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Abstract
In the design of large, flexible wind turbines subjected to dynamic
loads, knowledge of the modal frequencies and mode shapes is essen-
tial in predicting structural response and fatigue life. During design,
analytical models must be depended upon for estimating modal pa-
rameters. When turbine hardware becomes available for testing, actual
modal parameters can be measured and used to update the analytical
predictions or modify the model. The modified model can then be used
to reevaluate the adequacy of the structural design. Because of prob-
lems in providing low-frequency excitation (0.1 to 5.0 Hz), modal
testing of large turbines can be difficult. This report reviews several
techniques of low-frequency excitation used successfully to measure
modal parameters for wind turbines, including impact, wind, step-
relaxation, and human input. As one application of these techniques, a
prototype turbine was tested and two modal frequencies were found to
be close to integral multiples of the operating speed, which caused a
resonant condition. The design was modified to shift these frequen-
cies, and the turbine was retested to confirm expected changes in
modal frequencies.
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Modal Testing in the Design
Evaluation of Wind Turbines

Introduction
Figure 1 shows the Sandia 17-m wind turbine,

which was one of the subjects used during this investi-
gation. During operation, the blades and tower rotate
at a constant speed. The aerodynamic forces acting on
the blades are transmitted through the tower as
torques to the electric generator. Because the orienta-
tion of the blades in the wind repeats itself at the
constant rotation speed, the aerodynamic forces are
periodic and have large spectral components at inte-
gral multiples of the rotation speed. Broadband forces
caused by wind variability also act on the wind tur-
bine, and these are added to the discrete frequency
components. Because of the discrete frequency nature
of the forces, an understanding of the modal charac-
teristics of the turbine is needed to prevent the operat-
ing speed, or one of its harmonics, from coinciding
with a resonance of the turbine. Understanding the
modal parameters is complicated by the differences
between the modal characteristics of a parked turbine
and a rotating turbine.1 Consequently, the rotational
effects must be included in the computation of the
modal parameters. This has been done by using a
preprocessor that operates in conjunction with
NASTRAN.2’S

The analytical model is a critical design tool since
it is used to predict fatigue life, evaluate operational
constraints (wind speed and rotation speed), and de-
termine modal frequencies of the rotating turbine. As
a rule of thumb, modal frequencies must be 10% away
from harmonics of the operating speed, although cer-
tain modes are orthogonal to forcing functions of
particular harmonics and therefore are not excited. As
a result, modal frequencies must be accurately known
(-3 %). Typical wind-turbine mode shapes are dis-
played in Figure 2. Because of the accuracy required,
it is critical that a finite-element model, which is used
as a design tool to analyze a wind turbine, be verified
by a modal survey.

Figure 1. Sandia’s 17-m Research Turbine

If the finite-element model is not accurate, it must
be corrected to reflect the measured modal properties.
A subsequent analysis of the wind turbine, includ-
ing rotational effects, may indicate modal frequen-
cies coinciding with one or more harmonics of the
operating speed, indicating the need for a design
modification.
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First blade flatwise First blade flatwise
antisymmetric symmetric

Second tower Second tower
out-of-plane in-plane

Figure 2. Typical Wind-Turbine Mode Shapes

Experimental Modal
Analysis

(lx
First tower
out-of-plane

Second blade
flatwise
symmetric

Performing a modal test of a parked wind turbine
can be difficult for several reasons. First and most
important is the size. Typical turbine rotors range in
size from 17 to 100 m tall; therefore, mounting and
moving accelerometers requires the use of a crane,
which can be time consuming. Second, the modal
frequencies are very low, requiring long sampling peri-
ods. On the Sandia 17-m research turbine, 11 modes
are in the range of O to 8 Hz. Because of this low-
frequency range, each time record requires over a
minute. Even so, because of light damping, exponen-
tial windowing had to be applied to the data to avoid
substantial leakage errors when performing the fast
Fourier transforms (FFTs). Third, windy or inclement
weather can lengthen the test duration. Consequently,
a complete survey typically requires two people work-
ing two weeks. This time requirement can prolong
product development time or affect testing schedules.

This excessive time required to perform a com-
plete modal survey made it necessary to devise a
technique that would yield sufficient data to confirm
the accuracy of a model in a minimum amount of time.

o
First tower
in-plane

@

Second blade
flatwise
antisymmetric

Rotor
twist

Third tower
out-of-plane

This led to the “mini-modal” concept. In a “mini-
modal,” a small number of response measurements are
used in conjunction with a reasonably accurate analyt-
ical model to determine the modal frequencies and
identify the mode shapes that correspond to the mea-
sured frequencies. The advantage of this technique is
that it requires substantially less time than perform-
ing a complete modal survey.

Because speed was of the essence, it was necessary
to use an excitation technique that would minimize
the test time. Four excitation techniques were consid-
ered: step-relaxation, human, wind, and hammer im-
pact. A pendulum-style impact technique was consid-
ered but not pursued because it required an additional
crane to support the impact mass.

Step-Relaxation
The step-relaxation method of structural excita- .

tion involves applying a static load to a structure and
then suddenly releasing this load. This process is
analogous to plucking a violin string. Step-relaxation
excitation has been critically reviewed in previous
papers4’5 and used for testing a rotating wind turbine.G
It is a technique that has seldom been used because it
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can be mechanically difficult to implement and be-
cause problems are involved in performing an FFT on
the Heaviside function (also referred to as the step
function). However, the low-frequency content of the
Heaviside function, which rolls off as I/frequency, and
the large amount of strain energy that can be input to
the structure make it ideal for testing large structures
with very low natural frequencies (such as wind tur-
bines). Also, implementing this technique for large,
flexilblestructures is mechanically straightforward.

In using step-relaxation, the loads were applied by
using a winch and a reasonably light steel cable,
depending upon the ultimate load. The winch was
kept at ground level. A quick-release device was in-
stalled between the winch and the cable to allow an
immediate relaxation of the applied load. A load cell
was placed close to the structure in-line with the cable.
It is important that the load cell be close to the
structure so that it senses the force actually being
applied to the structure. All joints in the load path
were taped to avoid rattling. The entire setup is
displayed in Figure 3.

Blade

1)

<

— Cargo Strap
s

+ Load Cell

—— Steel Cable

Y.

\

&aic::Release

/

\

Winch

I

zzsyzm
Ground

Figulre 3. Step-Relaxation Hardware

;Steel cable, rather than nylon rope, was used to
transmit the force because it allows a crisp release of
the force. If the force is relatively low (<1000 lb), it is
easily applied with a hand winch. For higher force
levels, a powered winch is more convenient to use. The
load-cell amplifier contained a digital readout of the
force to allow precise setting of the input level. The
key to the setup was the quick-release device which,
upon the cue of the tester, released the load.

In testing the turbines, two methods have been
evaluated for attaching the excitation source to the
structure: using a fixture or using a cargo strap that

conforms to the shape of the structure. Although both
methods yield comparable results, using a cargo strap
is preferred because mass loading is negligible and no
special fixturing is required.

Because these large turbines have low modal fre-
quencies, their acceleration responses were low. Also,
the transducer cables were quite long, making noise a
special consideration. To address this problem, re-
sponse of the structure was sensed by very high sensi-
tivity accelerometers (1000 pC/g) with low noise

cables.
The accelerometers were bonded in place with

synthetic putty for easy attachment and removal.
Response measurements were made normal and paral-
lel to the blade. All signals were low-pass filtered by
using external analog filters to remove out-of-band
response and allow for optimal use of the analog-to-
digital converters (ADCS).

Special consideration must be directed to the
signal processing used for the force signal because the
Heaviside (step) function cannot be Fourier trans-
formed without tremendous leakage. To alleviate this
difficulty, the force signal was at-coupled at the input
of the FFT analyzer. The at-coupling is a high-pass
filter with a 3-dB down point at 0.8 Hz. Such coupling
converts the Heaviside function into a pulse with a
rapidly decaying trailing edge, making the force-time
history Fourier transformable without leakage. This
at-coupling also creates a pulse that allows repeat-
able triggering. To illustrate the leakage, which can
result without the at-coupling filters, Figure 4 shows
an unfiltered force-time history Figure 5 is the
at-coupled version of this force-time history. The
magnitudes of the Fourier transforms of these time
histories are displayed in Figures 6 and 7, respectively.
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Figure 4. Unfiltered Force-Time History
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Figure 6. FFT Magnitude of Unfiltered Force

The effect of at-coupling the force is to generate a
waveform that is totally observable within the sample
window, whereas the unfiltered signal is not. As a
result, no leakage error is associated with transform-
ing the filtered signal. The finite sample time causes
the unfiltered force to appear as a rectangular pulse
whose width is shown as T1 in Figure 4. Varying the
delay period (Figure 8) has the effect of changing the
pulse width, thereby altering the form of the Fourier
transform magnitude (Figure 9). The holes in the
Fourier transform magnitude appear at multiples of
the inverse of the pulse duration (I/T).

10

1

0.1

k , , , ‘

0.01 0.1 1 10

Frequency (Hz)
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Figure 8. Unfiltered Force With Time Shift

The response signals were also at-coupled to can-
cel the effects of high-pass filtering of the force signal
when computing the frequency-response functions.
This at-coupling of the channels did not induce a
detectable phase shift between channels.

An alternative to at-coupling the channels would
be to differentiate both the input and response signal
in the time domain.7 This would result in the excita-
tion appearing as sharp pulse. The resulting response
would be the time derivative of acceleration (jerk).
This technique was not pursued because it requires
additional data processing and tends to increase noise
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levels, whereas the first method can be directly imple-
mented by using standard data-acquisition tech-
niques After at-coupling, the resulting input and
response signals are not unlike those obtained by
impact testing and can be processed in a similar
manne:r. For example, one can apply a force or expo-
nential window. Exponential windowing is particu-
larly important for removing structural response
caused by wind excitation, after the response caused
by the intended excitation has diminished. If the
response of the structure to wind excitation is not
significant, comb filtering could also be used to
eliminate leakage.6 A typical frequency-response func-
tion measurement using step-relaxation is shown in
Figure 10.

‘!E-- 1 II II
\

I

0.$ ~ * I I J’,l/, ,,, J
0.1 1 10

Frequency (Hz)

Frequency-response functions are the desired
quantities being measured during a step-relaxation
test. These functions are curve-fitted to extract the
modal frequencies, damping, and mode shapes. Per-
forming a “mini-modal” testis identical to a complete
modal survey except that fewer frequency-response
functions are measured. Consequently, modal fre-
quency, damping, mode vector entries, and modal
mass can be determined by standard curve-fitting
algorithms. The obvious drawback to this technique
with respect to a complete modal survey is that a
detailed mode-shape description is not available.
Therefore, some confusion might arise when modes
are closely spaced.

Human Excitation
Human excitation is exactly what its name

implies—a person shakes the turbine directly or with
a rope. This technique has been applied to moderate-
size turbines; application to large turbines may not be
easily implemented. Either of two types of tests can be
performed: forced response or free vibration decay.
Forced-response testing is equivalent to performing a
sine dwell test. The person supplying the force shakes
the turbine and synchronizes in on the natural vibra-
tion. The turbine is then driven at this frequency
at a constant response level while an acceleration
power spectrum of the driving-point response is mea-
sured. The resultant peak in the power spectrum
occurs at the resonance frequency. A typical example
of a power spectrum measured in this manner is shown
in Figure 11.

Figure g. FFT Magnitude of Time-Shifted Force

1 2 8

Frequency (Hz) 4

0 2 4 6

Frequency (Hz)

Figure 11. Driving-Point ASD Measured
Excitation

8 10

During Human

Figure 110. Typical Frequency-Response Function
Measured Using Step-Relaxation

11



Free-decay measurements are similar to forced
response except that after the turbine is excited to the
desired steady-state level, the input excitation is
halted, and the vibrational decay of the structure is
measured. Curve-fitting algorithms can then be used
to extract modal frequency and damping from this
free decay of the structure. A typical free-decay curve
is shown in Figure 12.

@
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~ 0“0
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.-0.10

0 32
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Figure 12. Free Vibration Response Measurement

Either of these two techniques is repeated at
different directions and locations and at various fre-
quencies until all of the modal frequencies of interest
are determined.

Because the mode-shape characteristics of the
turbine are known before the test from the finite-
element model, the tester actually tries to excite one
particular mode when he shakes the wind turbine.
This is accomplished by exciting a point in a direction
where a particular mode has a large participation and
other modes participate very little. The fact that the
tester has excited a particular mode is verified by
visually observing the deformation pattern. In fact,
the mode can be studied in some detail while the
structure is being excited. Because it is relatively easy
to excite any point on the structure, this is an excellent
method for decoupling closely spaced modes.

The low-frequency modes are extremely easy to
excite because the vibration amplitude is large and the

motion of the turbine is slow enough for the exciter to
track. In fact, the amplitude of vibration for these
modes can be as much as a foot. Exciting the higher-
frequency modes, above 4 Hz, is more difficult because
consistently maintaining the higher frequencies is
physically demanding and the exciter eventually falls
out of sync. Also, because of the higher frequencies,
the displacement of a given mode is smaller, making
the deformation pattern harder to observe. In this
instance, more reliance is placed on the model to
determine the mode shape. Exciting the structure at
frequencies above 5 Hz was virtually impossible.

An original concern was that the human exciter
might mass-load the structure. Yet, this did not occur,
presumably because the individual exciting the struc-
ture did not simply go along for the ride; he sensed the
vibration and applied a force that was -90° out of
phase with the displacement and sufficient to main-
tain motion. As a result, mass loading was negligible,
evidenced by the fact that natural frequencies deter-
mined by this method and by step-relaxation were
essentially the same. The only instruments used were
an accelerometer, transducer cable, amplifier, and
an FFT analyzer, all of which could be placed in the
back of a ‘pickup truck, from which the test could be
directed.

Benefits of human excitation include fast results,
accurate natural-frequency information, and qualita-
tive mode-shape information. The negative aspects
are that modal frequencies above 4 Hz were difficult
to obtain and quantitative mode-shape information
was not available.

Wind Excitation
Wind can be used as an excitation source because

of its availability and its ability to excite the
structure—the vibration of wind turbines can be visu-
ally observed during moderate winds. For a fully
instrumented prototype, all necessary response data
can be collected on the parked turbine during high
winds. Response auto-spectral densities (ASD) and
cross-spectral densities (CSD) can be used to deter-
mine modal frequencies and mode shapes. Figure 13
shows an acceleration ASD measured during high
winds for the 100-m EOLE turbine, displayed using a
log scale. The peaks clearly indicate the presence of
modes at the frequencies of the peaks.

12
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Figure! 13. Acceleration ASD Measured During High
Winds

The procedure for performing wind-excitation
testing is similar to that used in performing step-
excitation testing. One significant difference is that
the forces acting on the structure are not measured.
Several reference degrees-of-freedom (DOFS) are se-
lected based upon their degree of participation in each
of the mode shapes. The complete set of references
shoulcl strongly participate in all of the modes of the
structure within the frequency band of interest. From
the response measurements, ASDS of the reference
DOFS are evaluated, and CS13Sare computed between
the reisponse DOFS and the reference DOFS.

The modal frequencies are determined from the
peaks in the ASDS of the reference DOFS and the
peaks of a mode-indicator function. The indicator
function is created by summing the magnitude
squared of response ASDS. Particular modes can be
enhanced by selecting response DOFS baaed upon a
knowledge of the mode shape. Shown in Figure 14 is a
typical mode-indicator function calculated to enhance
the flatwise blade modes. The mode shapes are then
computed from the ratios of the CSDS and a reference
ASD. The values from these ratios at the resonant
frequency are taken as the corresponding components
of the mode-shape vector.

Hammer Excitation
Hammer excitation has been attempted with a

PCB 12-lb impact hammer on a moderate-size tur-
bine. Although reasonable success was obtained with
this technique in that frequency-response functions
could be measured, the drawbacks were considerable:
(1) Because of the low-frequency range of interest,
excitation could not be properly shaped by adjusting
hammer tip stiffness and hammer mass. Also, foam

pads used to decrease the hammer tip stiffness yielded
inconsistent results. (2) Impacting at oblique angles to
the blades would require special fixturing. (3) Incon-
sistent impacts overloaded the ADC, requiring addi-
tional averages that took more time. (4) For larger
turbines, it may not be possible to input enough
energy to excite the structure sufficiently. It was felt
that these problems could be overcome or tolerated;
but because the other techniques worked well and
required little time, this excitation method has not
been pursued.

Modal Testing in the
Design Process: An
Example Implementation

A typical application of the use of modal testing as
part of the design process was the VAWTpower 185.
The excitation techniques used were human excita-
tion and step-relaxation.

For the step-relaxation portion of the test, one
driving point was used. It was on a blade at an angle of
-45° with respect to the plane defined by the blades
and the tower. From this location, all modes of inter-
est could be excited. Frequency-response functions
were measured at three points on the turbine, using
three triaxial accelerometers: at the driving point, on
the second blade at a point opposite the driving point,
and at the midpoint on the tower. The accelerometer
mounting locations are shown in Figure 15. Of the
nine frequency-response functions measured, only
five were required to identify the modal parameters
for the VAWTpower 185; the other four were obtained
with no additional effort because triaxial accelerom-
eters were used.

I I I I I I

0.0 FREQUENCY (HZ) 5.0

Figure 14. Mode Indicator Function
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Blada 2 Blade 1

Figure 15. Accelerometer Locations for Step-Relaxation
Test

The frequency-response functions measured on
blade 1 revealed the first and second flatwise modes,
first tower in-plane, and first and second tower out-of-
plane. The edgewise frequency-response functions
measured for blade 2 yielded phase information to
separate and identify the third tower out-of-plane and
the rotor twist mode. The in-plane frequency-
response functions measured for the tower indicated
the second tower in-plane mode. All of these modes
are illustrated in Figure 2. Proper modal identification
was cross-checked by reviewing each of the frequency-
response functions to determine whether they were
consistent with the assumed mode shapes. The num-
ber of frequency-response functions could have been
reduced to three (those on blade 1) if only the first six
modes were required. From start to finish, this “mini-
modal” test took just one day, including setup time,
data interpretation, and mode-shape identification.

After the modal data were identified using step-
relaxation, the turbine was tested using human excita-
tion. The human exciter gained access to the turbine
by standing in a manbucket and being lifted into
position by a crane. The bucket was positioned at
various points of the turbine where the modes of
interest had large participation factors. At these loca-
tions, accelerometers were mounted and the structure
was excited by hand. Using an FFT analyzer,
the accelerometer output was processed into auto-
spectral densities. The crane positioned the bucket at
three locations, from which all modes of interest were
excited.

Both excitation techniques took about the same
time (less than one day) and yielded virtually identical
results. The modal frequencies determined using
human and step-relaxation excitation and finite-
element analysis are listed in Table 1.

Table 1. Modal Frequencies of
VAWTpower 185 (Hz)

Finite Finite
Element Step Element

Description (Initial) Relaxation Human (Final)
Propeller 0.44 0.45 0.43 0.44
First blade
flatwise
symmetric &
anti-
symmetric 1.72 1.36 1.35 1.37

First tower
out-of -plane 2.34 1.75 1.75 1.72

Fjrst tower
m-plane 2.84 2.53 2.54 2.58

Second blade
flatwise
symmetric 3.77 3.17 3.15 3.14

Second tower
out-of -plane 4.01 3.20 3.20 3.21

Second blade
flatwise
anti-
symmetric 3.80 3.23 3.15 3.23

A comparison of the finite-element analysis and
testing results revealed that the initial finite-element
model needed to be corrected. The model was re-
viewed in detail and several changes and corrections
were made. The resultant model predicted modal
frequencies within 3% of the measured modal fre-
quencies for the parked turbine (see Table 1). As a
further check on the accuracy of the model, the modes
of the turbine, including the effects of rotation, were
computed and compared to the modal frequencies
determined from turbine operating data. The agree-
ment was very good.

The updated model then predicted that two
modal frequencies occurred near harmonics of the
operating speed, causing high stresses in the prototype
turbine. The two modes causing the problem were the
first flatwise symmetric and the first tower in-plane
(see Figure 2). These two modes had their modal
frequencies at nearly two and three times the turbine
rotation speed (0.84 Hz). The occurrences of resonant
conditions are clearly revealed in the fan plot display
of Figure 16. This plot shows the modal frequencies

..
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versus turbine operating speed with the harmonic
lines superimposed on the plot. Wherever modal fre-
quencies approach a harmonic line, resonance can
occur.

13ecause the resonant conditions caused high
stress and reduced the fatigue life of the turbine, a
design modification of the turbine was required. The
finite-element model was used to investigate possible
structural improvements to the turbine. The first
design iteration involved stiffening the blade-to-tower
joints with an added strut between the tower and each
blade. A mini-modal, using human excitation, was

1

quickly performed to determine experimentally the
shifts in the modal frequencies. An additiond mini-
modal survey was conducted to determine the effects
of decreasing cable tension, which reduces cable stiff-
ness. The final modifications to the turbine included
three design changex (1) stiffening the blade-to-tower
joints by adding struts, (2) increasing the guy cable
stiffness by doubling the cable cross-section, and (3)
reducing by one-half the length of the tower between
the base and the blades. These alterations to the
turbine have eliminated any near-resonance problem.
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Conclusions
Of the different approaches to exciting a wind

turbine for a modal test, human excitation, step-
relaxation, and wind are the most useful. For mini-
modal testing, human excitation is preferred because
it is the fastest method and requires no special instru-
mentation or fixturing and little user interpretation.
Use of this technique is limited because small turbines
have natural frequencies too high to be excited man-
ually and larger turbines may be too massive to excite.

For a standard modal test or a mini-modal, both
wind and step-relaxation testing methods work ex-
tremely well, although they require more time than
human excitation. Step-relaxation methods require
pretest analysis for sizing of excitation hardware and
significant ground support. Both methods require a
crane and personnel to mount the accelerometers.
Step-relaxation testing requires a higher dependence
on the site workers. However, damping information is
not as readily available from the power spectra ob-
tained from wind excitation as it is from FRFs ob-
tained using step-relaxation testing. Finally, and most
importantly, we were able to extract modal data from
FRFs measured, using step-relaxation, during high
winds. However, it would not be possible to obtain
meaningful wind-response measurements during com-
pletely calm days.
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