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Abstract

The U.S. Department of Energy (DOE), in conjunction with the U.S. wind industry, is supporting the
development and commercialization of utility-grade wind turbines.  Under the Certification Program, the
DOE, through the National Renewable Energy Laboratory (NREL) will assist the U.S. wind industry in
obtaining American Association for Laboratory Accreditation (A2LA)-type certification for their class of
wind turbine.  As part of the Certification Program, NREL is conducting a suite of certification tests that
are specified by the International Electro-technical Commission (IEC) standards.

One emerging certification requirement is to characterize the dynamic behavior of the wind turbine�s
operation.  Therefore, the purpose of the dynamic characterization tests is to document the fundamental
dynamic characteristics of the wind turbine under critical operational modes and fault conditions in light
of turbine design specifications.  Some of the dynamic characteristics determined from testing include the
conformation of natural system frequencies and the wind turbine�s dynamic response to typical rated and
extreme modes of operation.

This paper discusses NREL�s approach in designing and implementing a dynamic characterization test for
commercial wind turbines.  One important objective of the dynamic characterization test is to provide a
Certification Agent with test data to show that the mechanical equipment of the wind turbine is operating
within design vibration limits.  For NREL�s industry participant, the test results are an indication of the
wind system�s overall quality of mechanical operation that can be used to compare with established
industry standards for a wind system�s response under typical and extreme operating conditions.

Background & Rationale

Dynamic characterization testing of wind turbines evolved from the need to predict maximum operating
loads due to design and off-design operating conditions.  Typical turbine operating conditions can be
grouped into three major modes of operation: (1) transient events such as start-up or emergency-stop
operations, (2) rated to extreme power production, and (3) parked or furled standby mode.  Some of the
largest structural loads resisted by the turbine can occur during emergency-stop events and regulating
peak power production through extreme wind gusts.  In addition, the growing use of variable-speed wind
turbines highlights the need to identify a structural resonance and its critical rotor speed to avoid
potentially damaging dynamic loads during turbine operation (1).

Standards are being considered by national and international certification bodies for the dynamic behavior
of commercial wind turbines (2).  The motivation is to adopt a standard that characterizes a wind turbine
in terms of its dynamic behavior from rated to extreme operating conditions.  Such a standard would help
insure the safety of personnel and protection of the wind turbine system.  We have developed a dynamic
characterization test (DCT) that is designed to confirm predicted fundamental system and component
frequencies and to measure operating vibration levels over a range of rated power conditions, including
fault and parked modes of operation (3).  We have found four significant DCT results that are useful in
characterizing the dynamic behavior of a wind turbine system.  These results include:

1) Operating vibration spectra collected for rated and extreme power production
2) Component motion or peak acceleration levels due to transient events
3) Natural system frequencies measured for parked rotor conditions
4) Critical rotor speeds measured during variable-speed operation.
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Our wind industry partners have used DCT results to help them evaluate the operation of different
prototype designs.  A wind turbine control analysis, for example, uses DCT results taken during operation
under different control strategies to compare the structural acceleration fluctuations with different
controller algorithms.  Another common use of DCT results is to validate maximum operating
accelerations due to peak gust events that are predicted by a wind turbine simulation model.  In this case,
a dynamist will correlate peak operating accelerations predicted by his simulation model with a measured
time series of accelerations collected during dynamic characterization tests of the turbine for different
operating conditions (4).  In addition, other wind turbine researchers routinely use measured natural
frequency data to check their analytical estimates of fundamental system frequencies.  Dynamic models
that are updated with actual natural frequencies provide better simulations of the turbine�s dynamic
response to both steady state and transient operating conditions (5).  We have recently expanded our
dynamic characterization test methods to help our industry partners diagnose operating problems and
delineate design tradeoffs between different prototype configurations.

Test Setup and Data Collected

Important fundamental vibrations of the wind turbine include natural bending modes of the tower and
rotor components.  The tower, nacelle, and rotor vibration modes may also interact or couple under
certain conditions and cause an operational instability (6).  Harmonic rotor loads that occur at multiples of
the rotor speed can also excite the system�s natural vibration modes.  A fundamental system frequency
that is driven by a harmonic rotor load is called a resonance condition.  Potentially large structural
displacements can result from a resonance condition.  Therefore, operating at a critical rotor speed could
be particularly damaging to the wind turbine system (7).  An experimental fan plot, which shows natural
system frequencies plotted against rotor speed, is an important DCT result (see Figure 1).  The lines of
constant slope (fanning out over the plot) are labeled from 1P (one-per-revolution) through 15P.  Each fan
line represents a harmonic order of the rotor speed.  The measured natural system and component
frequencies (F1 through F5) are shown on the ordinate axis of the fan plot.  These natural frequencies
may change with rotor speed.

The fan plot is used as a diagnostic tool.  A resonance is observed in operating data as a large amplitude
acceleration or load peak in the response spectra of the turbine (see Figure 2).  The fan plot is used to
highlight the rotor speeds at which harmonic rotor forces are likely to excite natural system frequencies,
thereby causing large deflections known as a resonant condition.  For example, the system frequency F1
in Figure 1 crosses the 1P harmonic at a rotor speed of 42 revolutions per minute (rpm), crosses the 2P
harmonic at a rotor speed of 21 rpm, and crosses the 3P harmonic at a rotor speed of 14 rpm.  Therefore, a
resonant condition for frequency F1 could exist at a rotor speed of 42 rpm, forced by the rotor harmonic
1P, or at a rotor speed of 21 rpm excited by the rotor harmonic of 2P, or at a rotor speed of 14 rpm driven
by the 3P rotor harmonic.  On the other hand, whether a natural frequency is excited by a harmonic of
rotor speed depends on several factors, including the wind turbine design and the amount of damping
exhibited when the system is under load.

The rotor speed of a constant-speed wind turbine generator is usually chosen to avoid system frequencies
that coincide with 1P and the first several per-revolution harmonics that are multiples of the number of
rotor blades.  For example, given a two-bladed machine, 2P, 4P, 6P and 8P rotor harmonics may have
sufficient energy to excite a lightly damped system mode that occurs at the rotational frequency of the
rotor.  For a three-bladed rotor design, rotor harmonics of 3P, 6P, 9P, and 12P have the potential to excite
a fundamental system mode that coalesces with the operating speed of the rotor.  For example, Figure 1
shows a vertical line representing the constant 36-rpm turbine operating speed.  Given a two-bladed
design and a moderately damped mode occurring at the frequency of F2 (1.25 Hertz [Hz]), the rotor
harmonic 2P could have sufficient energy to force F2 even though Figure 1 indicates an interaction
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occurring at an operating speed of 37.5 rpm.  Figure 1 also shows that a two-bladed rotor operating at 36
rpm could also experience an 8P rotor harmonic, forcing the system mode occurring at F5 (4.54 Hz).  For
a three-bladed design running at 36 rpm, Figure 1 indicates that the rotor harmonic of 3P could drive the
system mode occurring at F3 (1.83 Hz).

We can readily appreciate that incorporating variable-speed technology presents a formidable challenge
for the wind turbine designer.  Because all rotors have some inherent imbalance, the 1P rotor harmonic
can easily sweep through fundamental tower-bending frequencies of large wind turbine systems that use
variable-speed technology.  Looking at Figure 1, we see that over a typical rotor speed range of 15 to 45
rpm, there are many opportunities for the rotor harmonics to interact with fundamental system
frequencies.  For a two-bladed, variable-speed turbine in particular, the 2P-rotor harmonic could excite
several natural system frequencies; the 3P-rotor harmonic could also excite several system frequencies of
a three-bladed, variable-speed turbine design.  Advanced variable-speed controller designs use the
measured system frequencies in a fan plot to identify critical rotor speeds that are likely to excite
significant structural vibrations.  These can be avoided by properly programming the wind turbine speed
controller.

To identify a wind system�s natural vibration frequencies and damping values, we conducted a series of
parked rotor measurements.  If the average ambient wind speed is low (less than ~5 m/s), we made
driving-point measurements on important structural components to obtain frequency response functions
(FRF) (see Figure 3).  A driving-point measurement is the collocation of a measured excitation force with
a measured structural response.  We can extract natural bending frequencies and damping values from
FRF that are acquired from measurements made on the tower, drivetrain, and rotor blade.  Figure 4 is a
schematic of the instrumentation and shows the measurement locations we used to find the static (non-
rotating) natural system frequencies of a typical three-bladed wind machine.  We typically employ two
different transient excitation techniques to measure frequency response functions.  The first technique is a
step-relaxation method developed by Carne (8) to test vertical-axis wind turbines.  The fundamental
bending frequencies of the wind turbine tower and drivetrain are fully excited and observed for the step-
relaxation excitation method applied to the tower in low ambient wind conditions (see Figure 5).  The
second excitation technique involves applying an impulsive load to a wind turbine component with an
instrumented impact hammer (9).  Again under low ambient wind-speed conditions, impact testing is a
convenient method to use on structural components that are lightly damped and have widely spaced
modal frequencies, as shown in the FRF of Figure 3.  We have found that impact testing is most useful in
determining the flap and lag bending frequencies of the rotor blade as shown in Figure 6.

Higher ambient wind-speed conditions degrade driving point measurements due to unmeasured wind
forces.  Fortunately, the random wind forces that act on the wind turbine structure also excite the parked
system modes of vibration (10).  In addition, wind excitation has excellent low-frequency energy content,
which is required to drive the low-frequency fundamental bending modes of the wind turbine tower and
rotor blades.  Figure 7 shows a power spectrum of fore-aft tower motion caused by wind excitation.  The
power spectrum was computed for the rotor-parked condition so the peaks in the spectra represent natural
frequencies of the system.  However, we cannot directly extract damping values and other scaled modal
properties of the wind turbine structure from wind excitation spectra alone, as we can with the FRF
measurements.  The ability to measure fundamental system frequencies using the methods mentioned
above gives us the flexibility to work with uncontrollable ambient wind conditions.  Therefore, under
most field test situations, we can at least obtain the fundamental component and natural system
frequencies of a parked wind turbine.

To measure natural vibrations of the drivetrain at the low-speed shaft, we used piezo-resistive, three-axis
(triaxial) accelerometers (see Figure 8).  One axis of the triaxial accelerometer is aligned along the low-
speed shaft (LSS) to measure motion along the thrust axis of the turbine.  The second axis is



4

perpendicular to the LSS and measures the motion of the drivetrain in the nacelle�s yaw direction.  The
third axis of the triaxial accelerometer is also aligned perpendicular to the LSS and measures motions of
the drivetrain that represent pitching of the nacelle.  To measure the natural bending motion of the tower,
we used high quality, inertial-grade, dual-axis (biaxial) accelerometers (see Figure 9).  One axis of the
biaxial accelerometer is aligned to measure fore-aft motion of the tower; the second axis is aligned to
measure side-to-side tower motion.  Both types of transducers have the high sensitivity and good low-
frequency characteristics that are necessary to discriminate between the tower�s fundamental bending
modes and the rotor�s natural bending frequencies.

We measured the wind system�s operating steady-state dynamic response in terms of the motions or
accelerations that the structure experienced over a 10-minute period while running at rated or above
conditions.  The wind turbine�s steady-state response is described by computing the power spectra of the
drivetrain�s accelerations measured at the hub bearing (shown in Figure 2).  We also characterized steady-
state operation by calculating the power spectra of tower motions measured below the yaw bearing (see
Figure 10).  Other measurement locations of interest include tower or drivetrain components that exhibit
excessive vibration during normal operation.

The steady-state vibration spectra are correlated with the turbine�s power-performance data that is
simultaneously collected during each 10-minute record.  Table 1 is a list of typical test signals that are
collected during a dynamic characterization test.  Table 1 includes the turbine�s power-performance
parameters and additional tower response signals that were collected to help an industry partner compare
tower designs.  When possible, we obtain the wind turbine�s power-performance parameters, such as
wind speed and electrical power generated directly from the wind turbine�s controller or power-
performance metering instrumentation.  Figure 11 shows a schematic of the data acquisition system we
use to collect dynamic response and power-performance signals for a typical dynamic characterization
test.  In some instances, the system�s performance signals are not readily available from the wind
turbine�s controller.  In that case, we install a standard suite of performance instrumentation that we use
for power and performance certification testing (11).  The table includes some additional drivetrain and
tower acceleration signals that were collected for a particular field test with an industry partner.

We collect time series of peak accelerations during operational events such as startup (Figure 12a),
normal shutdown (Figure 12b), loss of line fault (Figure 12c), and emergency shutdown (Figure 12d) to
describe of the wind system�s transient response.  The structural degrees of freedom we choose to make
acceleration measurements for both steady-state and transient dynamic response are located on
components that transfer load from the rotor to the drivetrain and between the nacelle and tower.  We
measure operating accelerations parallel and perpendicular to the thrust axis of the rotor with the same
triaxial accelerometer on the low-speed shaft bearing (Figure 8) that was used to measure the natural
frequencies of the parked rotor system.  We also measure operating fore-aft and side-to-side tower
motions with the same biaxial accelerometer (Figure 9) that was used to measure the parked-rotor
fundamental tower bending frequencies.

We can identify system modes, such as tower bending coupling with rigid-body drivetrain motion, by
computing cross spectra of acceleration signals and analyzing the relative phase between the signals.
Using cross-power analysis of relative motion between components also helps us understand the forced
response or operating deflections experienced by the system under load.  For example, by comparing the
phase between hub and generator motion for frequency peaks in the component�s cross spectra, we can
determine which component is leading (or lagging) and is thereby responsible for the forced motion (see
Figures 13a and 13b).  We have also measured the relative flexibility between rotor and tower bending
modes to help researchers find better stiffness values for input into a dynamic wind-system simulation
model (12).  Accurately modeling the rotor modes that couple with tower bending modes through the
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drivetrain is important to help us understand how some operating instabilities can cause premature fatigue
of the drivetrain and of its attachment hardware to the tower top.

We correlate the acceleration measurements from the nacelle and tower with critical speeds of the rotor to
identify resonant conditions.  This is accomplished by collecting operating accelerations simultaneously
with the azimuth position and rotor speed.  A combination of Hall-effect switch and magnetic pickup are
used to measure the azimuth position and speed of the LSS (see Figure 14).  Component vibration data
plotted against changing rotor speed is called a waterfall diagram.  A waterfall diagram is shown in Figure
15 for a turbine coasting down from a rated rotor speed of 35 rpm to 9 rpm.  Peaks in the waterfall
diagram are system frequencies excited by harmonic forces as the speed of the rotor changes.  In Figure
15, four driven-system frequencies are highlighted as slices of the waterfall diagram.  The first two slices
of 0.6875 and 0.7817 Hz are fundamental bending modes of the tower.  The second two slices of 1.688
and 1.781 Hz are rotor-nacelle modes of vibration, possibly coupling with higher bending modes of the
tower.  Looking at the upper plot of Figure 15, we see that the system mode occurring at 1.781 Hz
achieves a peak acceleration of 16 milli-G�s (mG).  In addition, the system modes occurring at 1.688,
0.7813, and 0.6875 Hz attain peak accelerations of 12 mG.  Initially, these may seem to be low
acceleration levels for the system modes excited by harmonics rotor forces.  However, the acceleration
data should be analyzed in terms of peak displacement for each of the system frequencies excited.  For
sinusoidal response, the peak displacement is proportional to the peak acceleration divided by the square
of the frequency at which it occurs.  Table 2 lists computed peak displacement values for the system
modes highlighted in Figure 15.  From Table 2, we can see that the fundamental tower mode of vibration
has nearly five times the displacement occurring at 0.6875 Hz as does the rotor-nacelle mode occurring at
1.781 Hz for nearly the same acceleration level.

Future Work

As mentioned earlier, we collect a 10-minute time series record of operating accelerations for the wind
machine running at rated or above conditions.  The 10-minute record is used to characterize the wind
system�s steady-state response.  However, a recent study has identified diurnal variation as an important
factor in evaluating turbulence-induced wind turbine loads (13).  Therefore, the time of day during which
the 10-minute time series record is collected must be considered when characterizing peak operating
conditions of the wind machine.  So far, we have collected operating data that were available during
intensive field test programs that have lasted little more than a week.  The data acquisition system (DAS)
shown in Figure 11 is capable of collecting several hours to a couple of days worth of operating data,
depending on the sample rate.  However, the DAS in Figure 11 is not automated and is dependent on an
operator who decides when, what, and how many data are to be collected.

To better characterize the overall operating dynamics of a wind machine, long-term data are needed over
a full wind season.  Our next generation DAS has been designed such that the wind system�s power
performance information is logged with the turbine�s structural response data.  Specifically, the long term
data collection system looks like the DAS in Figure 11 with the HP front-end, PC-controller, and mass
storage systems replaced with a multi-channel data logger.  The data logger is programmed to collect
dynamic response data in conjunction with the wind machine�s power performance data.  The data are
vibration statistics stored in a test matrix that is programmed into the data logger.  The independent
portion of the of the test matrix is partitioned into inflow conditions (14) that reflect the time of day or
diurnal variations of the turbine�s operating environment.  The dependent portion of the test matrix is
partitioned in terms of the wind machine�s performance, including power production level for a constant-
speed turbine or as a function of operating speed for a variable-speed wind turbine.  The information
collected with the long-term DAS supplements the fundamental natural frequencies and transient
operating data collected during the intensive data-collection portion of a dynamic characterization test.
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Table 1.  Typical Signals Collected for a Dynamic Characterization Test

DAS Data Channel Descriptor Sensor Serial Signal
Chnl Measured Parameter Type # Sensitivity

1 LSS Azimuth position (1 per-rev pulse) Mag-pickup MSC427 0 to 5v-peak
2 Generator speed (rpm) Controller Sensor N/A 2mV/rpm
3 Generator Power (kW) Controller Sensor N/A 3.79mV/kW
4 Wind Speed (m/s) Climatronix Cup 3546 1.726mV/m/s
5 Hub-bearing fore-aft acceleration (G) Endevco 2262A L11955 3.45V/G
6 Hub-bearing lateral (yaw) acceleration (G) Endevco 2262A L12050 2.733V/G
7 Hub-bearing pitch acceleration (G) Endevco 2262A L11778 3.365V/G
8 Generator fore-aft acceleration Endevco 2262C HD86H 1.637V/G
9 Generator lateral (yaw) acceleration (G) Endevco 2262C GF73G 1.615V/G

10 Generator pitch acceleration (G) Endevco 2262C GT58H 2.037V/G
11 Tower top corner #1 fore-aft acceleration (G) Force Balance 45895 1000mV/G
12 Tower top corner #1 lateral acceleration (G) Force Balance 47914 1000mV/G
13 Tower X-brace fore-aft acceleration (G) Force Balance 47890 1000mV/G
14 Tower X-brace lateral acceleration (G) Force Balance 45886 1000mV/G
15 Tower leg #1 fore-aft acceleration (G) Force Balance 45896 500mV/G
16 Tower leg #1 lateral acceleration (G) Force Balance 47915 500mV/G

Table 2.  Peak Displacements for Frequency Slices of Waterfall Diagram

Frequency Slice, f Acceleration, A Radial Frequency, Displacement, D
Hz mG rad/sec mm

0.6875 12 4.32 6.31
0.7813 12 4.91 4.88
1.688 12 10.61 1.05
1.781 16 11.19 1.25
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Figure 5.  Step-relaxation load method applied to tower

Figure 6.  Driving point measurement using impact excitation technique
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Figure 9.  Biaxial accelerometer mounted inside tower below yaw bearing
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Figure 12c. Drivetrain side-to-side peak acceleration during loss-of-line event
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Figure 12d. Drivetrain side-to-side peak acceleration during emergency stop
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Figure 14.  Rotor azimuth position and low-speed shaft sensors
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Figure 15.  Waterfall diagram of wind turbine during coast down
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