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Wind-Tunnel Technique for Determining
Stability Derivatives from Cable-Mounted Models

Robert M. Bennett* and Moses G. Farmer*
NASA Langley Research Center, Hampton, Va.

and

Richard L. Mohrt and W. Earl Hall Jr.§
Systems Control, Inc. (Vt), Palo Alto, Calif.

System identification techniques in common use for extracting stability derivatives from flight test data have
been adapted for application to data obtained from aeroelastically scaled flutter models flown in a wind tunnel
on a cable-mount system. The concept has been applied with reasonable success to data from rigid models of a
space shuttle orbiter and a fighter tested in the NASA Langley transonic dynamics tunnel. Further application of
this technique should permit extraction of derivatives that include scaled flexibility effects, thereby obtaining
additional information from the testing of expensive fiutter models.
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¢ =reference chord, m

D.q.r =angular velocities of model about X, Y, and
Z axis, respectively, rad/s

G = freestream dynamic pressure, Pa

S =reference area, m?

|14 =freestream velocity, m/s

a =angle of attack, rad

B8 =angle of sideslip, rad

il =real part of characteristic root (damping),
1/s

) =imaginary part of characteristic root
(frequency), 1/s

) =d/dt

The x-y-z body axes form a right-hand system with the

positive x, y, and z directions pointing forward, to the right,
and down, respectively.

Intreduction

OR several years transonic flutter and gust response tests

of complete aircraft models have been performed in the
NASA Langley transonic dynamics tunnel by “flying’’ the
models on a cable mounting system.!? The models are both
dynamically and elastically scaled, are extensively in-
strumented, and are expensive to build, calibrate, and test.
Although some aileron effectiveness tests have been made
with this system in the past,** it was recognized that there was
a potential for obtaining valuable stability derivative data
from it. Since the restraint of the mount is soft, the stability of
the model on the cable-mount system is closely related to free
flight stability characteristics. In addition, the important
effects of aeroelastic deformations on the derivatives would
be included as the models are elastically scaled. Sting mounted
flutter models have also been used in the past for the study of
flexibility effects on stability derivatives.®® Modern system
identification techniques have been developed to the extent
that they are a tool for nearly routine use for extracting
stability derivatives from flight test data.”'® Application of
these system identification techniques would thus appear to be
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a promising approach for the cable-mounted models also.
This paper describes an investigation to evaluate the
feasibility of extracting stability derivatives from cable-
mounted models using a maximum likelihood method of
system identification. The development of this technique was
a joint effort between NASA Langley Aeroelasticity Branch
and Systems Control, Inc. (Vt). The tests, instrumentation
and data collection were performed by NASA Langley. The
adaptation of the maximum likelihood method, computer
program development, and data reduction were performed by
Systems Control under NASA contract.

The elements of system identification are 1) the
mathematical model, 2) the method for controlled excitation,
3) the instrumentation and data collection, and 4) the iden-
tification algorithm. Each of these elements is examined, and
required refinements or adaptations from previous
procedures are described. In addition, refinements to the
cable mounting system were made which included an active
feedback control system to permit the testing of unstable
models. An overview of the development of these items is
described in this paper.

The technique is applied to data from rigid models of an F-
14 fighter aircraft and a space shuttle orbiter tested in the
NASA Langley transonic dynamics tunnel. The results of
applying this technique to a few selected test points are
presented. Both longitudinal and lateral cases for low angles
of attack are considered. A more detailed presentation of
these results is given in Ref. 11.

Description of the Parameter
Identification Technique and Tests

The elements of the identification technique interact
strongly with each other and form an integrated system. For
example, the cable-mount system contains elements of the
excitation and instrumentation systems which, in turn, affect
the test technique. The cable-mount system and its associated
instrumentation are described first, and then the overall
instrumentation, models and tests, and identification pro-
cedure.

Cable-Mount System

The cable-mount system used in these tests is a refinement
of a system that has been used extensively for flutter tests in
the NASA Langley transonic dynamics tunnel. A schematic of
the mount system is shown in Fig. 1. It consists of two cable
loops with their ends attached to the model with pin joints.
One loop extends upstream and passes over pulleys on the
walls of the tunnel and the other loop extends downstream
and also over pulleys on the walls. Either or both loops can be
vertical or horizontal. The loops are kept under a tension that
can be remotely adjusted. A spring is included in the rear loop
to minimize changes in stiffness as the model is displaced.
Some versions of the mount have the pulleys in the model and
the ends fixed to the wall, but the effects of the mount are
essentially the same in both cases. Although the schematic of
Fig. 1 shows the entire loops in the airstream, the center
portions are actually routed around the test section for these
tests.

The models tested during this investigation are shown on
the cable mount in Fig. 2. The F-14 model is shown suspended
by a removable spring and the shuttle model is shown
suspended by an X-shaped cable snubber system which is
removed for the present tests. For the F-14 model, the cable
mount consists of a horizontal forward loop and vertical rear
loop, whereas for the shuttle model, the mount consists of a
vertical forward loop and horizontal rear cable loop.

In effect, the cable system is somewhat analogous to a
spring mounting system for a model. Linear and rotational
stiffnesses and elastic axis positions are determined by the
tension level and geometric arrangement of the cables.
Limited freedom in all directions, except for the fore and aft
direction, is normally permitted. The effective rotational
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spring constants are generally soft in comparison with the
aerodynamic springs, but the effects of the springs lead to
additional translational modes of motion vertically (plunge)
and sideward, and sometimes in rolling rotation. The fore and
aft limitation of course implies that phugoid-like motions
which involve large fore and aft motions are suppressed.
Within the framework of linearized theory the lateral and
longitudinal effects of the mount are decoupled. As the flow
velocity is varied, the models are kept in the center of the
tunnel by manual remote operation of the aerodynamic
controls of the model.

The stability of a model on the cable-mount system is
dependent on the tension level in the cable loops, the geometry
of the mount, and the basic aerodynamic stability of the
model. Considerable work has been done in analyzing and
developing a mathematical model and associated computer
program for this system.">!2 As there are practical limits on
the tension and geometry of the cable mount, stability over a
large range of dynamic pressures and Mach numbers may be
difficult to achieve. Furthermore, with recent aircraft con-
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Fig.1 Schematic of active two-cable mounting system.

a) F-14 model

b} Shuttle orbiter mol

Fig. 2 Photographs of models mounted in the Langley transonic
dynamics tunnel,
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figurations there is a need to test models that have statically
unstable aerodynamic characteristics. The two-cable system
has been modified from the usual passive mounting system to
an ‘‘active’’ system by placing a servo motor in each cable
loop, which permits feedback operation for stability
augmentation. The active mount has also been analyzed and
modeled.'> A limited amount of stability augmentation is
thus available and individual modes can generally be con-
trolled by the choice of variable for feedback such as model
position or pitch rate.

In addition to providing stability augmentation, the servo
motors may be used to provide excitation forces to the model
for response measurements. Excitation is applied as signals to
the servo motors in a form suitable for the system iden-
tification technique.

The only application of the stability augmentation from the
active mount for these tests was for the shuttle orbiter model
which was tested at a ¢.g. position that resulted in an unstable
value for C,, . Feedback proportional to the pitch rate gyro
signal stabilized the model. A calculated root locus plot for
varying the feedback gain is shown in Fig. 3. With no feed-
back there are two oscillatory modes. The nearly unstable
high-frequency mode is associated with pitching oscillations,
and the low-frequency mode is the vertical translation or
plunge mode. The addition of pitch rate feedback stabilizes
the pitching mode, and with the gain used for the tests
[tension increment of 380 N/rad/s (or 1.5 lb/deg/s)] drives
the plunge mode to two real roots. It might also be noted that
feedback gain can be used as a free parameter to vary for
checking trends. Such additional data would enhance the
confidence levels of the identified parameters for fixed test
conditions and model configuration.

Although the present investigation is limited to low angles
of attack or sideslip (as is most aeroelastic testing), tests on
the cable mount system can be accomplished by using ad-
ditional cables to counteract the large lift and triming forces
involved.* The present technique would be applicable, but
further consideration of the aerodynamic representation for
large angles might be required.

Models and Tests

The models used in this investigation (Fig. 2) are
dynamically scaled models that were used for flying
characteristics investigations in preparation for flutter tests.
They are generally of higher stiffness than scaled values. The
tests were performed in the Langley transonic dynamics
tunnel. This tunnel has a square 4.88-m (16-ft) slotted test
section and is capable of testing at Mach numbers up to 1.2 in
air or Freon-12 over a wide range of densities. The models
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Fig. 3 Effect of pitch rate feedback on longitudinal stability of
shuttle model.
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were tested at several Mach numbers, dynamic pressures, and
with several types and levels of excitation. The tests for the F-
14 model reported herein were made in Freon, at a Mach
number of 0.865, a dynamic pressure of 3.88 Pa (81 Ib;/ft?),
and a rear cable tension of 0.480 kN (100 Ib;). The tests for
the shuttle model were also made in Freon at a Mach number
of 0.6, a dynamic pressure of 4.79 Pa (100 Ib;/ft?), and a rear
cable tension of .970 kN (218 1by).

An analytical study was made to determine the type of
excitation that would give the best estimates of the
parameters. It was found that good results could be obtained
by disturbing a trimmed model by turning on an excitation
signal containing a combination of all the modal frequencies
of the system. The procedure followed in the test was to excite
the: model with a sinusoidal input and slowly vary the
frequency until a peak was found in the response by visual
observation of the model and the strip charts. After the modes
of the system were found in this manner, the excitation was
removed. After the model was steady the excitation con-
taining the modal frequencies was applied and the response

‘measured for data processing.

Instrumentation

A study of the identification process indicates that at least
one measured variable is required for each degree of freedom
to assure identifiability of the stability derivatives. Additional
measurements, however, are desired for redundancy. The
study also indicates that direct measurements of angles of
attack and sideslip are not essential if cable displacement
measurements are made. Thus both model and mount system
require instrumentation.

Each model was instrumented with rate gyros for each of
the three axes and with vertical and lateral accelerometers.
Each of the four cable ends was attached to the model through
a strain-gage load cell that permitted dynamic measurement
of the cable tension at the model. One of the load cells can be
seen in the horizontal forward cable near the fuselage of the
F-14 model (Fig. 2a). Although these load cells were large and
may have resulted in some aerodynamic interference effects,
this arrangement was considered acceptable for this
preliminary investigation. With further development, it
should be possible to reduce the size of the load cells or have
them contained within the model itself.

The displacement and velocity of each cable loop was
measured with a potentiometer and a tachometer connected to
a pulley shaft. From the pulley position and velocity, cable
position and velocity can be calculated, and, with the known
cable geometry, the velocity and position of the model can be
inferred. Current to the servo motors and the command or
excitation voltage were also measured. Instrumentation and
control signals from the model were carried to the control
room of the wind tunnel by an umbilical running along one of
the mount system cables. Test data time histories were
recorded on strip chart recorders and were passed through the
wind-tunnel data acquisition system and saved on digital tape.

Parameter Estimation Procedure

A block diagram of the elements of the parameter iden-
tification procedure is shown in Fig. 4. The SCIPID computer
program is a version of a standard maximum likelihood
parameter identification program for linear systems
developed by Systems Control, Inc. (Vt) and modified to
include the influence of the cable system. [The maximum
likelihood method is well established in the literature (Refs. 8
and 9, for example) and is not described here.] The SCIPID
program requires initial estimates of the coefficients which
are calculated by a separate computer program called MAP.
Program MAP contains a mathematical model of the cable-
mounted aircraft model similar to that of Ref. 12. It takes as
input data the test conditions, the mount system geometry,
and the initial aerodynamic derivatives, and generates initial
values of the coefficients of the linear system containing cable
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Fig.4 Block diagram of parameter identification procedure.

effects and aerodynamic effects. It also calculates the
eigenvalues and eigenvectors of the system. In addition to the
output of MAP, program SCIPID takes the measured time
histories of model motions and cable tensions and generates:
1) the maximum likelihood estimates of the derivatives, 2)
estimates of the standard deviations of the estimated
parameters, 3) instrument biases, 4) state equation initial
conditions, and 5) measurement noise covariances. The
version of the maximum likelihood method used here allows
for measurement noise but does not consider process noise.
The recommended procedure is to estimate the aerodynamic
derivatives with SCIPID using zero as the initial estimates for
. the derivatives, in MAP, estimate the biases using the
estimated derivatives as fixed parameters, and then estimate
both derivatives and biases together. The last step should not
result in significant changes in the derivatives for well
estimated derivatives.
For two independent estimates of the parameters such as
from two different runs, the results can be combined
statistically by

C*=(M,+M;) " (M,;C,+M,C;)

where M;, M, are the information matrices for runs 1 and 2;
C,, C, are the vectors of parameter estimates for runs 1 and
2; and C* is the vector of combined parameter estimates. The
off-diagonal terms of the M matrices can result in a combined
estimate that is not between the two initial estimates. !

The input excitation or forcing function for the iden-
tification procedure is considered to be the dynamic tension
measured in each cable. The mean values of the tensions form
spring effects that are considered analytically in the
programs, whereas the incremental or dynamic values of the
tensions are applied directly to the model. The line of action
of these tensions is calculated from the geometry of the
perturbed system based on the pulley rotation measurements
and initial geometry. In the past there has been some dif-
ficulty in determining derivatives from the mount system
using calculated lumped springs and dampings. It is thought
that unmodeled nonlinear effects such as pulley rolling
friction may have been the source of the difficulty. With
direct dynamic measurement of the tensions, such nonlinear
effects should be minimized. :

Results and Discussion
Longitudinal Derivatives

For the test setup and models considered here, three
significant aerodynamic derivatives can be estimated: Cma’
Cza ,and C,, + C,,,d . The derivatives are identified from time
histories generated by using both a single high-frequency
excitation signal and a combined high-and low-frequency
excitation signal. Stability derivatives, state initial conditions,
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Fig. 5 Example longitudinal time histories for the F-14 model
showing comparison of measured responses with those calculated
using estimated derivatives.

and accelerometer bias are identified. The results along with
the initial estimates and standard deviation estimates are
shown in Table 1. The initial derivative estimates presented
herein were furnished by the manufacturers and represented
their estimates for the aircraft based primarily on wind-tunnel
tests. The standard deviation estimates, which are based on
the Cramer-Rao bound, serve as a lower bound to the stan-
dard deviations. They serve as a basis of comparison between
estimates rather than absolute indicators.

The results for the F-14 model (Table 1) are in good
agreement except for the quantity C,,,q + C,,,d . Measured time
histories are compared in Figs. Sa and 5b with those
calculated using the extracted derivatives and measured input
excitation. Time histories of the measured tension increments
are presented in Fig. 5c. The case shown is for two frequencies
of excitation, and a good comparison is obtained. The reason
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Table 1 Estimates for F-14 and shuttle longitudinal coefficients
Estimates (standard deviations)
Initial High-frequency Statistical
estimates excitation Low-frequency excitation combination
CZ - 5.88 — 5.63(0.019) - 5.91(0.013) — 5.86(0.0065)
F-14 Cm +C, —24.3 —13.2(0.11) —14.8 (0.20) - 13.3(0.094)
C,,,a - 2.87 -~ 2.89(0.0028) ~ 2.92(0.0062) - 2.90(0.0024)
Cz, - 2.51 — 3.86(0.105) — 2.82(0.054) — 3.04(0.044)
Shuttle C, +C,. - 2.40 — 3.75(0.099) — 2.68(0.045) — 2.68(0.00050)
orbiter C,,,a + 0.164 + 0.158(0.00084) + 0.166 (0.00050) + 0.164 (0.00040)
Table 2 Estimates for F-14 lateral coefficients
Estimates (standard deviations)
Initial High-frequency Low- and high- Statistical
estimates excitation frequency excitation combination
Cyﬁ -1.06 —0.424 (0.045) —-0.827(0.020) —0.972(0.014)
Cyp -0.034 1.58(0.16) —0.355(0.080) —0.611(0.053)
Cy, 0.378 1.58(0.12) 3.79(0.13) 3.46 (0.067)
C’B -0.111 —0.020 (0.0020) —0.028 (0.0006) —0.028 (0.0004)
C,p -0.186 -0.111 (0.0072) —0.174(0.0021) —0.147 (0.0016)
C, 0.083 0.522 (0.0057) 0.582 (0.0068) 0.547 (0.0031)
Cnﬂ 0.151 0.092 (0.0037) 0.086 (0.0027) 0.097 (0.00019)
Cnp 0.024 —0.151 (0.013) —0.189(0.011) —0.136 (0.007)
Cn, -0.123 —0.574 (0.0087) —0.473 (0.012) —0.562 (0.0059)
Table 3 Estimates for shuttle lateral coefficients
Estimates (standard deviations)
Initial 2-frequency 3-frequency Statistical
estimates excitation excitation combination
Cyﬁ -0.920 —1.204 (0.0090) —0.858 (0.0047) —0.935 (.0039)
C’B —0.0458 —0.0395 (0.0011) —0.0322(0.0012) —0.0323 (0.0008)
C,p —-0.288 -0.314(0.0031) —0.305(0.0041) -0.306 (0.0024)
o 0.127 0.0965 (0.0095) 0.122(0.012) 0.103 (0.0073)
C,,ﬂ 0.0436 —0.0128 (0.00050) —0.0288 (0.00067) —0.0221 (0.00021)
C,,p 0.194 —0.0075 (0.0040) —0.0080 (0.0077) 0.0108 (0.0023)
C,,r ~0.231 —0.182(0.0023) —0.180(0.0031) —0.167(0.0012)

for the discrepancy in Cmq +Cma is unknown. Possible
reasons are that the initial estimate of C,, +C,, , which if
. N q &

for the aircraft, may not be a reliable estimate for the model
tested, or there may be a system modeling error for this case.
The combined estimates were used to predict the time histories
for another point that was excited at the plunge frequency
only. Fair correlation was obtained (not shown). Iden-
tification of the coefficients from the latter point gave a better
fit to the time histories, about the same values for C,, and
Cz ., buta larger negative value of C,, +C,,. that had a
larger standard deviation. It appears that for the F-14 the
combined results for Cz and C, m, are extracted with good
reliability, but that C,,, +C . 1sless well determined.

Corresponding results for the shuttle orbiter (Table 1) are
also in reasonable agreement with initial estimates but with
more variability than for the F-14. As previously mentioned
the value of C,, for this model was positive (unstable). As a
result, even w1t°fl the feedback system operating, the force
required to excite the model was quite small. The resulting
tension increments were small and noisy. In addition, the time
histories contained a small-amplitude pitching oscillation.
These factors apparently prevented a solution from being
obtained using the identification procedure recommended in
the previous section. The results of Table 1 were, therefore,
obtained by simulataneous identification of derivatives, state
initial conditions, and accelerometer bias using the initial
values as starters. This procedure increases the risk of finding
a local minimum of the cost function by the identification
algorithm, as the results depend on the initial estimates.

Comparisons of the measured and calculated time histories
were generally good, although in some instances the com-
parisons were only fair.

One item that caused some concern in the initial stage of
this investigation of the shuttle data was that two peak values
were found by exciting the model sinusoidally, whereas Fig. 3
indicates that there should only be one oscillatory mode.
However, the frequency response functions for this case,
calculated using the program of Ref. 13 (and initial derivative
estimates) are presented in Fig. 6. A second peak for the pitch
rate gyro occurs near the value determined experimentally.
This peak was considered a mode during the test, but rather
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Fig. 7 Example lateral time histories for shuttle orbiter model
showing comparison of measured responses with those calculated
using estimated derivatives.

than corresponding to a mode, it was evidently a result of the
manner in which the model was forced. Overall it would
appear that the shuttle longitudinal case is a severe test for the
technique, and although reasonable values of the derivatives
are estimated, the confidence placed in the estimates may be
low.

Lateral Derivatives

The lateral results for the F-14 are presented in Table 2 for
the same test conditions as for the longitudinal cases.
Reasonably good correspondence with initial estimates are

Cy4, and C, ) with generally larger deviations in those of
lesser importance (for the low angles of attack considered
here, B effects are assumed added to the r derivatives).The
derivatives C, and C, are rather different from initial
estimates, however, although the identified results are
relatively consistent. Good comparisons of the measured and
calculated time histories were obtained. For these cases the
pulley potentiometer was defective and therefore
measurements of lateral model displacement were deleted.
Derivatives estimates were still obtained as this measurement
would have been a redundant data channel.

Lateral results for the shuttle orbiter are presented in Table
3. For this case the derivatives Cyp and Cy, were fixed at
their initial values. In Fig. 7 the measured time histories of a
case of two-frequency excitation are compared with the
calculated time histories using the extracted derivatives. The
measured tension increment time histories that are inputs are
shown in Fig. 7c. The results for the lateral derivatives (Table
3) indicate good correspondence with initial values except for
C,,p, which is of lesser importance, and for C, , . In each case
the value extracted for C, is of opposite sign (statically
unstable) although small. The estimate of C,, may be
hampered because the cable-mount yaw spring was large in
comparison with the aerodynamic spring in this case.

Although the comparison of the extracted derivatives with
initial estimates and the comparison of calculated time
histories with measured time histories (including other points)
are not absolute standards, there is an overall indication that
reasonable results can be obtained with this system. This
conclusion is based on the results from a few points for two
models and further experience and evaluation are desirable. It
also appears that only the derivatives of primary importance
can be well determined by this technique (as is the case with
most indirect methods). It does not appear practical to resolve
secondary effects such as separating & and g contributions to
longitudinal derivatives.

Concluding Remarks

System identification techniques in common use for ex-
tracting stability derivatives from flight test data have been
applied to data obtained from two dynamic models flown in a
wind tunnel on a cable-mount system. The results for both
lateral and longitudinal derivatives for each model generally
appear to be reasonable when compared with derivatives
obtained from other sources and when used to predict other
data points. Further application of this new technique should
provide useful information on the stability derivatives of
flexible aircraft.
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