang, C. H. and G. H. Fichtl. 1979. Gust Rise Estimates for Wind Machine
Design in the Atmospheric Boundary Layer. PNL-2530, Pacific Northwest
Laboratory, Richland, Washington.

Kaimal, J. C. 1973. "Turbulence Spectra, Length Scales, and Structure
Parameters in the Stable Surface Layer," Boundary-Layer Meteorology,
Vol. 4, pp 289-309.

Powell, D. C. and J. R. Connell. 1980. One-Dimensional Gust Modeling for
Wind Turbine Design: Literature Review and Analysis. PNL-3138,
Pacific Northwest Laboratory, Richland, Washington.

Rice, S. 0. January 1945. "Mathematical Analysis of Random Noise," Bell
System Technical Journal. Vol. XXIV, No. 1, pp 46-156.




- 187 -

Correlation of wind velocity and power output

from field measurements on wind turbines.

B.Maribo Pedersen, Dept. of fluid mechanics,

Technical University, Copenhagen, Denmark

Abstract

A brief account is given of the problems involved in getting
pertinent aerodynamic and aerodynamically derived characte-
ristics of wind turbines from field measurements.

In particular the methods for determining the proper power
versus wind-speed correlation are reviewed.

Presented at the IEA expert meeting for large scale wind
energy conversion systems, Boone, N.C., USA, Sept. 26-27, 1979.
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1. An operating wind turbine is a complex mechanical/electrical
system operating in a non-stationary environment. Hence cal-
culations of operating characteristics are difficult, and the
task of verifying calculated characteristics by measurements
in the field is not an easy one.

Matters are complicated even further by the fact, that many
of the underlying assumptions in the different methods developed

for handling similar situations are not met with.

2. The wind velocity and the air density (and temperature) are
inputs to the system. Leaving density and temperature out as
quasistationary quantities, we are left with the three compo-
nents of the wind velocity, which varies with the spatial
coordinates and with time in a random manner.

The description of the properties of the wind velocity can be
carried out in different domains, viz. in the amplitude, time
or in the frequency domain. /

Operating in the frequency domain furnishes the most powerfull
tools for handling the problems of determining the response of
the elements of the wind turbine to the fluctuating inputs
from the wind. Many excellent treatises on this subject exist,
and a few of them are listed here as references [1, 2, 3, 4].

Under the assumptions that

- the system responds linearly to a random input
- the random process is stationary, weakly ergodic with
a Gaussian probability density distribution for speed

the results of the analysis can be stated in form more or less
similar to the following
N
S. (f) = H.(f) sS..(f 1
iy () j£1 5(£) 8;5(6) (1)
where Siy(f) is the cross spectral density function between
the output and one of the inputs x., Sij(f) is the cross

i
spectral density between inputs X and xj and Hj(f) is
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the system transfer function. The result stated is for the
general case of correlated inputs [1)]. The characteristics
for every output in question (a movement of a particular point
of the structure, a moment in the blade at a particular place,
the driving torque, etc.) can thus in principle be determined

for a given input, once a transfer function has been established.

If one wants to determine the transfer function experimentally,
either because it cannot be derived through the basic equations
of motion, or because we want to check the validity of a calcu-
lated transfer function, then measurements of the spectral

densities are required.

The power output from a wind turbine is of course a quantity
of prime interest. Under certain simplifying assumptions it is
possible from aerodynamic theory to calculate the shaft power
for the case of steady wind [5,6].

The effects of wind shear and tower shadow can be accounted

for in the calculations, quasisteady aerodynamics being assumed.

This static power curve now turns out to be non-linear, (fig. 1),
which means a.o. that one of the assumptions necessary for the
application of the above spectral analysis is violated, and
hence that these methods cannot directly be applied.

Turning now to field measurements, then what is measured is
the power output due to unsteady wind.

Actually time series are recorded of simultaneous measured
shaft torque, r.p.m. (often constant), electrical power and
wind speed at some point in the vicinity of the wind turbine,
usually at hub height.

Leaving aside the details of the recording technique, one
experiences of course that instantaneous, simultaneous measure-
ments of wind speed and either torque or electrical power,

when plotted exhibit a considerable scatter.

This is due to the fact that one normally makes a point mea-

surement of wind speed, whereas the power is an integrated
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effect over the rotor disc, and to the fact that the distance
between the wind turbine and the measuring tower makes the
correlation (or coherence) between the instantaneous turbulent
velocity field at the two places small.

Different methods have been proposed to reduce this scatter.
Qne is conditional sampling and averaging over the sampled
region (method of bins) [7]. Another is to make ensemble ave-
rages over times long enough to cover the region in the wind
spectrum above the mesoscale gap. Averaging times of 10 minutes
are usually considered to fullfill this requirement.

It has been indicated, [8], that application of the "methods
of bins" gives rise to erroneous results when poor coherence
exists between wind velocity measured at the met. tower and
the wind at the turbine, i.e. for large distances between the
two. Also, no theoretical arguments have been raised, justi-
fying the application of this method.

Ensemble averages on the other hand seems to yield correct
results as far as it gives the power due to the éctual unsteady
wind. In other words it gives the average value of power versus
averagewind speed in a wind with the turbulent characteristics
present on the day of measurement.

If now these turbulent characteristics do not change signifi-
cantly from one day to another (due to different stability of
the atmosphere f.i.) and the terrain in the vicinity of the
wind turbine is homogeneous, then the power curve obtained in
this manner should be the one necessary for calculation of the
energy production from the wind turbine. In fact, the annual
production of energy and the probability density for wind speed
would be obtained from the very same kind of measurements.

At another site with different roughness lengths for the sur-
rounding terrain, the result would be different, but it is

felt that it is possible to establish a fairly accurate
extrapolation to other surroundings.
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5. This measured curve however is not the one which would be
measured in a steady wind, and accordingly it is not to be
compared directly with the curve calculated from aerodynamic
theory. The reason for this being (a.o.) the abovementioned
non-linear character of the stationary power curve.

A first approximation in correcting the calculated curve to
the measured one could be made by simply approximating the
calculated relation by a suitable analytic function and to
calculate the average value of power under the assumption

the frequency response of the wind turbine is unity for all
frequencies below a suitable cut-off frequency of the order
of say % , where R is wind turbine radius.

In this way a correction will be determined which depends on
the actual measured variance in wind speed , and if necessary
also on higher order moments of the wind speed fluctuations.
In fig. 1 is shown the calculated power curve for the "Nibe A"
wind turbine. A fourth degree polynomial can be made to approx-

imate the calculated curve as shown.
If

A + Bu + Cu? + bu?® + Eu*

vl
I

and
u=U+u' , with U as the mean and u' the fluc-

tuating part of the wind velocity, then

P = P(U) + u'Z(C+U(3D+6EU)) + Uu'3(D+4EU) + u'* E ;
In the case of a Gaussian probability density distribution
for u' , then

u's =90 and a' = 3(u'?)?

P is then the quantity to be compared with the measured
mechanical power output.
For the power curve shown on fig. 1, with

gzg;-P is about 8% for U = 14 m/s, zero for U = 9 m/s

and about -14% for U = 7 m/s .
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"Nibe A" is stall regulated.

For a wind turbine with pitch requlation the control system
dynamics must be taken into consideration.

Another aspect of power output which is of interest, is the

‘fluctuations set up due to structural dynamic effects, trig~

gered both by the gustiness of the wind and by wind shear and
tower shadow effects. Also the system into which the power is
fed, viz. generator and grid, does act as a dynamic system
with an eventual feed-back on the power measured.

The frequency range of interest in this case is from 1 - p
upwards.

It is however beyond the scope of the present note to discuss
in what way an analysis should be carried out in order to
obtain a proper comparison between measured and calculated
data in this frequency range.
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Testing And Evaluating Of LS/WECS -
The Meteorological Approach.
by

Dr. Hans Schroers
University of Munich

Meteorological Institute

Introduction

Designing and putting up a windmill somewhere in order
to gain energy by wind the following guestions will
arise:

1. Location

2. Wind profile

3. Extreme wind velocities

L, Gust factors and profiles

5« Power spectra of wind

6. Horizontal and vertical correlations
The first two items are very important to economic
use, The next items are of considepable importance to
savety against fracture.

The second part deals with instrumentation of wind
measurements and presents a plant for determing gusts.

If nothing else is mentioned all graphs, slides and data
refer to strong winds and storms in flat and open area.
Strong winds and storms are defined as wind velocities
of 10 m/s and greater in a height of 10 m.
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Location

Location is not dealt with in this paper because it
is a result of climate, especially of wind climate
and that is a matter of the national meteorological
offices.

Wind profile

In meteorology a logarithmic law is applied to in-
creasing wind speed with increasing height.

v Z
V. © X ln'Eb

A wvidely used alternative to the logarithmic law is
the power law. This law is entirely empirical.

o

VZ1= vzl(éﬂ

The difference is of no importance. But it is not
possible to determine a fixed value for wind profiles
in all atmospheric conditions. These simple laws are
only valid for adiabatic atmosphere. The atmosphere is
essentially adiabatic a short time after sunrise and
a short time before sunset and in the case of high wind
velocities (strong winds and storms). In all other
cases the natural convection effects a considerable
deviation from the logarithmic or power law. The value
of this deviation can only be determined if the temperature
gradient of atmosphere is known.

Another parameter affecting the wind profile is the
roughness of ground. In logarithmic law this parameter
is considered as 259 the socalled roughness length,
while in power law it is taken into account by the value
of power itself., In fig. 1 a comparison between o/ and 2z

o
is shown.
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- Fig. 1: Comparison between z _ of log-law
and & of power-law (Bavenport).

In the following tables some measured data of power
profile are given. They are valid for 10 min. means
of wind speed.

Strong winds and storms: o = 0.16 & = 0.03

Tab.1 shows some & and 6 in relation to diffusion
categories, The diffusion categories are mainly de-
termined by means of temperature gradient, but also
by some other parameters such as clouds, wind etc.

The variations of ¢ and 6 with low winds are shown
in tab.2.
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class | fraquency ot
in % ¢
I 8.4 0.39 0.12
1T 12.9 0.57 0.13
LIty 57-9 0.36 0.15
IIL,y 15.9 0.18 0.07
Iv 5.2 0.15 0.11
\'g 1.9 0.10 0.35

Tah.1: Variations of & and ¢ with diffusion categories
(temperature gradient) valid for Hamburg (Manier a.
Benasch).

wind categories oL G
in wn/s
Z. 1.5 0.51 0.14
1.6 ~ 2.5 0.338 0.11
2.6 ~ 3.5 0.50 0.16
3.6 - 4.5 0.25 0.13
> 4.5 0.19 0.11

Tab.2: Variatioas of o and ¢ with wind velocities (#¥anier a.

Banesch).

Extreme wind velocities

In meteorology extreme wind speeds are always determined
as probabilities once in 50 or once in 10 years reached
and exceeded. For a special place, however, it is very
difficult to d=fine an exact value. Long-termed measure-
nents are necessary, €.g. measurements have to be done
for a period of 267 years in order to get these extrewe
vind velocitics (once in 50 years) with a statistical
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assurance of 95% and an accuracy of ¥ 0.2 m/s. Such
long-termed measurements do not exist. Only measure-
ments for a period of 10 or 20 years are available at
meteorological offices and it is their task to provide
such probabilities for extreme wind speeds and for
Gifferent regions, 2.g. a lot of wind data measured on
German coasts are avaluated in this month. The results
will be published soon.

An example for getting these probabilities from relative
short series is shown in fig.Z2.

The cumulative frequency distribution of all 10 min. means
of wind velocities are printed in a Gaussian paper. The
printed line shows the well-known skew distribution of
wind speeds. In this paper the graph turns into a straigat
line at wind speeds > 8 m/s. That means high wind speeds
are distributed normally. Extrapolating this line provides
the probability of extreme wind velocities for a long tire.
But long series of observations of about 15 or 20 years
necessary. Series of a period of 5 years are generally

too short.

Gust factors and profiles

In meteorology it is usual to define a gust as a value
of wind speed averaged over 5 seconds and the gust
factor is defined by the quotient between maximum of
gusts within 10 minutes and the averaged wind speed over
these 10 minutes. Instead of one value in fig.3 a graph
is shown which provides gust factors for any other times
referring to the mean time of 10 minutes.

These gust factors resulting from a lot of measurements
made by various authors are averaged values. The gust
factors slightly decrease with increasing height up to
80 m, For greater heights detailed information is not
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Fig.3: Gust factors dependant on mean times.

available., In the new DIN~Norm, "wind loads on structures"
a gust profile is discussed. This gust profile is the

same as the wind profile, fixed as power law, but another
ol is used, This o/ is 0.11, however it is only valid for
gusts averaged for a period of 5 seconds. Based on mean
wind velocities and gust factors in 10 m above ground
mean gust velocities in other heights can be computed.
Only statistics provide extreme values,

Power spectra of wind

Periods of about 20 seconds and below are in this case
the interesting section of power spectrum., This is one
part of dynamic turbulence which recently has been

nmeasured frequently. Especially the decrease with in-

creasing frequency is well-known,so if the position and
amplitude of power spectrum peak i1s known, you can ex-

trapolate the decrease with the so-called -5/3 law,
illustrated by fig.lh.
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Fig.4: Observed wind spectra (Freytag 1973)

Position and amplitude of the spectrm peak, however
differ very much from one run to the other. In fig.5
these great variations of position of spectrum peaks
are shown. Therefore it is reasonable to draw the power
spectrum as Shiotani has done it, shown in fig.6, and
not as a line.

Fig.5: Variations of o/ 260 10
MUl 9 L 4 N
s 30.%8 e Dir. 1
wave numbers of 10t Y x " . 3;-2'3
spectrum peaks sl L
with wind velocities. . .
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