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ABSTRACT

This paper describes a method for correcting the
dynamically induced bias errors in wind tunnel model
attitude measurements using measured modal properties of
the model system. At NASA Langley Research Center, the
predominant instrumentation used to measure model
attitude is a servo-accelerometer device that senses the
model attitude with respect to the local vertical. Under
smooth wind tunnel operating conditions, this inertial device
can measure the model attitude with an accuracy of 0.01
degree. During wind tunnel tests when the model is
responding at high dynamic amplitudes, the inertial device
also senses the centrifugal acceleration associated with
mode! vibration. This centrifugal acceleration results in a
bias error in the model attitude measurement. A study of
the response of a cantilevered model system to a simulated
dynamic environment shows significant bias error in the
model attitude measurement can occur and is vibration
mode and amplitude dependent. For each vibration mode
contributing to the bias error, the error is estimated from the
measured modal properties and tangential accelerations at
the model attitude device. Linear superposition is used to
combine the bias estimates for individual modes to
determine the overall bias error as a function of time. The
modal correction model predicts the bias error to a high
degree of accuracy for the vibration modes characterized in
the simulated dynamic environment.

NOMENCLATURE
AOA
Agy filtered AOA signal

angle of attack

A, peak acceleration for rh vibration mode
an(t)
a(t) time dependent tangential acceleration

ax(t)

time dependent normal acceleration

time dependent longitudinal acceleration
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A, n¢ (1) time dependent unfiltered AOA signal

g gravitational constant

Hz Hertz

P, effective radius of A7 vibration mode
m number of included modes

r current mode number

t time in seconds

time dependent velocity for 7 mode

v, peak velocity for Ah mode

o, circular frequency of h mode

y,(f)  time dependent displacement for A mode
Y, peak displacement for ! mode

% derivative with respect to time

o angle of attack

1. INTRODUCTION

The predominant instrumentation used to measure model
attitude or angle of attack (AOA) in wind tunnel testing at
NASA Langley Research Center is described in reference 1.
Figure 1 shows a schematic diagram of a typical model
configuration with the AOA package installed in the nose of
the model. The AOA package uses a servo-accelerometer
with its sensitive axis parallel with the longitudinal axis of
the model to determine the change in model attitude relative
to the local vertical. For quasi-static conditions, this inertial
sensor provides a model attitude measurement with respect
to the local gravity field to an accuracy of 0.01° over a range
of £20°. Most wind tunnels use a cantilever arm (sting) to
support the model. The model mounted at the end of the
sting experiences dynamic oscillations due to unsteady
flows that induce centrifugal accelerations on the inertial



AOA package and result in angle of attack measurement
errors. The problem of the inertial device sensitivity to
model vibrations is briefly discussed in reference 1.

The National Transonic Facility (NTF) [2] is a cryogenic
transonic wind tunnel located at NASA Langley Research
Center and has the capability for testing models at
Reynolds number up to 140 million at Mach 1 and dynamic
pressure up to 3.3 atmospheres. Severe model vibrations
have been encountered on a number of models since the
tunnel began operation. References 3 through 6 document
studies of model and model support vibrations in the facility.
Reference 7 documents results of an experimental study
conducted in 1993 at the NTF to study the inertial angle of
attack (AOA) sensor response to a simulated dynamic
environment. The experimental study [7] clearly
established that AOA bias error is due to centrifugal forces
associated with model vibration. During wind-off dynamic
tests, bias errors over an order of magnitude greater than
the desired device accuracy of 0.01 degree were measured.
The bias error was found to be dependent on the vibration
mode and amplitude. The study revealed the complexity of
the problem when multiple vibration modes were present
involving both pitch and yaw motions. A first-order
correction model was devised from the problem physics
which gave good estimates of bias error when compared
with test results.

Although the reference 7 study was conducted at the NTF,
the AOA measurement error due to dynamics is not unique
to this facility or to cryogenic facilities. The problem exists
anytime model aftitude is being measured by an inertial
device in the presence of significant model system
vibrations. The amount of error in the inertial model attitude
measurement is dependent on the model system dynamics
(i.e. will vary for each model system) and is very difficult to
quantify during actual wind tunnel tests.

This report describes a time domain method for correcting
the dynamically induced bias errors in wind tunnel model
attitude measurements using measured modal properties
and tangential accelerations at the model attitude device.
The physics of the problem are detailed along with the
correction methodology. The experimental setup and
results for wind-off ground vibration tests on a model
system are presented to validate the technique.

2.0 Physics of Problem

The physics of the problem are studied by considering the
response of a single yaw mode as simple harmonic motion
as depicted in figure 2. For the system shown with natural
frequency of oscillation, ®,, the AOA package

displacement, y (1), and velocity, v, (t), can be written:

Yy (1)=Y,sin(w,f) 1)

dy,
at

The corresponding tangential and normal acceleration
components, a and a,, are:

v,.()= =V, cos(w,t); where V, =Y,0, (2)

dv, . 2
a,(t)= " = A, sin(w,t); whereA =-Y,0 (3)

r-r
v2 VP
a(t)=——= (1+cos(2m,t)) (4)
P 2p,
Rewriting equation (4) in terms of peak acceleration gives,
A2
a,(t)= (1+cos(2w, 1)) (5)
20,%p,

The vibration induced normal acceleration results in the

AOA package sensing a centrifugal acceleration coincident

with its sensitive axis (i.e. the longitudinal axis of the

model). The AOA package output prior to filtering becomes:
2

i (1+cos(2m,1))+a,(t) (6)
2p,

A (1) = gsina -

The first term on the right hand side of the equation is the
gravitational acceleration due to the model attitude, o,
relative to the local vertical. The second term is the
centrifugal acceleration (from equation (4)) caused by the
model yaw motion. Accelerations resulting from flow
induced longitudinal model vibrations (typically high
frequency) are represented by the third term. To obtain the
mean angle, the AOA signal is low pass filtered.

v.2

@

2p,

It is important to note that the model vibration causes a bias
error in the model attitude measurement that cannot be
removed by filtering or data averaging. Pitch motion results
in a corresponding bias error. If the vibration response is
composed of multiple yaw and pitch modes, the total bias
error will be a linear summation of the error contributions for
the m modes.

V2
Agy = gsino —i L (8)
r=12P;

Or, in terms of the peak acceleration, from equation (5),

m A 2
; )

The above discussion is based on the case of continuous
sinusoidal model motion. In the wind tunnel, the data is
non-stationary and random in nature. This results in a time
varying bias error that is dependent on the number of
modes participating and the amplitudes of motion for those
modes (i.e. V, (1), A (1), Ay (D).



3.0 Bias Error Correction

Several methods have been proposed to correct for this
bias error using measured tangential accelerations at the
AOA sensor location due to model yaw and pitch motion.
One method is to measure the natural frequencies from the
frequency spectrum of the tangential accelerations and then
determine the bias magnitudes by measuring the magnitude
of the second harmonic components from the frequency
spectrum of the unfiltered AOA signal (see equation (6)).
This technique may be difficult to implement due to the
participation of multiple modes and the required data
accuracy to measure the small magnitudes at the second
harmonic frequency. Young et. al. [7] determine the natural
frequencies, ©,, and corresponding peak acceleration

magnitudes, A, , from the frequency spectrums of the yaw

and pitch acceleration measurements. The bias error is
then calculated from the second term of equation (9). The
vibration mode effective radius, p,, was estimated from

sinusoidal input-output data taken during wind-off ground
vibration tests and later confirmed with measured mode
shapes. Both techniques use frequency domain signal
processing which is suitable for the stationary data
observed in the wind-off tests but is questionable when
evaluating the non-stationary data observed during wind
tunnel testing.

A third bias correction technique was developed and used
at the National Aerospace Laboratory (NLR) in the
Netherlands. This technique was developed for one
vibration mode in each the yaw and pitch plane. Two
additional accelerometers are used to measure the
tangential accelerations due to the yaw and pitch motion of
the model. The tangential accelerations are integrated to
obtain velocity, squared, and divided by a scale factor to
compensate for the effective radius of the vibration mode.
This signal is then added to the unfiltered AOA output to
cancel the second term of equation (6). The corrected
signal is then low pass filtered to obtain the corrected mean
AOA measurement. The mode radius in the yaw and pitch
plane is determined by tuning a potentiometer while
manually exciting the model in the yaw and pitch plane,
respectively. This technique does not address the case
where multiple yaw and pitch vibration modes are present.

During dynamic testing of a model system (7], it became
evident that multiple modes may be contributing to the
vibration induced bias error. The “modal correction method”
is being developed to extend the time domain technique
used at NLR to compensate for multiple yaw and pitch
vibration modes. This technique estimates the mode
effective radii using measured modal properties of the
model system. Accelerations measured tangent to the AOA
package sensitive axis are band-pass filtered to isolate
individual modes. The filtered signal is then integrated,
squared, and divided by the corresponding mode effective
radii to determine the bias error for a particular mode

(second term of equation (6)). To compensate for mulitiple
modes, a linear superposition of the individual mode effects
is used to estimate the total bias error as a function of time.
The estimated total bias error is then added to the AOA
output prior to filtering. This corrected signal is low pass
filtered to obtain the corrected mean AOA measurement.

The mode radii are estimated by assuming the fuselage
moves as a rigid body and using a least square fit of the
fuselage mode shape coefficients to determine an effective
point of rotation for the mode. The vibration mode effective
radii are then taken to be the distance from the point of
rotation to the inertial AOA sensor location in the model
fuselage. This may be more easily understood by
examining the measured mode shapes that are shown in
figures 3 and 4. Figure 3 shows the 9.0 Hz model/sting
bending mode in the yaw plane with a projected point of
rotation aft of the model fuselage. Figure 4 shows the 29.8
Hz model yaw mode with a projected point of rotation
forward of the AOA package. For the 29.8 Hz mode, the
effective radii is negative. Previously, it was assumed that
the centrifugal accelerations for all modes would act in the
same direction, i.e. the point of rotation was always aft of
the AOA package. However, this data indicated that the
dynamically induced errors could be positive or negative
dependent on the mode shape (mode effective radii).

The rigid body assumption used in the mode radii
estimation appears to be satisfactory for the low frequency
(<50 Hz) modes that are being evaluated. A second
assumption is that the mode shapes do not change
significantly under the wind tunnel test conditions. This
enables wind-off estimates of the mode effective radii to be
used for on-line correction of the model attitude
measurement during wind tunnel testing. Further work is
required to validate this assumption.

4.0 EXPERIMENTAL VALIDATION

A model system that experienced high levels of model
vibration [6] during previous wind tunnel tests was selected
to investigate the effects of dynamics on the inertial AOA
package. Ground vibration tests were conducted under
wind-off conditions to better understand the dynamic
effects. The test setup, procedures and results for the
ground vibration test are described in the following sections.

4.1 TEST SETUP

The model system was installed in a model assembly bay at
the NTF. The mounting consisted of a “rigidly" supported
cantilever (sting), that is positioned by a pitch-roll-translation
mechanism. The model is attached to the sting through a
six component strain gage balance (see figure 1).

The model was instrumented with an inertial AOA package
[1] maintained at a constant temperature of 165°F. The
signal conditioner for the AOA package provides both an



unfiltered (0-300 Hz bandwidth) and filtered (0-0.25 Hz
bandwidth) signal. Two miniature accelerometers were
installed on the face of the AOA package to measure yaw
and pitch motions. In addition, four accelerometers were
used to measure the model fuselage yaw and pitch motion.

An electrodynamic shaker was used to excite the
model/sting through a single point force linkage attached to
the model approximately 36 inches forward of the balance
moment center. Sine, modulated sine and band limited
random shaker input were used. A dynamic signal analyzer
was used to provide the shaker stimulus and record the
shaker force input, model force balance outputs, AOA
filtered (static) and unfiltered (dynamic) outputs, and model
accelerations. This system was used to monitor the model
yaw and pitch moments which established the dynamic test
conditions for acquiring model attitude measurements.

4.2 TEST PROCEDURE

The model was set at a prescribed angle of attack under
static conditions. The model system natural frequencies
were identified using sine sweep excitation of the model in
the pitch and yaw planes. For each natural frequency of
interest, a sinusoidal forced response test was conducted
by controlling the shaker input amplitude to provide a
defined peak to peak pitch or yaw moment on the model
force balance. The control test variables were pitch
moment for modes that had predominantly pitch motion,
and yaw moment for modes that had predominantly yaw
motion. The model attitude was measured at a series of
moment amplitude levels for sinusoidal excitation at a
prescribed natural frequency of the model system.
Sinusoidal forced response tests were conducted with the
model set at angles of 0°, 4.3° and 6°.

In addition to the sinusoidal forced response tests, the
model attitude was measured for modulated sine and
random excitation tests. The modulated sine and random
excitations/responses are more representative of the model
dynamics observed in actual wind tunnei tests. The
majority of the modulated sine tests were conducted with a
0.25 Hz modulation of the first natural frequency in the pitch
and yaw planes. The random excitation was only evaluated
in the pitch plane for the model at a nominal angle of 0°. In
each case, the inertial AOA package was used to measure
the model attitude for a series of moment amplitude levels.

4.3 DISCUSSION OF TEST RESULTS

An attempt was made to excite three modes in each of the
yaw and pitch planes of the model system. The modes of
interest were determined from a modal survey of the model
systemn and are listed in Table 1. Measurements taken
during previous wind tunnel tests indicated that the primary
modes being excited were at approximately 8-10 Hz and
28-30 Hz [6]. The radii for the vibration modes were

estimated using a least square fit of the modal deformations
as described in section 3.0. These predictions indicated
that the radii may be positive or negative dependent on the
vibration mode shape. For the case were the radius is
positive, the point of rotation for the vibration mode is ahead
of the AOA package. The significance of the sign of the
radii is that the bias error effect may be positive or negative
dependent upon the vibration mode being excited. This is
demonstrated by the response for the yaw plane modes
shown in figures 5 and 6. For the 9.0 Hz yaw mode, the
indicated model angle change is negative when the model
is being driven with sinusoidal excitation at the mode
natural frequency and then returns to its nominal angie
when the shaker system is shutoff. The 29.8 Hz yaw mode
(which has a negative radius value) shows an indicated
positive angle change when the model is being driven with
sinusoidal excitation at the mode natural frequency and
then returns to its nominal angle when the shaker system is
shutoff. The excitation system was adequate to show the
above trends, however, the higher frequency modes (>10
Hz) were difficult to drive and only the first mode in each the
yaw and pitch planes were excited to levels that showed
significant shifts in the indicated model attitude from the
onboard inertial AOA package. Difficulty in driving the
higher frequency modes is attributed to the rigid backstop
support in the model assembly bay. During previous wind-
tunnel tests[6], the model coupled with the model support
structure resulting in high dynamic yaw moments with
energy in the 28-30 Hz band. This points out the need to
do dynamic testing with the model installed in the tunnel.

The results of sinusoidal excitation tests (model at nominal
angle of 0°) for the first mode in each the yaw and pitch
plane is shown in figures 7 and 8. For a set excitation level,
time domain data were acquired and stored using the
dynamic signal analyzer. These data were transferred to a
personal computer where a software routine, written as an
M-file in the MATLAB [8] language, was used to estimate
the bias error in the inertial device. The yaw and pitch
plane accelerations were bandpass filtered, integrated to
obtain velocity, squared, divided by the mode effective radii,
and scaled to obtain the equivalent angle change in
degrees. The estimated bias error is in good agreement
with the indicated mean angle change measured with the
onboard inertial AOA sensor. If the estimated bias error is
subtracted from the indicated model angle change the error
would be reduced from a maximum of -0.146° to -0.009° for
the first mode in the yaw plane (y) and from -0.175° to
-0.006° in the pitch plane(z). These corrections are within
the AOA accuracy requirement of 0.01°. Similar results
were obtained for the sinusoidal input tests with the model
at nominal angies of 4.3° and 6°.

In addition to the sinusoidal tests, the bias error was
examined for modulated sine and random inputs. Figure 9
shows the estimated and measured bias error as a function
of time for a 9.2 Hz pitch excitation with a 0.25 Hz



modulation.  Excellent agreement is obtained with the
difference between the estimated and measured bias being
less than 0.005°. Modulated sine tests were conducted for
the first mode in each the y and z axes at several excitation
amplitude levels and consistent results were obtained
between the measured and predicted bias errors for all
cases. In the pitch plane, two levels of random excitation
were input to the model. An eight second record of the
inertial AOA sensor response for the highest level random
excitation is shown in figure 10. The random response
measured by the pitch accelerometer on the face of the
AOA package was composed of primarily 9.2 Hz response.
The bias estimate based on only the 9.2 Hz mode
contribution is also shown in figure 10, Again, the
estimated and measured bias are in very good agreement.

5.0 CONCLUDING REMARKS

A method for correcting the dynamically induced bias errors
in inertial wind-tunnel mode! attitude measurements is
presented. This modal correction method uses the
measured modal properties of the model system and
accelerations tangent to the AOA sensor to estimate the
bias errors. Multiple modes are addressed by separating
the mode effects using band-pass filtering and then using a
linear superposition of the estimated bias errors for the
individual modes. Very good agreement between the
estimated and measured bias errors was found for the
sinusoidal, modulated sinusoidal, and random input wind-off
vibration tests. For these tests, the modal correction
method was used to estimate the bias errors to an accuracy
within the AOA device accuracy of 0.01°.

Vibration mode effective radii are estimated using measured
modal properties. It was found that the mode effective radii
can be positive or negative dependent on the mode shape.
Previously it was assumed that the bias errors for all modes
would act in the same direction (i.e. positive radii; point of
rotation always aft of the AOA package). However, data are
presented that shows the dynamically induced errors may
be positive or negative depending on the mode shape.

It was found that some of the model system vibration modes
excited to high levels during wind tunnel tests could not be
excited very well in the model assembly bay. This is
aftributed to boundary conditions at the assembly bay
model support which are quite different from the wind-tunnel
model support system. This points out the need for doing
dynamic testing on the model system after installation in the
tunnel to assure the most accurate measurement of the
vibration mode radii and for dynamic calibration of AOA
response characteristics. Further work is required to test
the modal bias correction method for multiple mode
excitation/response and validate the method during actual
wind-tunnel tests. The assumption that the mode shapes
do not change significantly under wind tunnel flow
conditions also needs to be validated.
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Table 1
Model System Vibration Mode Characteristics
Mode Natural Effective Mode Description
No. Frequency Radius
(Hz) (centimeter)
1 9.0 78.7 Sting Bending in
Yaw
2 9.2 76.7 Sting Bending in
Pitch
3 19.5 0.46 Model Yaw &
Sting 1st Bending |
4 20.3 -2.74 Model Pitch &
Sting 1st Bending |
5 29.8 -18.1 Model Yaw &
Sting 2nd Bending
6 34.2 -19.4 Model Pitch &
Sting 2nd Bending |
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Figure 2.- Effect of vibration on inertial mode!
attitude measurement.
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Figure 4.- Model yawing on balance,
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Figure 5. Inertial AOA measurement and yaw
acceleration versus time for 9.0 Hz
sinusoidal input in yaw plane.
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Figure 8. Measured and estimated AOA bias error
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Figure 9. Measured and estimated AOA bias error versus

time for 9.2 Hz sinusoidal excitation in pitch with
0.25 Hz modulation, maximum pitch moment of
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Figure 10. Measured and estimated AQA bias error versus

time for random excitation in pitch.












