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❚  VIBRATION TESTING

Good vibrations



ibration testing of aircraft is not
something one may wish to
undertake in the air. As well as
the risk and discomfort, it is an

expensive practice. However there is an
alternative: ground vibration testing
(GVT). This means of testing identifies
modes of vibration of the aircraft structure
by one of two techniques. One technique
involves the aircraft being excited by
multi-input broadband vibration while
the frequency response functions (FRFs)
are measured by the multi-input multi-
output (MIMO) method, and multidegree
of freedom (MDOF) curve fitting is used
to identify  the modal frequencies and
damping followed by the mode shapes.

The other technique uses multi-input
sinusoidal vibration, forcing a single
mode of vibration to be sustained at a
time, with measurements from all loca-
tions used directly to compute the mode
shapes. A single degree of freedom
(SDOF) fit identifies the damping for each
mode. This method, usually referred to as
normal mode analysis (NMA) is not the
method normally used for modal tests.

Most structures that can be excited by
a single shaker or an impact device are
tested using the broadband MDOF modal
analysis method. NMA was the only
method of mode identification until the
advent of the FFT, which gave rise to the
evolution of the broadband test technique
and the consequent development of
MDOF curve fitting. The development of
the MIMO method, an efficient computa-
tional method for evaluating multiple
FRFs from simultaneous multiple excita-
tions made sure that modes of large and
complex structures such as aircraft could
also be characterized using the newly
evolved method of Modal Analysis.
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The broadband method is efficient,
allowing large-scale tests involving 200 to
1,000 measurement locations to be com-
pleted in a reasonable length of time.
Because there is a premium on the avail-
ability of aircraft for testing during the
qualification period, this ability to con-
duct large-scale modal tests in a relatively
short time has been a strong enough
advantage to tip the choice of the test
technique in favor of broadband. Since
the excitation is a low level of vibration,
this method is entirely dependent on lin-
earity for the accurate prediction of the
modal properties.

With the increasing use of composite
materials and the greater complexity of
aircraft structures (especially in military
aircraft) it is becoming apparent that the
assumption of linearity cannot be justi-
fied. At operational vibration levels the
FRFs differ from those observed at low
excitation levels, making it difficult to pre-
dict the modal behavior.

This consideration has revived interest
in the sinusoidal technique. The devel-
opment of new display indicators and
automation techniques has reduced the
time taken to tune each mode using a
number of shakers. The combination of
these two factors has cemented the resur-
gence of the NMA method for the ground
vibration testing of aircraft. The expecta-
tion that the response at any location on
a structure subjected to sinusoidal excita-
tion is also sinusoidal is based on linear-
ity. A non-linear structure will exhibit
non-sinusoidal response, but when a
structure is excited by a sinusoidal force
close to a natural frequency, the response
is dominated by the mode, which allows
the mode to be isolated. By appropriate
forcing of the structure at multiple loca-
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the exact natural frequency. Accurate
determination of modal frequency is
important because it heavily influences
the estimation of damping coefficients,
aided by the mode indicator function that
reaches a value close to 1.0 at natural fre-
quencies. The force applied through each
shaker is tuned to the appropriate level
using the phase indicator which is close to
0.0 as the relative forces balance the
motion of the aircraft in a pure mode of
vibration. The forces are all either in phase
or 180° out of phase, depending on the
location of the shakers.

In order to ensure that the required
amplitude and phase of force is generated
at each shaker it is advantageous to use a
closed-loop control technique, ensuring
that the force measured at the shaker con-
forms to the required level and phase.
Once a mode of vibration is sustained by
the appropriate forces from the multiple
shakers, accelerations at all response
locations are measured simultaneously,
allowing useful displays such as Lissajou
plots and animated mode shapes.

The Lissajous displays in Figure 1 help
to further indicate the force appropriation
because the display approaches a straight
line when the motion is pure. One ‘slider’
is provided for each shaker and adjusts
the relative force (and phase) applied by
that driver. A Global slider sets the level of
absolute force by varying all drives while
maintaining their relative strengths. The
exact shaker frequency may be adjusted
with 0.1PPM resolution. Two global indi-
cators aide the iterative tuning: the Phase
Indicator (PI) approaches zero while the
Modal Indicator Function approaches
unity as shape-tuning is optimized.

In Figure 2 an animated mode-shape
display made during appropriation tuning
illustrates the character of the mode and
the quality of its isolation and capture.
Properly isolated modes are free of the
‘galloping nodes’ frequently encountered
in global excitation tests. Appropriate
symmetry and continuity may be verified
at a glance. This physical separation of
modes contrasts dramatically with the
mathematical separation from the broad-
band excitation technique.

Since non-linearity is a major concern,
changing the force level by scaling all the
excitations allows the mode to be excited
at levels of motion consistent with the
operating conditions. In fact, by making a
series of measurements at varying global
force levels it is possible to characterize
the non-linear modal behavior. 

System linearity with force is investi-
gated on a mode-by-mode basis (Figure 3).

tions the modal response can be rein-
forced, ensuring that the residual
responses at other frequencies are too
small in comparison to affect the accuracy
of modal measurements. NMA is also
known as force appropriated modal test-
ing (FAMT), reflecting the nature of the
method of excitation.

The NMA technique starts with a sine
sweep test across the entire frequency
bandwidth, enabling rough identification
of all modes. Since it is possible that a
shaker may be located close to a node,
preventing the excitation of one or more
modes, the sine sweep test is carried out
with more than one shaker.

Some modes, especially torsional
modes, may not be excited by a single
shaker operation so it is important to vary
the number and locations of shakers and
the phases of the input to some shakers,
and then observe the emergence of addi-
tional modes. The first phase identifies the
number of modes and the approximate
natural frequencies.

In Photograph A an aircraft is excited
by eight shakers with 896 response
accelerometers spread over the entire
structure. The test was performed at
EADS in Italy using a Data Physics normal
mode test system. Photograph B overleaf
shows a GVT at NASA Dryden Flight
Research Center where the upper wing
surface of the aircraft is covered with
accelerometers and other sensors. An elec-
tro-mechanical shaker device (blue cylin-
der at lower right) generates vibrations
into the airframe during the tests, which
help engineers determine if aerodynami-

1. Typical controls and
multi-Lissajous display
used while tuning a
mode

2. Animated mode 
displays help in the
observation of a pure
mode of vibration

A. Appropriated-
Excitation Normal
Mode testing is 
typically applied to
large and supple
aerospace structures
such as this complete
airframe being tested
by EADS in Italy. 
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cally induced vibrations are controlled or
suppressed during flight. The tests were
the last major ground tests prior to the ini-
tiation of research flights.

In the second phase each mode is
characterized by individual excitation
with the frequency of excitation tuned to

THE FORCES ARE EITHER IN PHASE 
OR 180° OUT OF PHASE, DEPENDING
ON THE LOCATION OF THE SHAKERS
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The global forcing level is stepped across
a desired range and the frequency is
adjusted to optimize tuning at each level.
This results in a plot of natural frequency-
versus-force level as shown in the lower-
left corner.

In addition to the damping coefficient,
other useful calculations are generalized
mass and stiffness at each mode. These
calculations are made using the complex
power (CP) and quadrature force (QF)
methods. The CP function is derived by
adding the real and imaginary components
of the product of force multiplied by
velocity at all shaker locations. By varying
the frequency of excitation over a small
range across the natural frequency the real
or active part of CP reaches a maximum at
the natural frequency and the imaginary
or reactive part crosses zero at the natural
frequency (Figure 4). An SDOF curve fit
of the complex power spectrum yields the
mass, stiffness and damping parameters.

With the QF method, a small compo-
nent of force, proportional in amplitude
but quadrature in phase is added to each
shaker, resulting in a slightly detuned
response. The straight-line slope of fre-
quency vs quadrature coefficient is then
used to derive the generalized mass. The
display features greatly reduce the time to
tune each mode manually.

Alternatively the Anderson method
allows the force appropriation to be dri-
ven automatically, further reducing time
and effort. It is sometimes debatable if the
normal mode method is of longer dura-
tion than the broadband method – this
becomes more noticeable in measurement
situations where there is a poor signal-to-
noise ratio and a large number of averages
are necessary to measure the broadband
frequency response function. Another
advantage of the sinusoidal test is the
physical aspect. The real-time animation
with the aircraft sustained in each mode of
vibration makes the experience more real.
To many test engineers this real experi-
ence lends more insight than the abstrac-
tions derived from the broadband test.

However the most important justifica-
tion for sinusoidal testing is the more
faithful simulation of the operational
modes when the structures are complex
and non-linear. The evolution of sophis-
ticated materials and aircraft designs
necessitates a rethinking of the testing
techniques. Fortunately the development
of sophisticated signal analysis tech-
niques is keeping pace with the science of
materials and aircraft engineering to offer
alternative methods of modal analysis.

The data acquisition and signal analy-

sis system is at the heart of the GVT capa-
bility. The system must be able to acquire
hundreds of channels of response accel-
erations simultaneously while outputting
multiple drive signals with controlled
magnitude and phase. It also requires
sophisticated displays and automation
features geared towards the simplification
of the appropriation method. Last but not
least it requires data exchange with other
software applications to compare and val-
idate analytical models.

The NMA in the SignalCalc Savant
Dynamic Signal Analyzer can drive up to
16 shakers and measure in excess of
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1,000 response channels. In addition to
NMA, Savant offers MIMO and single
shaker and impact methods of broadband
excitation techniques for frequency
response function measurement. The
large range of export formats enables FRF
measurements to be written directly into
the project files of all popular modal
analysis software systems, enabling easy
comparison with other analytical methods
and validation of finite element models.
Abacus, the hardware engine used in Sig-
nalCalc Savant, is a newly developed plat-
form that offers a dynamic range of over
120dB, high real-time rates, and back-
ground recording of all channels during
real-time measurements. This functional-
ity is always present whether the analyzer
is used at maximum bandwidth (48KHz),
or 1,024 channels are being recorded to
disc. This unique capability is the result of
a signal processing architecture that con-
nects 32-channel modules into a Gigabit
network. Even more important is the abil-
ity to place the modules up to 100ft apart
from each other with no delays in the
sampling clock so that the inherent
delays in otherwise long transducer cables
strung across a large aircraft can be min-
imized, resulting in improved accuracy of
FRF measurements.

The multisine excitation technique has
been used successfully at EADS (formerly
Alenia) in Italy where a Data Physics NMA
system with 896 channels was installed in
1999. EADS (CASA) in Spain uses a Data
Physics NMA system to test satellites and
other spacecraft, while EADS in Munich
has recently purchased a 256 channel Sig-
nalCalc Savant system for use in the
ground vibration testing of the European
Fighter Aircraft. ❚
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3. Display of the variation
of natural frequency
with a change in the
global force level

4. A complex power 
function is formed for
each mode by summing
all drive-site force-
velocity products 
during a narrow 
frequency sweep about
each resonance

B. Ground vibration tests
at NASA Dryden Flight
Research Center
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