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FOREWORD

(This Foreword is not part of ASME/ANSI PTC 42-1988.)

The Performance Test Codes Committee, at its March 1979 Administrative meeting, autho-
rized the formation of a Code Technical Committee to explore the possibility of writing a test
code on wind turbines. This Committee was organized on January 30, 1981. At its organiza-
tional meeting, the Committee proposed the writing of PTC 42 on Wind Turbine Generators.

This proposal was approved by the Performance Test Codes Supervisory Committee. This
Code was approved by the Board on Performance Test Codes on March 3, 19881t was fur-
ther approved as an American National Standard by the ANSI Board of Standards Review on
November 17, 1988.
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All ASME codes are copyrighted, with all rights reserved to the Society. Reproduc-
tion of this or any other ASME code is a violation of Federal Law. Legalities aside, the
user should appreciate that the publishing of the high quality codes that have'typified

" ASME documents requires a substantial commitment by the Society. Thotisands of vol-

unteers work diligently to develop these codes. They participate on théir own or with a
sponsor’s assistance and produce documents that meet the requiréments of an ASME

“ consensus standard. The codes are very valuable pieces of litefature to industry and

commerce, and the effort to improve these “living documentst.and develop additional
needed codes must be continued. The monies spent for research and further code de-
velopment, administrative staff support and publication are essential and constitute a
substantial drain on ASME. The purchase price of these documents helps offset these
costs. User reproduction undermines this system and represents an added financial
drain on ASME. When extra copies are needed;you are requested to call or write the
ASME Order Department, 22 Law Drive, Box 2300, Fairfield, New Jersey 07007-2300,
and ASME will expedite delivery of such Copies to you by return mail. Please instruct
your people to buy required test codes.tather than copy them. Your cooperation in this
matter is greatly appreciated.
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de provides standard instructions for con-
ducting performance tests of wind turbines. It is based
on the use df accurate instrumentation and the best an-
alytical and measurement methods and procedures
available, and is intended to produce results of the
highest acquracy consistent with good engineering
practice. For the purpose of this Code, the term ““wind
turbine’”” (WT) is applicable to a machine that converts
kinetic wingl energy into electrical energy. This Code
was specifigally compiled for WT systems of 100-kwW
or more, but is applicable to all sizes. WT performance
is measured by the amount of electrical energy.dérived
from the wjnd under known conditions, The testing
procedures|may be simple or complex depending on
the size ang complexity of the WT(and the site wind
conditions.|Only the relevant postions of the Code
need to be ppplied to any given.test.

0.2 This Code is recommended for use in conducting
the performance portion of WT acceptance tests. If so

—— ASME PERFORMANCE TEST CODES
Code on
WIND TURBINES

ASME/ANSI PTC 42-1988

SECTION 0 — INTRODUCTION

used, any deviations from the procedures in this Code
must be agreed-upon in writing by the parties to the
test. In the absence of a written agreement regarding
deviations;’ Code requirements will be mandatory.

0.3 For purposes other than acceptance testing, the
party or parties to the test may use this Code as a guide
in developing tests suitable for the intended purpose.

0.4 This Code complies with the provisions of the
ASME Code on General Instructions (PTC 1), and the
ASME Code on Definitions and Values (PTC 2). In addi-
tion, unless otherwise specified in this Code, all instru-
mentation shall comply with applicable provisions of
the Supplements on Instruments and Apparatus (PTC
19 Series).
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SECTION 1 — OBJECT AND SCOPE

1.1 PRIMARY OBJECTIVE

The primary objective of this Code is to compare the
net amourjt of electrical energy produced by the WT
during a given period of time to the predicted test
energy for[the same period and the same wind speed
histogram.

1.2 SECONDARY OBJECTIVES

This Codle may be used for the following purposes:

(a) to cpmpare the test power-versus-wind-speed
curve to the reference power-versus-wind-speed
curve;

(b) to cgmpare the annual energy output calculated
using the |test power-versus-wind-speed curve with
that calculated using the reference power-versus-
wind-speefl curve, for the same annual wind speed
histogram;

(c) to determine the effects on WT performance of
changes tq subsystems and components of the W or
changes inthe methods of operation for specified-con-
ditions at g given site;

~ mony with this Code.

{(d) to compare the performance of the WT with the
established performance of other WTs at the same or
different sites.

1.3 SCOPE

This Code specifies the methods, procedures, and in-
strumentation for the field testing and reporting of WT|
performance. These, procedures and practices were
specifically compiled for WTs of 100 kW or more, but
are applicable to all sizes.

1.4 APPLICABILITY

This Code is not intended to govern the conduct of
general or specialized research, or for the develop-
ment of subsystems and components. Nevertheless
when such testing is performed and results are in-
tended for publication, it is recommended that testing
and reporting proceed as nearly as is practical in har-
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SECTION 2 — DEFINITIONS OF TERMS

2.1 GENERAL DEFINITIONS

rgy, reference — energy output based on
the referepce power curve, the reference air density,
and the reference annual wind speed histogram

annual enprgy, test — energy output calculated using
the test power curve and the reference annual wind
speed histbgram

annual enprgy ratio — ratio of test annual energy out-
put to the|reference annual energy output

letter symbols — (Letter symbols used in this Code are
listed in Table 2,1 and are defined in the paragraph in
which the) first appear.)

measured|test energy — quantity determined directly

test air depsity, and the test wind speed histogram

reference |power curve or reference power-vs-wind-
speed curye — curve, series of curves, or tabulation of
the powerjoutput predicted for a specific WT.as a func-
tion of wind speed and air density

reference |power-vs-wind-speed curve) or reference
power curive — curve, series of curves, or tabulation of
the powerloutput predicted for-a'specific WT as a func-
tion of wind speed and air density

rotor — agrodynamic assembly of blades, hub attach-
ments, and shaft which'converts kinetic wind energy to
mechanical rotational energy

test energy ratio=—ratio of measured test energy to pre-
dicted testlenergy. Test energy ratio is the primary mea-

surement of wind turbine performance

test segment — time period for which increments o
measured test energy and predicted test energy are de
termined. Typical segment durations are,5 to 10 min
units — meters (m), kilograms (kg),hours (h), second:s
(s), millibars (mbar), degrees Celsius (°C), and kilo
watts (kW) are the primary units.of this Code. For con
venience, other customary units may also be included
(Note: 1 mbar = 100 Ra):

wind turbine (WT) — totary machine which converts
kinetic wind energylinto electrical energy

2.2 METEOROLOGY DEFINITIONS

air-density, mean test — average test air density for al
test segments

air density, reference — air density to which measured
test energy is adjusted for purposes of obtaining a tesf
power curve and an annual energy ratio. Mean test ai
density is a recommended reference in order to mini;
mize adjustments to the measured data.

air density, test — density of air at the test site and at the
test altitude during a test period. This is a calculated
quantity depending upon the measured air tempera;
ture and barometric pressure and the altitude of the
measuring instruments. Test altitude, rather than seg
level, is used in order to minimize adjustments for ais
density differences.

distance constant — a measure of anemometer re
sponse rate, equivalent to the run of wind necessary fo
the anemometer output to indicate 63% of the fina
value for a step function change in wind speed

test power-vs-wind-speed curve or test power curve —
curve, series of curves, or tabulation of the measured
WT power output as a function of wind speed at the ref-
erence air density

test run — group of consecutive test segments. Each
test run provides a period of operation of the WT in its
energy conversion mode, uninterrupted by transients
such as starting and stopping. A series of test runs com-
prises the performance test.

reference elevation — vertical distance of the geomet-
ric center of the swept area of the rotor above the
ground

test altitude — altitude (above mean sea level) of the
geometric center of the swept area of the WT rotor
wind azimuth — wind direction measured as an angle
clockwise from true north

wind shear — vertical gradient of the horizontal wind
speed
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TABLE 2.1
LETTER SYMBOLS
Symbol Definition Paragraph
AC Alternating current 2.3
AER Annual Energy Ratio, E,/E,, : 5.8
aq, ay Angles which define the range of wind directions for which test 4.3.2
’ data are invalid (Fig. 4.2)
B Barometric pressure (Fig. 4.1) 4.91
°C Degrees Celsius 21
C Weibull scale constant 5.3.2
D Rotor diameter (Fig. 4.2} . 4.2.3
D, Duration of test 5.6
dE, Measured net test energy output during segment 5.4.2
dt, Predicted net test energy output calculateddor segment 5.5
dE, Adjusted net test energy output during-segment 5.7.1
dt Duration of test segment 5.5
E1 System energy output (Fig;;4.1) 4.9.1
E2 Auxiliary energy 4.9.1
Em Total measured test energy 5.6
E, Test predicted test energy 5.6
E, Reference annual energy output 5.3.3
E;a Total annual test energy output 5.8
H Rotor height (Fig. 4.2) 4.2.4
h Hours 2.1
hy Reference elevation of the rotor (Fig. 4.2) 4.2.3
hy Distance between levels A and B (Fig. 4.2) 4.2.4
i Identifying index of a run (consecutive from 1 to /) 5.4.1
j Identifying index of a segment (consecutive from 1 to J) 5.4.1
k Weibull shape constant 5.3.2
k Identifying index of bin (consecutive from 1 to K) 5.7.1
kg Kilograms 2.1
kVA Kilovolt-amperes v 4.6.4
kw Kilowatts | 2.1
6
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TABLE 2.1 LETTER SYMBOLS (CONT’D.)

ASME/ANSI PTC 42-1988

Symbol Definition Paragraph
L ‘Distance from the WT to the meteorological tower 4.2.3
MW Megawatts 5.3.3
mbar Millibars 2.1
Pg Real generator power (Figs. 2.1 and 4.1) 4.9.1
P, Reference power output 5.3.1
P, (V,, gy Reference power at the test wind speed and the reference air 5.7.1

density
P, (Vy, @) Reference power at the test speed and the test air density 5.7.1
Py Test power output 5.8
Py Test power output for each wind speed bin, at bin’s meafwind 5.7.2

speed and reference air density
Qg Reactive generator power (Figs. 2.1 and 4.1) 4.9.1
Sg Ap_parent generator power (Fig. 2.1) 2.3
T Air temperature (Fig. 4.1) 4.9.1
t Date and time-of-day (Fig. 4.1) 4.9.1
TER Test Energy Ratio, £,/E,, 5.6
Y Annual average wind.speed 5.3.2
Vs, Wind speed.adjustment, a function of measured wind speed and 5.2

azimuth
Vp Bin{mean wind speed 5.7.1
Vi Measured wind speed (Fig. 4.1) 4.9.1
v, Test wind speed 5.2
WT Wind turbine 2.1
r Gamma function 5.3.2
AE, Measured net test energy output during run 5.4.2
AE, Predicted net test energy output for a run 5.5
AEp Bin cumulative measured energy output (at test air densities) 5.7.1
AE,, Reference annual energy output in a wind speed range 5.3.3
AE,, Test annual energy output in a wind speed range 5.8
AEy, Bin cumulative adjusted test energy output (at reference air 5.7.1
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TABLE 2.1 LETTER SYMBOLS (CONT’D.)
Symbol Definition "Paragraph

AE1 System energy output measured during run 5.4.2

AE2 Auxiliary energy used during run 5.4.2

At Buratiomof-run 542

At, . Annual duration of V, in a wind speed range 533

Aty V Bin cumulative test time 5.7

[/ Phase arrgle between the P and S vectors in an electric power 2.3

vector diagram (Fig. 2.1) N

e Test air density 5.3.1

v Measured wind azimuth (Fig. 4.1) 4.9.1
wind speed, measured — magnitude of the average electrical energy, system — electrical energy output of
horizontal wind velocity measured during a test seg- the WT to the electrical distribution systen (or load)

hent
vind speed, test — measured wind speed adjusted, if

!
- required, to represent the site free-stream wind speed
3

t the center of the swept area of the rotor

wind speed bin — narrow wind speed range forsorting
tpst data
V
¢

.wind speed histogram, reference annual*— frequency

istribution of wind speeds expressed in terms of hours
per year for a stated speed range:and totaling 8760 h.
ay be hypothetical (such as the Rayleigh or Weibull
istribution) or based on site-test data.

ind speed histogram,test— frequency distribution of
ind speeds duringthe performance test expressed in
rms of hours fora\stated speed range and totaling to
the test duratien

2.3 ELECTRICAL DEFINITIONS

tential transformers by watt and var transducers and
other instrumentation

electrical energy, auxiliary — electrical energy re-
quired for conducting the performance test but not
required for necessary WT operations such as
control power, lighting, heating, cooling, or power
conditioning

electrical energy, net — sum of system electrical en-
ergy and auxiliary electrical energy

Provided by IHS under license with ASME
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power, apparent — product of voltage and current

power, reactive — average rate of energy| borrowed
and returned once each cycle in an AC electric system.
The magnetization of iron-core (inductivie) devices
such as transformers and induction machirfery causes
the current waveform to lag behind the voltage wave-
form. Capacitive devices cause the currentf waveform
to lead the voltage waveform. Although the average
energy transferred by purely inductive or|capacitive
currents is zero, a source for these currents must still be
available.

power, real — average rate of transfer o
energy

power factor — the ratio of real power tp apparent
power, which is also equal to the cosine of the phase
angle # between the sinusoidal voltage ahd current
waveforms. The phase angle 8 is also the angle be-
tween the real and apparent power vectors|in the vec-
tor diagram (Fig. 2.1).

electrical

on of func-
tional . reIatronshrp between apparent, real and reac-
tive electrical powers, as shown in Fig. 2.1. Because no
average energy is transferred by reactive power, the ca-
pacitive and inductive ““powers’’ are shown as vectors
at right angles to the real power vector. The usual sign
convention for reactive power is positive for lagging
(inductive) currents, as shown in Fig. 2.1, sketch (a).

. Reactive power is negative for leading (capacitive) cur-

rents, as shown in Fig. 2.1, sketch (b).
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Apparent power Sg

{inductive)
Phase angle

Real power Pg

(a) When reactive power is dominated by magnetization
requirements, it is supplied externally by the electrical
distribution system and is positive in sign.

Real power Pg

Reactive power Og

{capacitive)
Apparent power Sg

{b) When'\reactive power is dominated by capacitive devices,
it is.supplied to the electrical distribution system and is
négative in sign,

FIG. 2.1 ELECTRIC POWER VECTOR DIAGRAM

Reactive power Oy
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SECTION 3 — GUIDING PRINCIPLES

3.1 INTRODUCTION

The methods to be followed in conducting a WT per-
formance fest are similar to those followed with more
conventiohal prime movers, except that special provi-
sions must be made due to the unsteady nature of the
wind [1].

3.2 PRINCIPAL MEASURE OF WT PERFORMANCE

The prihcipal measure of WT performance is net
electrical gnergy output [2] rather than instantaneous
power output. The objective of a performance test is to
compare the actual WT energy output during a given
period of time to the predicted test energy output based
on wind speed and air density during that same period
of time.

3.3 PRINCIPAL OBJECTIVE

The prirjcipal objective of a WT performance testis’a
comparisgn of measured and predicted energy outputs
for the tept period.

3.4 SECONDARY OBJECTIVES

Secondpry objectives are-aest power-vs-wind-
speed curye and a comparison.of annual energy output
calculated from test datawith a reference annual en-
ergy outplit,

3.5 ENERGY-MEASUREMENTS

sure are measured near the WT and recorded, (The
frequency of these meteorological measurementsshal
be sufficient to achieve the required accuracy in pre
dicting the energy output for each test run. These mea
surements shall be taken so as not tohe-influenced b
the presence or operation of the WA. Recording of hu
midity is not required, since it haS.a negligible (though
calculable) effect on air density.

3.7 PERMITTED ENERGY ADJUSTMENTS

For thecprimary objective of comparing measureq
and predicted test energies, no adjustments shall be
made to'the measured test energy. Adjustments for diff
ferences in air density or for anemometer correlation
(see para. 4.2.4) shall be made to the predicted test
energy.

3.8 EFFECTS OF WT ORIENTATION

No adjustments shall be made to either measured of
predicted test energies for differences between the ori
entation of the WT and the wind azimuth. Any effectp
of orientation differences shall be included in the refef
ence power curve (para. 3.10.5). Calculation of thes¢
effects should be consistent with any limitations o
wind shear and turbulence agreed upon prior to the
test (para. 3.10.9).

Direct measurements of netetectricalenergy output
will be made for comparison with output calculations
made according to a reference energy calculation
model agreed upon by the parties to the test.

3.6 METEOROLOGICAL MEASUREMENTS
While the WT is operating, wind speed, wind azi-

muth, ambient air temperature, and barometric pres-

Copyright ASME International
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3.9 REPRESENTATION

Each party to the test shall assign a person responsi-
ble for the determination of test completeness, with au-
thority to accept or reject the results and conclusions of
the test. Each party shall act to establish, along with the
others, the agenda, conduct of the test, and criteria for
acceptance or rejection of the test results. All parties
shall have equal rights in determining the test.
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3.10 ITEMS ON WHICH AGREEMENT SHALL BE
REACHED

(a) Obiject of the test and test acceptance criteria.

(b) Plan of test, including schedule, recording of
readings and observations, and calculation of test
results.

(c) Test Manager responsible for conducting the
€st, assigning test personnel, and submitting the fina
test report to the parties.

(d) Definition of the load, including allowable volt-
age range and power factor.

{e) Reference energy calculation model, including
reference power curve, range of air densities, and refer-
ence annual wind speed histogram. This model may
have the form of a tabulation of net-electrical-power-
vs-wind-speed, a tabulation of net-electrical-energy-vs-
wind-speed for a specified time increment, a computer
model, or other performance algorithm. The reference
energy calculation model shall be documented and
included in the final report.

(f) Duration of the test and the minimum duration of
an individual test run. Typical test durations (the num-
ber of test segments multiplied by test segment dura-
tion) are 30 to 70 hrs, with individual test runs at least
1 hr long.

(g) Test Segment Duration. In the absence of spe-
cific expert analysis of site, WT, and anemometer.char-
acteristics, a range of 5 to 10 min is recommended.
Factors which may influence the test segment'duration
are discussed in [3] and [4].

(h) Minimum size and energy contentof wind speed
bins.

(i) A set of test wind conditions which defines re-
quired ranges of wind speed-and azimuth, the mini-
mum duration of operation for speeds and azimuths
within these ranges, @nd‘limitations (if any) on wind
shear and turbulence.” Continuous operation is'not
required for determining durations.

{j) Adjustments to measured wind speeds.

(k) Corréections for deviations of test conditions from
those specified, other than those defined in this Code.

(1)-“Griteria for interrupting the test (icing, hurricanes,
extreme temperatures, rain, turbulence, etc.).

WIND TURBINES

justments required to place the unit in proper operat-
ing condition, provided these adjustments are made
prior to the test and remain in effect throughout the
test.

3.11.2 Preliminary runs shall be made for the purpose
of determining whether the WT system is in a safe and
€ conduct of a performance
test. Such runs may be made for checking.of instrumen-
tation, adjustment of the WT, and training of person-
nel. After preliminary runs havebeen madg, these runs
may, by agreement, be included in fthe perfor-
mance test.

3.11.3 At the conclusion of testing, the shall be
fully operational-and in the same conditi¢n of adjust-
ment as throughout the test.

3.12<DURATION OF TEST OBSERVATIONS

The duration of WT performance testing|will be gov-
erned by the actual site wind conditions. The control-
ling factor is the time required to record data sufficient
to verify the performance of the WT over the range of -
wind speeds of interest. This may require several test
runs in order to obtain the required variation in wind
speed. The test should be structured accarding to the
following.

n data shall
d has been

3.12.1 Test runs and the recording of test r
begin after the WT has come up to speed
connected to the load.

3.12.2 Performance data shall be taken cpntinuously
and consecutively during a test run.

3.12.3 Transient parameters may be medsured sepa-
rately if they are part of the performance test. These
parameters may occur during startup, rdnning, and-
shutdown.

3.11 CONDITION OF WT BEFORE AND AFTER
TESTING

3.11.1 Before tests are begun, the manufacturer of the -

WT shall determine.that the equipment and instrumen-
tation are in suitable condition for the test to be carried
out. The manufacturer may make any permanent ad-
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3.12.4 Standby energy may be measured separately if
this parameter is part of the performance test.

3.13 NORMAL MAINTENANCE

Normal maintenance procedures may be followed
between test runs, including both scheduled and un-
scheduled maintenance.
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3.14 INCONSISTENT MEASUREMENTS

Inconsistent measurements influencing the results of
the test shall be resolved by locating and eliminating
the cause of the inconsistency. If the inconsistent mea-
surements were all made in accordance with Code pro-
cedures and if the inconsistency cannot be resolved, it

ASME/ANSI PTC 42-1988
liable to vary in their calibration as a result of use

during the test or severe environmental exposure.

3.17 RECORD AND TEST REPORTS

Record and test reports are required for only such ob-

shall be fthe u'uu.y of-the—Test fv‘mnascl © lcjr:Li the
inconsistent measurements.

3.15 DATA REVIEW

Data rgview by the parties to the test shall be con-
ducted inmediately following the performance test.
All test Iggs and records shall be critically examined to
determinie whether or not the specified operating con-
ditions apd requirements have been met. Adjustments
of any kind, including rejection of data, shall be agreed
upon by [the parties and explained in the test report.

3.16 CALIBRATION OF INSTRUMENTS

Calibration of instruments shall be traceable to NBS
standards, and records shall be available prior to the
test. Recalibration at the conclusion of the test shall be
made for{instruments of primary importance which are

. Z-contains further discussion of the subject of measurs

sary to attain the objective of the test. Test data shall
recorded as measured. Original data shall remain i
the custody of the Test Manager. The original shall be
reproduced to furnish copies to each of the parties tp
the test. Uncorrected values, method_bf correctiof
and corrected values shall be entefed separately in th
test record.

servations and measurements as apply and are necc;E

[1]

3.18 TOLERANCES

Tolerances are hot considered in this Code. The tept
results shall be-reported as computed from the test olp-
servations, .enly instrument calibrations having been
applied. Certain of the measurements, however, may
be subject to appreciable uncertainty. The expected
limitsare stated, where possible, in Section 4. Section

P

ment uncertainty.
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SECTION 4 — MEASUREMENT PROCEDURES

4.1 INTRDDUCTION N

The Section contains detailed information on mea-
surements|required for conducting a WT performance
test, including types and locations of instruments, cali-
bration requirements, and recommended data record-
ing methogls. Supplementary information can be found
in [5]. Figures 4.1 and 4.2 show schematically a typical
arrangemgnt of required equipment and the location of
sensors fo measuring the eight parameters which com-
prise the tést data set. These parameters are described
briefly in fhe following paragraphs.

4.1.1 Wingd Speed. Wind speed is measured by dupli-
cate anempmeters located on a meteorological tower
generally ipwind of the WT and at the same elevation
as the cenfer of the area swept by the rotor. Measure-
ments are gveraged over a “/test segment’ time interval
and this ayerage wind speed is recorded.

4.1.2 Wingd Azimuth. Wind azimuth, which is also av-
eraged ovér the test segment time, is needed\to deter-
mine (1) if{the wind is in a valid or invalid sector (Fig.
4.2 and para. 4.3.2), and (2) the adjustment which cor-
relates mgasured wind speed with the hypothetical
free-streanmy wind speed at the eenter of the rotor area.
The Code $pecifically prohibits ddjusting predicted en-
ergy outpyt to compensate'fer any error in the heading
of the WT|with respect.to the wind azimuth.

4.1.3 AmbientAir Temperature and Barometric Pres-
sure. Amb|entair temperature and barometric pressure

suring devices of comparable accuracy are required fof
this critical measurement. System energy| reading
must be recorded at the beginning and end’of each tes}
run and at least hourly during the run.

4.1.5 Auxiliary Energy. Auxiliary energy supplied by
the WT and consumed byiequipment not necessary fo
the operation of the wind' turbine may be either me
tered separately o, calculated by an agreed-upon
method. In eitherCase, auxiliary energy is added to thd
system energy“to obtain the net energy output of the
wind turbine;

4.1.6 Generator Power. Generator power measureq
ments are not required for determining the Test Energy
Ratio, which is the primary measure of wind turbine
performance. However, a secondary Code objective i
to obtain a power curve. To do this, the energy outpuf
for each test segment must be known. In the event that
energy measurements are not made for each segment
generator power measurements may be used for inter
polation between energy readings. In addition, genera-
tor power measurements are strongly recommended
for verifying WT operating parameters and the consis-
tency of energy measurements.

4.1.7 Date and Time. Date and time-of-day measure
ments subdivide test runs into test segments and coor:
dinate all the test measurements.

are used to calculate the air density during the test. The
Code requires that temperature and pressure measure-
ments be recorded at least every hour and permits in-
terpolation to obtain air densities for each test segment.

4.1.4 System Energy. System energy output is metered
at a location which is on the utility or user side of any
electrical losses caused by equipment necessary for the
operation of the WT. Watt-hour meters or other mea-
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4.T.8 Tn the absence of special agreements to the con-
trary, this Section presents the mandatory require-
ments for the instruments, methods, and precautions
which shall be employed. By mutual agreement of the
parties to the test, advanced instrumentation or instru-
ment systems, such as those using sonic devices to
measure wind speed, may be used as alternatives pro-
vided that the application of such devices or systems
has demonstrated an accuracy at least equivalent to
that required by this Code.

Not for Resale
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" FIG. 4.1

4.2 WIND SPEED

Wind speed measurements are criticakto the out-
dome of the WT performance test, and special precau-
ons shall be taken ‘to ensure proper calibration,

Ipcation, installation, and maintenance of sensors and
ata processing equipment. Wind-speed shall be mea-
ured continuously by duplicate’anemometers located
pwmd of the WT at an elevation that will provide a
presentative sampling of the wind energy inputto the
/T, without distufbance by WT operation. Wind
peed measurements are averaged over the duration of
test segment-and the average wind speed is used to
redict energy-output. The following sections provide
pecificfequirements for anemometer characteristics,
nemometer location, and correlation of measured
ind-speed with undisturbed wind speed at the center

WIND TURBINE PERFORMANCE TEST EQUIPMENT

1 month after the test. Background informatipn on ane-
mometry is given in Appendix B to this Cofle.

4.2.2 Duplicate Anemometers. Duplicate anemome-
ters shall be used for reliability and verificatipn of data.
An average wind speed shall be obtained from each an-
emometer for each test segment. The measured wind
speed for the test segment shall be the average of these
two averages. When one anemometer average is re-
peatedly lower than the other by more than|3% or 0.5
meters per second, whichever is larger, this inconsis-
tency shall be resolved prior to the next tedt run.

4.2.3 Anemometer Location. Anemometdr location
shall be on a meteorological tower in accordance with

Uf thc rotorss: vacpt arear:

4.2.1 Test Anemometers. Test anemometers shall
measure the horizontal component of the wind veloc-
ity and have operating ranges that extend at least 4.0
‘meters per second beyond the maximum wind speed
required for the test. Calibration accuracy of anemom-
eters shall be better than + 0.2 meters per second, and
distance constants shall be 5 meters or less. Anemome-
ters shall be calibrated within 3 months before and

16
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Fig. 4.2. As shown in the plan view, the meteorological
tower is upwind of the WT in the prevailing wind direc--
tion. The distance L from the WT to the meteorological
tower shall be from two to six times the rotor diameter
D.

The elevation above ground of the center of the ro-
tor’s swept area is the reference elevation, h,. Ane-
mometer elevation shall be between Level A, which is
h, above the ground at the meteorological tower, and
Level B, which is at the same altitude above sea level as
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F.IG. 4.2 WIND TURBINE PERFORMANCE TEST LAYOUT
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the rotor center. Level A is recommended. Both ane-

mometers shall be at the same level.

4.2.4 Wind Speed Correlation Tests. Wind speed cor-
relation tests are normally required to determine differ-

arle strongly recommended but not required when the
mleteorological tower is less than four rotor diameters
frpm the WT, the distance h, between Levels A and B
(ellevation view, Fig. 4.2) is less than 0.2 times the rotor
height H, and the anemometers are located at Level A
H0.05 times H.

4.3 WIND AZIMUTH (DIRECTION)

Wind azimuth shalf be measured continuoausly by an
intrument located on the meteorologicaltewer at the
same level as the test anemometers. ‘Wind azimuth
mEasurements are averaged over the duration of a test
segmentand average azimuths are used as described in
pdra. 5.2.

4.B8.1 Range. Range of\the wind azimuth instrument
shall be 0 deg. to.540 deg. with an accuracy of +3
ddg. and a response consistent with the wind-speed
sepsors. Calibration of the wind azimuth instrument
shall be conducted within 3 months before the test,
w|th attention to alignment with true north during the
tesgt.

WIND TURBINES

4.4 AMBIENT TEMPERATURE

Ambient air temperature shall be measured at least
hourly by a sensor located on the meteorological tower
at a height between 5 meters above ground and the
level of the test anemometers. Ambient temperature

carried out in accordance with accepted pragtices and
procedures as discussed in PTC 19.3 énTerperature

before the test. The sensor shall be shielded frpm direct
sunlight, precipitatien, wind, and ground radliation.

4.4.2 Lipear interpolation shall be used to determine-
ambient\temperatures for test segments petween
readings. :

4.5 AMBIENT PRESSURE

Ambient air (barometric) pressure shall be easured
at least hourly by a sensor located on the mefeorologi-
cal tower near the ambient air temperature sensor.
Ambient pressure measurements shall be used to cal-
culate air density during the test. All pressure|measure-
ments shall be carried out in accordance with{accepted
practices and procedures for barometric|pressure
measurement, as discussed in PTC 19.2 on| Pressure
Measurement.

4.5.1 Minimum accuracy of ambient presqure mea-
surements shall be +5 millibars. Calibratipn of the
pressure instrument shall be conducted within 3
months before the test.

4.3.2 Invalid Sector. The “invalid”’ sector in Fig. 4.2 is
established to prevent the WT wake from interfering
with wind speed measurements made at the meteoro-
logical tower. Angles a; and a,, which define the
boundaries of the invalid sector, shall be no larger than
135 deg. each. Smaller angles may be agreed upon by
the parties. For example, the ““valid’’ sector may be re-
stricted to the range of wind azimuths for which wind
speed correlation data exist (para. 4.2.4).
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4.5.2 Linear interpolation shall be used to determine
ambient pressures for test segments between readings.

4.6 SYSTEM ENERGY OUTPUT

System energy output shall be measured continu-
ously by means of a three-phase induction or elec-
tronic watt-hour meter connected to appropriate

Not for Resale


https://asmenormdoc.com/api2/?name=ASME PTC 42 1988.pdf

WIND TURBINES

current and potential transformers [6]. Current and po-
tential transformers shall be located on the WT side of
the line transformer connecting the WT to the load or
electric distribution system, in accordance with Fig.
4.1. No unmetered loads necessary for WT operation
shall be connected to the line between the system en-
ergy instrument transformers and the line transformer.

ASME/ANSI PTC 42-1988

4.7 WT AUXILIARY ENERGY

Auxiliary energy, supplied from the WT side of the
current and potential transformers connected to the
system energy meter and not required for WT opera-
tion, shall be measured separately and used to increase
system energy output to compute the WT net electrical
energy. Multiple metering shall be used if auxiliary en-

4.6.1 Progedures for Measurement. Procedures for
measurement of electrical performance variables shall
be based ypon (1) three-phase AC interconnection be-
tween the|WT and the load balanced within 5%, and
(2) less thap 5% total harmonic distortion in the voltage
and current waveforms [7]. If these criteria are not met,
instrumentation specifically designed for unbalanced
and/or high distortion conditions shall be required.

4.6.2 Curfent and Potential Transformers. Current
and potential transformers shall conform to ANSI/IEEE
C57.13 and shall maintain specified accuracy up to
120% of fated generator voltage and current, when
feeding al| connected transducers.

4.6.3 If auixiliary energy for test equipment not neces-
sary to WT operation is supplied from the load side of
the systen] energy current transformers, system energy
measurerjents represent the net energy output ofithe
WT. If auxjliary energy is obtained as shown in'Fig. 4.1,
it must be| separately measured and added-to the sys-
tem energly measurement to obtain net energy output.

4.6.4 Energy monitoring instrumentation shall have a
- minimum fange greater than.the product of the genera-
tor KVA rating and 2001k, The minimum describable
count of the watt-hourmeter shall be 0.1% of the mini-
mum range. Overdll accuracy of the watt-hour meter,
including fssociated current and potential transform-
ers, conndcting wiring and watt-hour meter shall be
+ 1% of the_meter incremental reading for power lev-

ergy isnotall fed from one bus. Examples of equipment
which may consume auxiliary energy are test equip;
ment, station lights, heaters, and air conditioners.

4.7.1.Current and Potential Transformers. Curren
and potential transformers shall conform to ANSI/IEES
C57.13 and shall maintain specified accuracy uf
to 120% of the rated voltage.and’current of the auxil
iary power system when feeding all the connecteqg
transducers.

4.7.2 Auxiliary-€nergy instrumentation shall have
range greater than the product of the manufacturer’
forecast of maximum auxiliary KVA demand and 20(
hr. The minimum describable count of the watt-houf
metershall be 0.1% of the minimum range. Overall act
curacy of the watt-hour meter, including associatec
current and potential transformers, connecting wiring
and watt-hour transducers shall be +2%. The time
constant of the watt-hour transducer shall not exceec
0.5 sec to indicate 99% of a step change.

4.7.3 Calibration of the auxiliary watt-hour meter, asft
sociated current and potential transformers, wiring
and watt-hour transducers shall be conducted within
1 month before and after the test.

4.8 GENERATOR POWER OUTPUT

Real and reactive generator power shall be measured
to determine whether the WT is operating within the
power-factor range specified by the manufacturer and
or agreed upon by the parties to the test. Generator

els greater than 20% of the generator rating and +2%
otherwise. The time constant of the watt-hour trans-
ducer shall not exceed 0.5 sec to indicate 99% of a step
change.

4.6.5 Calibration of the watt-hour meter, associated
transformers, and wiring shall be conducted within
1 month before and after the test.

19

power measurements may also be used as a basis for
interpolation between energy measurements, to
obtain test energy outputs for short test segments.

4.8.1 Current and Potential Transformers. Current
and potential transformers connected to watt and var
meters shall be located on the WT side of the line trans-
former connecting the WT to the load or electric distri-
bution system and shall be between the WT and any
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auxiliary equipment (Fig. 4.1). The watt and var meters

-shall be located so that the length of wires to the re-

corder does not add more than 0.25% error. The same
current and potential transformers used for measuring
output energy may be used to measure power output if

. the watt and var transducers have sufficiently low bur-

den and if the transducers are specified for the proper

WIND TURBINES

~4.9.1 Data shall be recorded in or converted to digital

format using 8 bits or more resolution. Variables to be
recorded shall include at least the following {symbols
in parentheses; see Fig. 4.1):

(a) date and time-of-day (t)

(b) system energy output (E1)

(c) auxiliary energy supplied by the WT (E2)

Fange and accuracy.

4.8.2 Range. Ranges of the real and reactive power in-
strumentation (including instrument transformers)

‘Ishall be +150% of the generator KVA rating. The watt

transducer shall have a full-range accuracy of +0.25%
and the var transducer shall have a full-range accuracy
of ‘+0.5%. Response time of the transducers shall not
exceed 0.5 sec to indicate 99% of a step change.

14.8.3 Calibrations of power instrumentation shall be

condu'cted within 1 month before and after the test.

4. 9 -DATA RECORDING AND MONITORING
SYSTEMS

Transducer output data (described in paras. 4. 1 to

data reduction, calculating® performance parameters,
and constructing the permanent record, as well as

" to: provide real- tlme momtorlng of the measured

variables.

(o wind speed (V)

(e) wind azimuth (y)

(f) air temperature (T)

(g) barometric pressure (B)

(h) generator power (real) (Fy)

(i) generator power (reactive) (Qp)

4.9.2 Sampling Freguency. Sampling frequency shall
be at least once~per second for the following varia-
bles: date and>time-of-day, wind speed| wind azi-
muth, generator real power, and generafor reactive
power. Except for date and time-of-day, these samples

* shall be)averaged over the duration of a tgst segment

"~ and ambient pressure. - -

-l47)_shall be recorded for the purpose-6f performing

‘of each test run for the following variables:

andthe averages recorded. Sampling frequency shall
beat least once per hour and at the beginning and end
system en-
ergy output, auxiliary energy, ambient tgmperature,

4.9.3 Data Monitoring System. Variable$ displayed
for real-time momtormg shall include at least the
following:

(a) generator-power (real) ( g)

(b) generator power (reactive) Q.

" (¢) wind speed (V)

(d) wind azimuth ()
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SECTION 5 — CALCULATION PROCEDURES
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5.1 INTRODUCTION

Recommended procedures for calculating measured
test enefgy output, predicted test energy output, test
energy rptio, test power curve, and annual energy ratio
are predented in this Section. Equations are given,
togetherwith tabular forms suitable for recording refer-
ence ard test data, performing calculations, and
recording results.

5.1.1 Sample Test Data. Sample test data from [2] are
used to {llustrate the recommended calculation proce-
dures. These data were measured during performance
tests of three large, horizontal-axis wind turbines. A de-
scription of these WTs, the layout of the test site, and
performance test data are all given in [8]. This sample is
a compgsite of test data from all three of the turbines,
and does not represent the performance of a specific
WT.

5.1.2 Reference Data. Reference data, agréed ‘upon .
prior to|the start of the performance test, should be
clearly documented, preferably in numerical tables
which minimize ambiguity and the peed for interpreta-
tion. Sample Table 5.1 lists required reference data
items. Items 1 through 4 definetime durations for vari-
ous elements of the test. Minimum total test time and
its distripution with respeet'to wind speed ranges are
given in|ltems 1 and 2-The minimum duration of a test
run is given in ltem 3. Fest runs are subdivided into test
segments, whoseéduration is defined in Item 4.

Items |5 through 11 define the dimensional parame-

Items 16 through 19 refer to succeeding tables

in

which reference wind speed, reference péwer, and ref-
erence energy output data are documented. Iltem 14 is

a tabular listing of any adjustments-which must

be

made to the measured wind spéed in order to obtdin

the test wind speed, accounting for topographical a

hd

other effects. Item 17 documents the reference power

output as a function of-wind speed, for air densit

within the range given.in Item 13 and for the reference
air density (Item 12) ifthe latter is not within this range.

Item 18 is the/annual histogram of wind speeds

quired to compute annual energy outputs. Item 19 de-

fines the reference annual energy output obtained
combining each power curve in Item 17 with the wi
histegram in Item 18.

5.2 TEST WIND SPEED CORRELATION

The test wind speed is defined as the site free-stregm

wind speed at the reference elevation. In the gene

by
hd

al

case, the measured wind speed will need adjustmgnt

in order to satisfy this definition. For example, the wi
measurement station may not be at the reference ele
tion, topographic features may alter wind speeds frg
certain azimuths, and the WT wake will affect wi
measurements for a range of wind azimuths. The
fore, a preliminary test to determine the correlation 4
tween measured wind speed and test wind speed
recommended and, under certain conditions (see pa
4.2.4), is required. The recommended procedure 1
calculating test wind speed from measured wind spe

te.rs(|in Fig.4.2that locate thfa testanemometers and the is as follows: Let
win azI-mu{-h—see&er—ier—wheh—da&a—a;e—nmhd—kem—i—Z—.

Vi=V, + VoV, ¥) m

is the reference air density selected for the test power
curve. The mean test air density is recommended as a
reference in order to minimize corrections to the test
data. Iltem 13 is the range of air densities which could
occur during the test and for which reference power
output must be calculated. Items 14 and 15 provide
guidelines for sorting the test data according to narrow
wind speed ranges or “’bins,”’ for purposes of calculat-
ing a test power curve.
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where

= test wind speed, m/s
measured wind speed, m/s

<
m< 3°.<
[ T

sured wind speed and azimuth, m/s
measured wind azimuth, deg.

<
I
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SAMPLE TABLE 5.1
REFERENCE DATA AGREED UPON BY PARTIES TO THE TEST
Reference Item Quantity
1. Minimum test duration 20.0 h
2. Minimum duration in wind speed ranges:
ta—Betow-8:0-m/s 8-0-h
(b) From 8.0 to 14.0 m/s 8.0h
(c) Above 14.0 m/s 4.0h
3. Minimum test run duration 1.0h
4. Test segment duration 0.167 h
5. Diameter of swept area of rotor 914 m
6. Height of swept area of rotor 91.4:m
7. Azimuths from rotor to meteorological tower 227 deg.
8. Distance from rotor to meteorological tower 303 m
9. Azimuths in wake sector (invalid data) 341-100 deg.
10. Elevation of center of swept area AGL 60.9 m
11. Elevatibn of anemometers AGL 59.4m
12. .Reference air density Mean test density kg/m>
13. Nominal range of air densitjes 1.03 to 1.23 kg/m®
14. Minimum wind speed-bin size 1.0 m/s
15. Minimum test energy output in bin 1.0 MWh
16. Adjustmentsto measured wind speed See Sample Table 5.2
17. Reference power output See Sample Table 5.3
18. Reference annual wind speed duration See Sample Table 5.4
19. Reference annual energy output See Sample Table 5.5
The preferred method for documenting the wind speed the recommended form of documentation of re

adjustment V, is by tabulation, following the format of
SaerIe Table 5.2. For wind directions which place the
anemometer in the wa g 4.2),Test

data are invalid and should be appropriately marked.

5.3 REFERENCE POWE
DURATION, AND

All reference data required for the prediction of test
energy output and annual energy output shall be docu-

power output, annual wind duration, and an
ergy output.

WIND TURBINES

pference
hual en-

5.3.1 Reference Power Output. Reference power out-

put at the system energy measurement point (E1, Fig.
4.1) must be defined as a function of both test wind

ROUTPUT, ANNUALWIND
ANNUAL ENERGY

speed and air density, for the range of air densities
specified in Sample Table 5.1, and for the reference air
density if the latter is not in this range. Reference power
curves may be expressed in equation form for purposes

mented prior to the test. Sample Table 5.3 illustrates of computation, but formal documentation should

Copyright ASME International
Provided by IHS under license with ASME -
No reproduction or networking permitted without license from IHS

22

Not for Resale


https://asmenormdoc.com/api2/?name=ASME PTC 42 1988.pdf

WIND TURBINES ASME/ANSI PTC 42-1988

SAMPLE TABLE 5.2
ADJUSTMENTS TO MEASURED WIND SPEED

Wind Speed Adjustment, V,, m/s [Note (1)]

Measured Wind Azimuth, v, deg.

Measured Wake Sector Sector Sector Sector

Wint{/ Speed, Sector A B C D
mr
m/s 341-100 101-160 161-220 221-280 281-340
0.0- 4.9 Invalid 0 0 0 0
5.0~ 5.9 Invalid 0.1 0.1 0.1 0
6.0- 6.9 Invalid 0.1 0.2 0.1 0
70- 79 Invalid 0.2 0.3 0.2 0
8.0- 8.9 Invalid 0.2 03 - 0.2 Q
9.0- 9.9 Invalid 0.3 0.4 0.3 Q
10.0 - 10.9 Invalid 0.4 0.5 0.4 0
11.0-11.9 Invalid 0.4 0.5 0.4 0
12.0-129 Invalid 0.4 0.6 0.4 0
13.0-13.9 Invalid 0.4 0.6 04 0
14.0- 149 Invalid 0.4 0.6 0.4 0
15.0 - 15.9 Invalid 0.4 0.5 0.4 0
16.0 - 16.9 Invalid 0.3 0.5 0.3 0
17.0-17.9 Invalid 0.3 0.4 0.3 0
18.0 - 18.9 invalid 0.2 03 0.2 0
19.0 - 19.9 Invalid 0.2 0.2 0.2 0
20.0 - 20.9 Invalid 0.1 0.2 0.1 0
>21.0 Invalid 0.1 0.1 0.1 0
NOTE:

(1) Added to measured wind speed V,, to obtain test wind speed V,.

be in tabular form for clarity and for verification of speed. Durations must total 8760 hours per year. |In
computdtions. Sample Table 5.3 shows ‘a_format for this example, increments are 0.5 meter per second|in
documentating reference power outputRyas a function size, and the test wind speed is at the midpoint of the
of test wlind speed V, and air density g. Increments in increment.
this table shall be small enough‘to permit linear Direct measurement of the annual duration of wind
interpolation. speeds at the reference elevation is the preferrpd
Some |turbine control systems limit power output method for obtaining the reference annual histogrgm
and, as & result, power.output will be independent of of wind speeds. In the absence of annual wind test
air densilty at certain wind speeds. In Sample Table 5.3, data, an analytical distribution may be used.|A
the powgr limit is 2500 kW. As shown by the irregular commonly-used distribution is the Weibull [9, 1{],
dashed |ine intthe table, the lowest wind speed at  which contains two empirical constants that determipe
which the control system limits output to 2500 kW the annual average wind speed and the variance frgm
depends‘: to~some extent, on the air density. that average. These two constants may be adjusted|to

Tepresent the wind regime expected at the test site or a
common wind regime selected as a basis for compari-
son of test data from several WTs. Equations defining

5.3.2 Reference Annual Histogram. A reference the Weibull distribution are as follows:

annual histogram of wind speeds must be defined in
order to accomplish a secondary objective of the per-
formance test, which is to compare test and predicted
energy outputs on an annual basis. As shown in the left
two columns of Sample Table 5.3 an annual duration
At, is associated  with each increment of test wind —~ exp [—(VZ/C)k]} (2a)
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At,(V;<V,<V,) = 8760 { exp [—(V1/C)k]
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and for tabulating measured data and calculating measured
test energy output is given in Sample Table 5.4.
V=CXxI (1 +.1/k (2b)
where 5.4.1 Measured Data. Measured data are listed sepa-
At, = annual duration of the test wind speed V, in rately for each test run, with each run identified by a
lne,rdnge ”U[" V1 1o y2, n/y pnmhnr i (rnnnnng rnncnrnh\lnl\ll from—1 fn ) and by
C = empirical scale constant, m/s date. Data measured during the test run are fabulated

k = empirical shape constant
V. = annual average wind speed, m/s

Gamma function of ( )
In|Sample Table 5.3, durations in the second column
arg calculated according to a Weibull distribution with
a gcale constant of 10 meters per second, a shape con-
stant of 2.7, and an annual average wind speed of 8.89
meters per second.

3.3 Reference Annual Energy Output. Reference an-

" nyal.energy output is documented at the bottom of

Sample Table 5.3 for-each air density and its corres-

‘pdnding power curve. Operational availability is as-

sumed to be 100% for purposes of comparing test and
re

“tign.in each wind speed interval is multiplied by the

cofresponding average reference power to obtair-the
arpual reference energy output for each interval-AE,,.

Tdtaling energies for all intervals gives the feference

anhual-energy output E,, for a given aip-density.
THus : -

AE,, = At, X P,

erence annual energies. Therefore, the total dura-

as a matrix, in which each row contains measlirements
for one test segment. The first item in‘each rpw is the
test segment number j, which runs densecutiyely from
0 to J. The number O indicates-initial conditipns only.
The second item in each row. isthe time-of-day t mea-
sured at the end of the testsegment. Thus, t; is the end
of segment 0 and the startof the test run. Similarly, time
t; is the end of segment / and the end of thefrun.
The third and fourth items in the row arethe mea-
sured wind speed V,,, and wind azimuth y, Hoth aver-
aged overthe test segment. The fifth and sixth items in
the row are the measured ambient air tempprature T
and bafometric pressure B. These items of test data are

listed only in the rows corresponding to the time-of-

day at which temperature and pressure readings were
actually taken. These readings may be as infréquent as
once per hour (see para. 4.2).

System energy metef readings E1 and readings of any
auxiliary energy meter (or meters) £2 are listgd next in
Sample Table 5.4. System meter readings arerecorded
at the end of each test segment starting with| segment
zero. Energy meter readings are listed only in[the rows
corresponding to the time of day at which the meter
was actually read. These readings may be as infrequent
asonce per hour (see para. 4.3). The number df test seg-
ments which constitute a test run must be sejected so
that readings of the energy meters are available for the
start and finish of the run. A :

The ninth column in Sample Table 5.4 lists

power measurements are not required for the calcula-
tion of the Test Energy Ratio. If system energy can be

' and -

Era =X AE,, ‘ (4)
where __
Af,, = refefence annual energy output in a wind

.C-speed range, MWh  ~
- |[P)= reference power output at average wind speed
.. - within the range and test air density, MW -
At, = annual duration in a wind speed range, h
E. =

reference annual energy output, MWh

5.4 TABULATION OF MEASURED TEST DATA
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Pa_irameters measured during the performance test
are described in Section 4. The recommended format
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metered directly for each test segment, then the test
power curve can be obtained without generator power

. data. However, power measurements are still recom-

mended as a supplement to the energy meter data and
for the validation of proper system operation.

5.4.2:Measured Test Energy. Measured test energy for
each test segment dE,, is listed in the last column in
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https://asmenormdoc.com/api2/?name=ASME PTC 42 1988.pdf

WIND TURBINES ASME/ANS! PTC 42-1988

SAMPLE TABLE 5.3
REFERENCE POWER OUTPUT, REFERENCE ANNUAL WIND DURATION,
AND REFERENCE ANNUAL ENERGY OUTPUT

Reference
Test—Ammuat
Wing Duration Reference Power Output, P,, kW, Determined From Test Wind Speed and Air Density,
Speed, [Note (1)],
Vv, At,, Test Air Density, o, kg/m3 [Note (2)]
m/s hly 1.03 1.05 1.07 1.09 1.1 1.13 1.15 1.17 1.19 1.21 1.2]
0-6J2 2147 0 0 0 0 0 0 0 0 Q 0 D
65 416 145 150 155 160 165 170 175 180 185 190 19p
7 440 272 279 287 295 302 310 318 325 333 341 34B
75 458 399 409 419 430 440 450 460 470 481 491 50
8 468 526 539 552 564 577 590 603 616 628 641 65
855 470 653 668 684 699 715 730 745 761 776 792 80
9 466 835 854 873 892 911 930 949 968 987 1006 102
95 453 1016 1039 1062 1084 1107 1130 1153 1176 1198 1221 124
435 1161 1187 1213 1239 1264 1290 1316 1341 1367 1393 141p
1085 410 1307 1335 1364 1393 1421 1450 1479 1507 1536 1565 1598
381 1452 1483 1515 1547 1578 1610 1642 1673 1705 1737 176B
11 349 1597 1632 1666 1701 1735 1270 1805 1839 1874 1908 1948
314 1742 1780 1817 1855 1892 1930 1968 2005 2043 2080 211B
1255 278 1878 1919 1959 1999 2040 2080 2120 2161 2201 2241 228p
242 2005 2048 2091 2134 2177 2220 2263 2306 2349 _ 2392 _ 243p_
13)5 208 2114 2159 2205 2250 2295 2340 _ 2385 _ 2430 _ 2475 | 2500 250
175 2232 2280 2327 2375 2422 2470_1 2500 2500 2500 2500 250p
145 146 _ 2477 1 25007 2500 2500 2500 2500 2500 2500 2500 2500 250
119 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
15)5 95 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250D
75 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
165 58 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
44 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250D
1715 33 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
24 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
18)5 17 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
12 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
19485 9 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
6 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
20)5 4 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
3 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
2145 2 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 250p
1 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
>2214 2 0 0 0 0 0 0 0 0 0 0 0

NOTES:
(1) Weibull wind distribution, with C = 10.0 m/sand k = 2.7
(2) No air density adjustment for wind speed/air density combinations below dashed line.
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LE TABLE 5.4

MEASURED TEST RUN DATA AND CALCULATION OF
MEASURED TEST ENERGY OUTPUT

(@) Test Run Number: i = 1 Date:
Time- Measured System  Aux. Measured Measured
Test of- Wind Wind Air  Barometric Energy Energy Generator Test
[ ’ i ’ . ! ! ’ ’ ’
Number, ¢, Vi ¥, T, B, E1, E2, Py, dE,,
j h:m m/s deg. °C mbar kwh kwh kw kwh
0 1610 NA NA 29 927 1107 20 NA NA
1 1620 6.5 283 427 39
2 1630 6.1 275 633 58
3 1640 7.2 262 581 54
4 1650 7.1 258 695, 64
5 1700 7.7 251 581 54
6 1710 7.7 242 27 928 1494 27 1355 125
7 1720 7.5 242 757 70
8 1730 7.5 234 788 73
9 1740 7.2 219 726 67
10 1750 7.2 204 777 72
11 1800 7.2 193 880 81
12 1810 7.0 185 25 928 1906 34 602 56
13 1820 6.9 183 561 51
14 1830 6.5 183 365 33
15 1840 6.5 181 602 55
16 1850 6.9 179 736 67
17 1900 6.9 179 365 33
18 1910 6.9 178 22 925 2216 41 849 77
Totals: 0300 1109 21 1130
At AEl  AR2 AE,,
Sample Table 5.4, calculatéd according to the follow- dE. . = P Ely — E1, N E2, — E2,
ing|equation: S ) b—a
dE,; =CEL; — E1.q + E2; — E2, .
mi ! 1 / i1 j=a+1,.b (6a)
j=1.. (5) where
where Py = L Py
dE = Tet testenergy output measured during Seg-
ment, kWh j=a+1,.b (6b)

E1 = system energy meter reading (output), kWh
E2 = auxiliary energy meter reading (load), kWh

If interpolation between energy meter readings is re-
quired in order to obtain segment energy output, the
following procedure shall be used: let two consecu-
tive readings of the energy meters be taken at the end of
test segments with indices a and b. Then
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Thus, system energy is distributed in proportion to gen-
erator power and auxiliary energy is distributed
equally to all test segments between meter readings. In
Sample Table 5.4, the measured test segment energies
in the last column were calculated using Egs. (6a) and
{6b).
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The following summary calculations for run i com-
plete Table 5.4:

Ati = t] - to (7)

AET,

E1, — Fl,

ASME/ANSI PTC 42-1988

0=1226-2822 B _ 345 B

T+ 273 1013 T+ 273

(13)

where
e

air density, kg/m?
B = barometric pressure, mbar
T = air temperature, °C

AE2

E2, — E2,

A= X dEp;
and, for dhecking of calculations,

AE,; = AE1; + AE2; (11)

where
i = run index
At = duration of run, h
AE1 = slystem energy output during run, kWh
AE2 = duxiliary energy used during run, kWh
AE,, = rlet test energy output measured during run,
Kwh

5.5 CALCULATION OF PREDICTED TEST ENERGY
OouTPUT

Sample] Table 5.5 illustrates the recommended pro-
cedure fqr calculating the predicted-test energy for
each test run. Each row in this table contains data for
one test segment. The first item'in each row is the test
segment humber j, which corrésponds to the segment
number ih Table 5.4. The'second item in each row is
the duratijon of the testsegment dt, which is calculated
as follows:
(12)

dtl' =t - ti'1 j=1,.J]

If required, linear interpolation may be used to obtdin
air temperature and barometric pressure data-fop test
segments intermediate between readings.

Next, the reference power output P, is,selected fr
Sample Table 5.3 on the basis of the-test wind spe¢d
and the test air density during the segment. Interpola-
tion between entries in the tabléshall be linear. The
sixth and last item in each row.isthe predicted test en-
ergy dE,, which is calculated:for test segment j accorgd-
ing to the following equation:

dEp;j =dt X Pri j=1,.0 (14)

E4

Finally, the second and sixth columns of data are
summed:torobtain the run duration At; (for checking
purposes), and the net test energy output predicted fpr
the'tun AE, ;, as follows:

1l
—y
L.
—
iy
(%21
-~

ay = Xody i
and

i I =

5.6 CALCULATION OF TEST ENERGY RATIO

The primary output of the performance test is the
Test Energy Ratio, which is the ratio of the measurdd
test energy output to the predicted energy output for
the wind speed history during the test. Sample Table
5.6 is the recommended format for documenting the
calculation of the Test Energy Ratio. Each row in tHe
table summarizes the results of one test run, includirg

in which t, the time-of-day, is obtained from Table 5.4,
and J is the total number of segments in the run. The
third item in the row is the test wind speed V,, which is
calculated by means of Eq. (1). Measured wind speed
and azimuth from Sample Table 5.4 and wind speed
adjustments from Sample Table 5.2 are used in this cal-
culation. Test air density g is the fourth item in each
row and is calculated from ambient air data in Sample
Table 5.4, using the following equation:
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the run number i, duration At, predicted test energy
AEp, measured system energy AE1, measured auxiliary
energy AE2, and measured test energy AE,,,.

Run data are then totaled as follows:

D, = L A i=1,.1 (17)

E, = X AEp; (18)
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SAMPLE TABLE 5.5
CALCULATION OF PREDICTED TEST ENERGY OUTPUT
(@) Test Run Number: i = 1 Date:
Duration Test Test Ref. Pred.
Test of Wind Air Power Test
Segment Segment, Speed, Density, Output, Energy,
Number, dt, Ve [ P pr
i : h m/s kg/m® kw kWh
0 NA NA - 1.07 NA NA
1 0.167 6.5 1.07 155 26
2 0.167 6.2 1.07 0 0
.3 0.167 7.4 1.07 393 66
4 0.167 7.3 1.08 371 62
-5 0.167 7.9 1.08 531. 89
6 - 0.167 7.9 1.08 531 89
7 - 0.167 7.7 1.08 478 80
8 0.167 7.7 1.08 478 : 80
9 .-0.167 7.5. 1.08 424 71
- 10 0:.167 7.5 1.09 430 72
o1 0.167 7.5 1.09 430 72
12 - _ -'0.167 7.2 1.09 349 58
13 0.167 7.1° 1:09 322 54
14 : -0.167 -~ 6.7 1.09 214 36
15 0.167 6.7 1.09 214 36
_16 0.167° 7.2 1.09 349 58
17 - 0.167 7.2 1.09 349 58
18 - 0.167 Z\2 1.09 349 58
Totals: 3.0 1061
At AE,
E1 = XagT, (19) 5.7 CALCULATION OF TEST POWER CURVE
% The test power curve defines the relatio ship be-
] tween net test power output and test wind spged, at the
£ = ¥ AE2. (20) reference air density. The procedure for obtaining a
' test power curve from measured data consis}s of three
calculations: (1) calculation of bin test data) adapting
procedures developed in [4] and [11]; (2) calqulation of
E, =X AE,; = E1 + E2 @21 test power data points; and (3) curve-fitting pf the test
- " power data points. These calculations are digcussed in
the following paragraphs

Finally, the Test Energy Ratio (TER) is calculated:

m

TER = .M (22)

Ep

This completes the calculation of the primary result
- of the performance test. -
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5.7.1 Calculation of Bin Test Data. Calculation of bin
test data begins with sorting of performance test data
according to test wind speed. Data are sorted into bins,
or narrow ranges of wind speed, as illustrated by Sam-
ple Table 5.7. Each wind speed bin is labeled with a
number k, running consecutively from 1 to K, and with
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. SAMPLE TABLE 5.6
CALCULATION OF TEST ENERGY RATIO

Duration Predicted Measured Measured Measured

Test of Test System Auxiliary Test

Run Run, Energy, Energy, Energy, Energy,
Number, At, AEp, AR, AE2, AEp,
i h kWh kwh kWh kwh

1 3.00 1061 1109 21 1130

2 5.00 4778 4624 27 4651

3 3.50 6678 6487 18 6505

4 4.50 6963 6758 22 6780

5 6.33 15642 15827 38 15865
Totals: 22.33 35122 34805 126 34931
D, Ep El E2 Em

Test Energy Ratio: TER = Em/Ep = 0.995
SAMPLE TABLE 5.7
CALCULATION OF BIN\TEST DATA
(@ Wind Bin No.: k = 4 V; = 10.0 to 10.9 m/s
Measured Adjusted

Duration Test Test Test Test

Test of Wind Air Energy, Energy,

Run/Segment Segment, Speed, Density, [Note (1)], [Note (2)],

Numbers, dt, Ve e, dE,, dE,,
ilj h m/s kg/m® kWh kwh
2/19 0167 10.2 1.09 67 72
2/21 0.167 10.4 1.09 228 242
2/22 0.167 10.5 1.08 233 250
2/23 0.167 10.4 1.08 227 244
2/24 0.167 10.5 1.08 227 244
2/25 0.167 10.7 1.08 228 245
2/26 0.167 10.6 1.08 201 216
2127 0.167 10.5 1.08 221 237
2/28 0.167 10.5 1.08 233 250
2/29 0.167 10.3 1.08 213 229
2/30 0.167 10.2 1.08 207 222
3/10 0.167 10.9 1.18 253 246
3/11 0.167 10.9 1.18 269 261
3773 U.167 TO.0 T.18 776 210
414 0.167 10.0 1.18 226 220
4/15 0.167 10.0 1.18 232 225
4/16 0.167 10.1 1.18 261 254

Summary: 2.839 10.4 3742 3865 -
At Mean, Vb AEp AElb

NOTES:

(1) At test air density

(2) Adjusted to reference air density of 1.15 kg/m®
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the wind speed range. Each row in this table contains
data for one test segment. The first five numbers in the
row are obtained directly from Sample Tables 5.4 and
5.5, by sorting on test wind speed. The sixth number in
each row is the segment test energy df, adjusted to the
reference air density g, in accordance with the follow-
ing equation:

WIND TURBINES

output to test wind speed, is the second step in obtain-
ing a test power curve. The recommended procedure
for this step results in one test data point for each wind
speed bin, as illustrated in Sample Table 5.8. Each line
in this table contains data for one bin and is identified
by the bin number k as the first item in the row. The sec-
ond through fifth items are obtained directly from the

dE, = dE,, x TVee) (23)
P(Vie)
where
dE, = adjusted test energy output during seg-
ment, kWh
PAV,e,) = reference power at the test wind speed and

the reference air density, kW
V,.@) = reference power at the test wind speed and
the test air density, kW
Réference powers are obtained from Sample Table 5.3,
us|ng linear interpolation, if required.
Bin test data are then calculated, as follows:

-

Aty = X dty; (24)
and
Vg = (Ve x diy; (25)
Aty
AEmb,k =X dEm,i/i (26)
angd
Abpy = z dE; i 27)

inlwhich the stimmations include all combinations of
the run index 7 and the segment index j in Sample

Table 5.7 and
wihere
‘ k(= bin index

bin summaries in sample Table 5.7. The fejt power
output for each bin Py, atthe bin’s average wind speed
and the reference air density, is then-calcylated as
follows:

APk gk

Peb,k
Atb,k

5.7.3 Curve-Fitting/of Test Power Outpyt Data.
Curve-itting oftest power output data may[now be
used to obtain‘a’continuous curve of test powér output
versus reference wind speed. The form of the fitted
curve Or clrve segments most appropriate fof the test
datamust be agreed upon by the parties to thejtest after
graphing the data in columns 3 and 6 of Sample Table
5/8. The fitted curve may be extrapolated beyond the
wind speed range of the test data, to lower gr higher
wind speeds, by agreement of the parties on the mathe-
matical form and range of the extrapolation.

Figure 5.1 illustrates typical power curve data, in-
cluding the reference power curve, the test power data
points (one for each wind speed bin), and|the test
power curve, fitted to the data points. The aif density
for all data in this figure shall be the reference air
density. ,

The recommended method for documenting the test
power curve is by means of a table which conthins data
for wind speeds identical to those in Sample Table 5.3.
This is shown in Sample Table 5.9, in which test power
output is tabulated in the third column versus wind
speed listed in the first column. Test power in this table
is obtained from the curvefit of the test data ﬂFig. 5.1)
and is not necessarily the same as the test power data
points for individual wind speed bins.

Aty = bin cumulative test time, h
Vp, = bin mean wind speed, m/s
AE,, = bin cumulative measured energy output (at
test air densities), kWh
AE,, = bin cumulative adjusted test energy output (at
reference air density), kWh

5.7.2 Calculation of Test Power Data Points. Calcula-
tion of test power data points, which relate test power
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5.8 CALCULATION OF ANNUAL ENERGY RATIO

The third and final result of the performance test is
the Annual Energy Ratio, which compares test energy
output to reference energy output on the basis of an an-
nual wind histogram, rather than the test wind histo-
gram. The recommended procedure for calculating
and documenting this ratio is shown in Sample Table
5.9. The format of this table is similar to that of Sample
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SAMPLE TABLE 5.8
CALCULATION OF TEST POWER CURVE DATA

Test Measured Adjusted Test
Duration Wind Test Test Power
Wind of Speed Energy, Energy, Output,
Bin Bin, (mean), [Note (1)], [Note (2)], [Note (2)],
Number Aty Vi, AE, ;. AE,, Pep,
k h m/s kwh kWh kw
1 3.83 7.3 1590 1790 457
2 1.83 8.4 1240 1301 711
3 2.50 9.5 2640 2625 1050
4 2.83 10.4 3742 3865 1366
5 2.50 11.3 4184 4075 1630
6 2.67 12.6 5999 5847 2190
7 0.83 13.3 1922 1910 2301
8 1.67 14.4 4186 4186 2507
9 1.00 15.5 2580 2580 2580
10 1.67 17.0 4305 4305 2578
11 1.00 20.0 2543 2543 2543
Summary: 22.33 11.5 34931 34987
D, Mean E, E
NOTES:
(1) At test air density
(2) Adjusted to reference air density of 1.15 kg/m>
Table 5.3[ which was used previously for the calcula- P, = test power output at average wind speed in

tion of thie reference annual energy output. The test
wind spepds V, and annual durations At in Sample
Table 5.9 must be identical to the corresponding ‘en-
tries in Table 5.3. The test power output data in the
third colymn of Sample Table 5.9 document the test
power cufve in Fig. 5.1. Test energy outputs for each
wind spegd range and for a reference year are then

range and reference air density, MW
At, = annual duration in a wind speed range, h
E,, = test annual energy output, MWh
The Annual Energy Ratio (AER) is then given by the
following: :

calculated as follows: AER‘= Ea a1
ra
AE,, = Aty P, (29)
q in which the reference annual Aenergy output £, |s
an obtained from Sample Table 5.3 for the reference ajr
density.

Ew = L A, (30) The difference between the Test Energy Ratio value

3 0.995 and the Annual Energy Ratio value 0.984 resulfs
where from distribution differences between the test wind

AE,, = test annual energy output in a wind speed
range, MWh
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speed histogram and the reference annual wind speed
histogram.
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SAMPLE TABLE 5.9
TEST POWER CURVE AND CALCULATION OF ANNUAL ENERGY RATIO

Test Test Reference Reference
Test Reference Power Annual Power Annual
Wind Annual Output, Energy, OQutput, Energy,
Speed, Duration, [Note (1)), [Note (1)], [Note (1)), [Note (1)]
Ve At, P, AE,, P, AE,,,
m/s hly kw MWhly kw MWh/y
0-6.2 2147 0 ] 0 0
6.5 416 274 114 175 73
7 440 385 170 318 140
7.5 458 497 227 460 211
8 468 613 287 603 282
8.5 470 734 345 745 351
9 466 881 410 949 442
9.5 453 1042 473 1153 523
10 435 1204 524 1316 572
10.5 410 1376 565 1479 607
11 381 1553 592 1642 626
11.5 349 1730 603 1805 629
12 314 1912 600 1968 618
12.5 278 2094 582 2120 590
13 242 2261 548 2263 549
13.5 208 2387 496 2385 496
14 175 2470 433 2500 439
14.5 146 2520 367 2500 364
15 119 2555 304 2500 297
15.5 95 2575 245 2500 238
16 75 2580 194 2500 188
16.5 58 2580 150 2500 145
17 44 2580 114 2500 111
17.5 33 2580 85 2500 83
18 24 2580 63 2500 61
18.5 17 2575 45 2500 44
19 12 2565 32 2500 31
19.5 9 2555 22 2500 21
20 6 2545 15 2500 15
20.5 4 2535 10 2500 10
21 3 2525 6 2500 6
2155 2 2515 4 2500 4
22 1 2505 3 2500 3
>22.4 2 0 0 0 0
Totals: 8760 8628 8765
Eta Era
Annual Energy Ratio: AER = E/E,, = 0.984
NOTE:
(1) At reference air density of 1.15 kg/m?
33
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SECTION 6 — REPORT OF TEST

6.1 GENERAL INFORMATION

6.1.1 Purpose. The report of test shall be prepared to
formally document the observed data and computed
resuits. It $hall contain sufficient information to prove
that all Cade test objectives were attained.

6.1.2 Contents. Parts | to VI shall be included in the
Report of [Test, as listed below:

(a) Part{l — General Information
(b) Parfil — Summary of Test Results
(c) Part|ill — Description of Wind Turbine Tested

(d) Par{lV — Observed Data and Computed Results
(e) Part|]V — Test Methods and Procedures
() Par VI — Supporting Data

6.2 DETAILED INFORMATION

The follpwing is a discussion of each part of the test
report.

6.2.1 Par} | — General Information. This part shall
include the following items:
(a) datg(s) of test
(b) parties to the test and designated representatives
(c) testpbject
(d) locdtion of test facilities
(e) WT|[manufacturér’'s name
(f) serial numberand complete identification of the
WT
(g) summary-statement of test conditions
(h) test|manager

6.2.3 Part 11l — Description of Wind Turbine Tested.
This part may include assembly drawings, manufactuy
ing drawings, and measured dimensions ifagreed to b
the Parties to the test. If no agreemenit'is’made, then it
shall contain such descriptive infermation as may be
furnished by the manufacturerr from catalogs.

6.2.4 Part IV — Observed Data and Computed
Results. This part shallinclude a record of data and ca
culations required\fe determine the results of the testy.
The data shallfave been corrected for instrument cal
brations and.conditions prevailing for each test run.
Calculation-procedures described in Section 5 are t
be used’in computing test results. The computatio
forms-included in Sample Tables 5.1 to 5.9 shall b
used for documenting test results. Analysis of unce
tainty in the test results shall also be included in thi
part of the report.

[N * A= =

L]

6.2.5 Part V — Test Methods and Procedures. Thi
part shall include a detailed description of the instrd
ments and apparatus used and procedures for obsery
ing the characteristics of the WT during test.

A sketch similar to Fig. 4.1 shall be included to shoy
the location of major equipment and instruments. Ad
mensioned sketch similar to Fig. 4.2 shall be include
with indications of any major topographic feature
within 1 mile which may significantly affect win
behavior.

123

-~

| S v -

6.2.6 Part VI — Supporting Data. This part shall in

clude pertinent material supplementary to the data pre-

6.2.2 Part Il — Summary of Test Results. This part shall
include those quantities and characteristics which de-
scribe the performance of the WT at test conditions.
The Test Report Form for the particular test shall list the
quantities, characteristics, and units of measurement
required for the report.
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sented elsewhere in the Report of Test. This material
may include, but not necessarily be limited to, the
following:

(a) instrument calibration records;

(b) detailed log sheets;

(c) typical test data records;.

(d) sample calculations.
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SECTION 7 — MEASUREMENT UNCERTAINTY

o

7.0 TOTAL UNCERTAINTY

In orderfto qualify as a Code test, the total uncertainty
of any individual test measurement, averaged over a
test segment and calculated by the procedures speci-
fied in PTC 19.1-1985 [12] and this Code, must be less
than =+ 2% of full scale. The results of the test are those
calculated directly from the measured values employ-
ing instrumentation recommended in this document,
corrected pnly for instrument calibration and deviation
from specjfied operating conditions.

7.1 UNCERTAINTY ANALYSIS

Uncertainty in the Test Energy Ratio, the primary
result of a|[Code WT test, shall be calculated in accord-
ance with|the procedures provided in PTC 19.1-1985
[12] and the results included in the Report of Test.

7.2 SOURCES OF UNCERTAINTY

Wind sgeed measurements are the principal contrib-
utors to uncertainty in WT performance tests\[13]. Fac-
tors whicH can cause uncertainty in the téstwind speed
are:

(a) anemometer instrument errors;

(b) megsuring wind speed atapoint rather than over
an area;

(c) separation between the anemometer ahd th¢
WT;

(d) topography effects; and

(e) wind turbulence.

Other sources of uncertainty specifically related to 3
WT performance test are:

(f) condition of the rotor bladé surfaces;

(g) operation of the WT (eontrol system; and

(h) precipitation.

7.3 PROPAGATION UNCERTAINTY

Because wind speed measurements are made at a lo}
cation separated from the operating WT, propagation
uncertainties in excess of +2% of full scale may exist
However, propagation uncertainties are associateq
with use of the measured data and not with the meaf
surements themselves. The methodology establisheg
by this Code (for example, para. 4.2.4) serves to minit
mize the impact of propagation uncertainties on pert
formance test results.

7.4 TOLERANCE

Tolerances are not considered in this Code (see para
3.18). Uncertainty shall not be interpreted as a toler
ance on performance.
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APPENDIX A
ANEMOMETRY

A.1 TYPHES OF ANEMOMETERS

eters may be classified into the following

(b) pregsure on stationary sensor: pitot tubes and
drag sphefes;

(¢) heaf transfer: hot wires and hot films;

(d) Doppler techniques: acoustic and laser;

(e) spegial methods: ion displacement, vortex shed-
ding, etc.

For use|in conjunction with wind turbine perfor-
mance tedts, the momentum transfer sensors (specifi-
cally the rptation types) are currently used more often
than othef types of anemometers. All types have vari-

rently available wind-measuring instrumen-
tation haye been made [14 and 15] which provide
informatign on principles of operation, specifications,
and expeqted performance. Useful information is also
available |n [16].

The following discussion of types of anemometers
and their features is taken from){17]:

Fd
win
are

r the measutement of horizontal
is, the most.commonly used sensors
e cup andwane, and the propeller and

.F i | and vertical winds, the

van¢. Forharizontal and ANEMOMETERS

most cémmon sensors are cup and vane

plud vertical axis propeller, propeller and Cup and propeller anemometers differ in their aerd

{This Appendix is not a part of ASME/ANSI PTC 42-1988.)

2. Wind speed indications unaffected
by changes in air density, témperature,
humidity or pressure.

3. Relatively long-term calibration
stability.

4. Easily adaptableto remote electronic
data recording.

5. Generally tequire relatively little
maintenangce,

For general review of anemometers and
other.meteorological instrumentation, see
Hewson (1968), Modes (1968), and
Middleton and Spilhaus (1953).

Cup and propeller anemometers consist
of two sub-assemblies: A rotor and a signal
generator. In well-designed systems, the
angular rotation rate of the rotor varies lin-
early with the wind speed. Near the starting
threshold, however, substantial deviations
from linearity may occur.

Since starting thresholds are well below the WT tur,
bine cut-in wind speeds, these deviations should no|
present any problems during performance tests
Furthermore, in the case of a propeller anemometer|

rotation rate varies linearly with the wind speed comf

ponent parallel to the propeller axis.

A.2 CHARACTERISTICS OF CUP AND PROPELLE

|

vane with added vertical degree of freedom
(bivane), and three component propellers
{uvw anemometer). For speed or compo-
nent measurements, either the cup or pro-
peller anemometer has certain desirable
features:

1. Linearity between wind speed and
sensor output over a wide speed range.
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dynamic characteristics. Cup types are drag devices
which are not influenced by wind azimuth. Propeller
types are lift devices which can be influenced by off-

axis winds, resulting in an output which is approxi

mately proportional to the square of the cosine of th

i-
e

orientation error. Further information on the character-
istics of cup and propeller anemometers is provided in

[17], as follows:
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Cup anemometers are generally usedina
three or four cup configuration, although
specialized two-level ‘‘staggered’” six-cup
anemometers have been developed

" (Lindley, 1975). Cups of 90 degrees, with a

rounded-tip conical shape, have the advan-
tage of reduced overspeed, especially if the
cups are “beaded’” or have a small lip con-
struction (Frenzen, 1967). Propellers of the

essentially fixed for a given anemometer
for acceleration unless the air density
changes or large variations of speed cause
the cups to experience a change of drag
coefficient.

For a cup anemometer, if | is polar mo-
ment of inertia of the cup rotor, g the air
density, r the distance between the rotor
axis and the center of the cups, C the effec-

. tour blade type have some advantages over

tive drag coefficient of the cups, and A the

| - two bladed designs in starting threshold
- and smoothness of response.
" Since both cup and propeller rotors turn
. atangular rates proportional to wind speed, .
. they are particularly convenient for driving
"-awide variety of signal generators. Popular :
methods of signal generation are AC gener-
-. ator, DC generator, optical or magnetic
" pulse generators, and dials or registers that
: count turns of the rotor head. The choice of
signal generator is largely .a matter of the
type of data Iogger and recorder system to
be used.

NOTE: A digital counting schemeis generally pre-
fdrred because it eliminates problems caused by long-
drm. voltage drift and line losses assoaated with
nalog electronics.
The transient response of cup or propel-
ler anemometers can be characterized bya
distance constant L (which is equivalent to
a time constant which varies inverselywith
" the true wind speed U). This makes the
_time constant shorter in high true winds
~and longer in"low true winds, and, as a
~result, the anemometer accelerates faster
than it decelerates. Fhis behavior leads to
over-estimation of wind speed (overspeed
~or "‘u-error’’; see para. A.3.1). The distance
constant for.an\anemometer is that passage
of wind required for the output to indicate
63 percent of a step function change in
wind speed. With exponential behavior, = _
95-percent indication would be achieved
in a wind run equal to three distance con-

" PO o S9N Y ot 4
STanGS oS tianmCe ComSants Tor airermoTneteTs

[ ~g

cup area normal to the wind, thenjthe
tance constant, L, can be expressed b

1
o CA

L =

L-is therefore @’ characteristic pro
tional to the-inertia of the anemomete
indicates hew well the anemomete
sponds to.changes of wind speeds. An
mometer with a small distance con:
will)detect rapid changes accurately;
versely, an anemometer with a large L
ignore rapid changes and will tend to I3
its response.

In turbulent winds, cup anemome
tend to “overspeed” and propeller

mometers tend to “underspeed,” due

their lagging response.

Research grade cup anemometers may|
overspeed the actual wind speeds by up to ¢

dis-

A1)

por-
br. It

re-
Ane-
tant
Con-
will
gin
ters

pne-
to

typically
ne to two

percent. Propeller anemometers may also upderspeed

when not directly oriented in turbulent win
ence [19] provides detailed discussions of the
of various types of anemometers during unste
conditions.

A.3 ANEMOMETRY ERRORS

ds. Refer-
behavior
bady wind

A.3.1 Errors in True Wind Speed. Anemoineters are

subjectto a variety of errors in the determina
wind speed. In [17] these errors are sumn
follows:

ion of true
harized as

' range from less than 1 meter for research
instruments to 2-5 meters for adequately
designed opérational instruments.

Further information on the subject of distance con-
stants of anemometers, taken from [18], follows:

 The distance constant is a characteristic
of cup and propeller anemometers and is
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[f U is the true horizontal mean wind
speed along the average wind azimuth line
and U; is the indicated wind speed, then,

from MacCready (1966),

U=0;0 —-e)( +e) x

(1 ~-e)0d - edp)
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