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Abstract

This paper describes the development of transfer
function models for the trailing edge and upper- ad
lower-spoiler actuators of the Benchmark Active
Control Technology (BACT) wind-tunnel model for
application to control system analysis and design. A
simple nonlinear least squares parameter estimation
approach is applied to determine transfer function
parameters  from  frequency response  daa
Uncongtrained  quasi-Newton — minimization  of
weighted frequency response error was employed to
estimate the transfer function parameters.  An
analysis of the behavior of the actuators over time to
assess the effects of wear and aerodynamic load using
the transfer function models is also presented. The
frequency responses indicate consistent actuator
behavior throughout the wind-tunnel test and only
dlight degradation in effectiveness due to aerodynamic
hinge loading. The resulting actuator models have
been used in design, analysis, and simulation of
controllers for the BACT. The resulting controllers
have successfully suppressed flutter over a wide range
of conditions.

Introduction

The ability of an active control system to
accomplish the function for which it was designed
depends to a large degree on the accuracy of the
mathematical models used to describe the dynamic
behavior of the physical system to be controlled. A
crucial element of the overall system is the actuator.
The commanded control inputs need to be accurately
produced by the actuatorsin order to achieve the desired
level of performance. Mathematica models that
characterize the dynamic response of the actuators are
therefore key requirements for design, analysis, ad
simulation of any control system.
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The objective of this paper is to develop a set of
actuator models for the Benchmark Active Control
Technology (BACT) wind-tunnel modell>@ that is
appropriate for application to control system anaysis
and design. This type of application does not require
the actuator model structure and parameter estimates to
be particularly accurate, however, the dynamic input-
output properties of the actuators over the frequency
range of interest for the BACT wind-tunnel mode
should befairly accurate.

Control system design usualy takes into account
design model variations and uncertainty in the form of
gain and phase margins. Typical gain and phase
margins might be +6 dB and £30 degrees, respectively.
Errors in the actuator models should only represent a
small fraction of these margins -- perhaps 10 percent or
so. Input-output frequency response accuracy will be
the basis for the acceptability of the actuator mode
structure and parameter estimates and will be measured
in terms of magnitude and phase compared to
experimental frequency response data.  The accuracy of
the parameter estimates themselves will not be
considered.

Development of the actuator models begins by an
assessment of the physical systems of the BACT wind-
tunnel model and a review of the available data. An
actuator model structure is then chosen based on the
physical characteristics of hydraulic systems. A
simple parameter estimation procedure based on
minimizing weighted frequency response error using a
quasi-Newton scheme is outlined. The parameters of
the model structure are determined from experimental
frequency response data and analyzed to assess
variations in the actuator dynamic input-output
characteristics over time (due to servo loop gain
variations and bearing, seal, and sensor wear) and the
effects of control surface hinge loading due to
aerodynamics.

Note that frequency response data will be trested as
the truth data for the parameter estimation process.
The frequency response data is based, however, on
estimates of the power spectra of actuator responses
obtained from experimental data using fast Fourier
transform (FFT) techniques. Asaresult, the frequency
response data has estimation errors associated with it
that depend on the way in which the time histories
were recorded and the manner in which the FFT’s were
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computed.® The errorsintroduced by the FFT process
will not be considered here.

Experimental Setup

The Benchmark Active Controls Technology
(BACT) project is part of NASA Langley Research
Center’s Benchmark Models Programl(4l for studying
transonic aeroelastic phenomena. The BACT system
was developed to collect high quality unsteady
aerodynamic data (pressures and loads) near transonic
flutter conditions and demonstrate flutter suppression.
Figure 1 depicts an illustration of the BACT wind-
tunnel experimental setup.

The BACT system consists of a rigid wing section
and a flexible mounting system. [58 The wind-tunnel
model isarigid, rectangular wing with an NACA 0012
airfoil section. It is equipped with a trailing-edge
control surface, and upper- and lower-surface spoilers
that are controlled independently by hydraulic actuators.
It is instrumented with pressure transducers,
accelerometers, actuator position sensors, and hydraulic
pressure transducers. The wing is mounted to a device
caled the Pitch and Plunge Apparatus (or PAPA)
which is designed to permit motion in principaly two
modes -- rotation (or pitch), and vertical translation (or
plunge). The BACT system was precisely tuned to
flutter within the operating range of the Transonic
Dynamics Tunnel (TDT)!] a NASA Langley
Research Center in which the system was tested.

The actuators in the trailing edge and upper- ad
lower-spoiler  control  surface  assemblies  were
specifically designed for the BACT wind-tunnel model
because of the space limitations arising from placing
the two spoilers and trailing edge control surface
within close proximity of each other. The trailing
edge control surfaceisdriven by a rotary vane actuator
and the spoilers are driven by piston actuators!8 Each

Figure 1 - BACT wind-tunnel test setup.
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actuator has a servo-loop as depicted in the block
diagram in Figure 2. The control surface position
sensors and hydraulic pressure transducers were used
as servo feedback signals. The gains on position
error, oc — 90, and differential hydraulic pressure,
Ahp, could be adjusted to alter the response

characteristics of the actuator.
5
5% + +
— Ke Actuator Ahp
- +
6 7
KAhp .

Figure 2 - Servo Loop for BACT Actuators.

Experimental Data

A large set of experimental frequency response daa
for the BACT actuators was available from a wind-
tunnel test. The datawas not generated with parameter
estimation in mind and consequently was not ideal for
parameter estimation applications. However, it
provides a basis upon which actuator models with
sufficient accuracy for control system design
applications can be obtained.

The actuator data was collected during an experiment
that took place early in 1995. The test lasted
approximately four weeks during which over 2300 test
points were recorded. The average duration of each test
point was about five minutes. About half of the test
points involved some level of actuator activity.
Roughly three quarters of the test points involving
control activity used the trailing edge control and the
other quarter used the upper-spoiler. The lower-spoiler
was used very little during the test.

Excitation of the control surfaces for actuator
performance assessments was peformed periodicaly
throughout the test at a variety of Mach numbers and
dynamic pressure conditions. The excitations were
performed under open-loop conditions, that is, there
was no feedback around the BACT system.
Commanded excitations, either linear sine sweeps or
random sequences, had a duration of either 25 or 75
seconds. Control surface commands and the resulting
control surface position signals were recorded at a rate
of 200 samples per second.

The time response data was converted into frequency
response form. Fast Fourier transform (FFT)
techniques were used to compute estimates of the
cross- and auto- spectral density of actuator command
and control surface position. The frequency response
of the actuator was then determined taking the ratio of
the appropriate cross- and auto-spectra. The FFT's
were computed using the method described in
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Reference9 and used a Hanning window, 2K daa
blocks, and 75% overlap averaging. The frequency
response data are the basis for the actuator modeling
that will be described subsequently.

Since data was available at various points
throughout the test it is possible to assess variations
in the actuator dynamic characteristics. As the test
progressed severa factors could have influenced the
actuator dynamics. The position error gain of the
actuator servo loops was altered at various times during
the test to maintain desired response characteristics ad
to attempt to eliminate chatter that appeared in some
control surface responses. The differentia hydraulic
pressure gain was zero throughout the test. The
change in the position error gain was not measured or
recorded and so represents an unknown variation. In
addition, the use of the actuators led to wear in the
seals, bearings, and position sensor potentiometers that
could have altered the actuator responses.

In order to establish a reference for chronological
comparison as abasis for the assessment of variations
over time, three data sets were chosen to represent data
acquired early, in the middle, and late in the test.
These data sets will be refared to in this paper as
'‘Early,’ 'Middle,' and ‘Late,' respectively, and roughly
correspond to data collected during the first, second, and
third weeks of the test. The number of cyclesthat each
actuator completed throughout the test varied
considerably. Therefore, the potential for variations
over time was different for each actuator.

The effect of aerodynamic loading on the actuator
characteristics could aso be assessed since data was
available at a variety of operating conditions (Mach
numbers and dynamic pressures). The experimental
data was qualitatively categorized by aerodynamic
loading condition, either loaded or unloaded. The
loaded condition is therefore representative of a
relatively wide range of Mach numbers and dynamic
pressures and represents a general basis upon which the
effect of control surface hinge loads can be assessed.
Comparing frequency responses for the actuator with
and without aerodynamic |loading gives an indication of
the degree to which the actuator behavior could vary
over the range of operating conditions.

Actuator Model Structure

The mathematical models for the BACT actuators
were based on a third order transfer function structure
that characterizes the key features of hydraulic
systems,[10-11]

kpa)2
(s+ P(& + Awst w?)

8(9) _
oc(s)

@

3

where disthe angular position of the control surface
and 4, is the actuator command. There are four

unknown parameters in this transfer function
structure: k is again, p is afirst order pole, and w
and { are second order frequency and damping. The
first order pole is associated with the flow of
hydraulic fluid through asmall orifice and the gain on
control surface position error feedback. The second
order frequency and damping are associated with the
compressibility of the hydraulic fluid, the inertia of
the control surface, the compliance of the structure,
and the gain on control surface position error.

The transfer function approach to modeling the
actuator is able to characterize the key dynamics of the
hydraulic actuators of major interest in control system
design. It cannot, however, characterize nonlinearities
such amplitude dependent gains, deed zone ad
backlash, or position and rate limits. These effects
must be addressed by other means.

A transfer function modd structure was sdected
because of its inherently simple structure and the ease
with which it can be integrated into control system
analysis, design, and simulation.

Parameter Estimation

The four transfer function parameters from Egn (1)
were estimated from experimenta frequency response
data using the process described by the flowchart
shown in Figure 3. The process involves defining a
cost (or error) function and minimizing that function
by the selection of the desired parameter set, (k,p,w,{).
First, an initial parameter set was selected and the
resulting analytical frequency response data, in
magnitude and phase form, was computed at the same
frequencies for which the experimental data was
available. The magnitude and phase errors between the
analytical and experimental data were then cdculated.
A weighted sum square of the transfer function

magnitude and phase errors, 52, was minimized within
an optimization routine. The frequency response based
on the parameters resulting from the optimization were
then compared to the experimental data to verify the
accuracy of the modd and the acceptability of the
convergence criterion.

The optimizer used in this study used a quas-
Newton approach based on the Broyden, Fletcher,
Goldfarb, Shanno (BFGS) method for updating the
inverse Hessian!'? MATLAB® and the function
fminu from the Optimization Tool box[3] were used in
this study to perform the error minimization. Note,
however, that the specific routine is somewhat
arbitrary in that any method able to minimize the

scalar error function, 82, could be used.
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Figure 3 - Parameter estimation process.

The convergence criteria for the optimizer, £r2nin*
the minimum allowable frequency response error, and

A:, the change in the parameter values between

successive iterations, were chosen to achieve
qualitatively acceptable approximations to the
experimental data. Thiswas determined by plotting the
experimental frequency response data and the frequency
response associated with the estimated transfer function
parameters on the same plot. The convergence criteria
values were chosen small enough so that the frequency
response error was judged to be acceptable but large
enough so that convergence could be achieved.

The input-output frequency response error was
judged to be acceptable when in the frequency range
from 2 to 10 hertz the gain differences were less than
about 0.1 and phase differences were less than about
3degrees. These values represent approximately
10 percent of typical control system gain and phase
margins. Errors greater than these could be acceptable
if they appeared to be due to higher order effects (i.e.,
above third order) or nonlinearities in the experimental
data.

The error function, 52, was formed in the following
manner. The experimental and analytical frequency
responses were represented in magnitude and phase
form. The magnitude and phase values were stacked to
form avector as shown Eqgn (2). Each element in the
vectors corresponds to a particular frequency, e, at

which the experimental datawas available.
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An error vector, e, was then formed from the
difference of the experimental and analytical frequency
response data.

= yuny, = mags — magaD: [Amagr 3
%7Ya " Hohs, - phsy - Faphsh

where Amag is the magnitude error and Aphs is the
phase error. The weighted sum squared error, €2, was
created by the weighted inner product of the error
vector with itself.

g2 =else 4

where Sis adiagonal matrix. The diagona of S can
be written

diag(S) = [ Gn(@1) Gm(@2) Cr{®3) ... Cfw )
Cp(@1) Cp(e2) Cp@3) ... @]

where c¢y(wj) and cp(w;) are arbitrary constants
corresponding to the frequency w;, and n is equa to

the number of frequency points in the experimental
frequency response data set.

There are many ways to select the diagona
elements of the weighting matrix, S, and a variety of
error weighting schemes were studied. Emphasizing
the penalty on phase error over the entire frequency
range resulted in acceptable approximation to the
experimental data. Accurate representation of the
phase lag properties of the actuators is more
important when applying the actuator models to
control system analysis and design. In addition, by
weighting phase eror significantly more than
magnitude error, magnitude variations in the
frequency response data (due, for example, to
amplitude dependent nonlinearities) played a lesser
role in the parameter estimation process. Therefore,
more heavily penalizing the phase error resulted in
models that more closely approximate the key
dynamics of the actuators.
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Application of Parameter Estimation
Procedure

The parameter estimation procedure was applied
to construct actuator models for the BACT wind-
tunnel model using the available experimental
frequency response data. The weighting strategy
described above was used with cp(wj), i=1,2,3,...,n
equal to one and the values of cp(wj), i=1,2,3,...,n

equa to ten. The value for the convergence criteria

that resulted in acceptable convergence was
grznin = 1le-04, and Aée = 1e-04, the default vaues
for fminu.

The estimation process was initiated with a variety
of initial guesses for the unknown parameter set, k, p,
w, {. For casesin which there was no aerodynamic
loading, the initial guess played a relatively small role
in convergence. For cases in which aerodynamic load
was present, however, the solution was more sensitive
to the initial parameter set and more iterations were
generaly required for convergence. The most critical
initial parameter value was the second order frequency,
w. Severa initial guesses were sometimes required to
achieve convergence.

Slower convergence for the aerodynamically loaded
conditions can be attributed to the nature of the
experimental data. Wind-tunnel turbulence resulted in
lower signal-to-noise ratios and consequently more
noise in the frequency response data than when no
turbulence was present. Aerodynamic load may also
contributeto nonlinearities or higher order effects that
cannot be approximated well with the third order
actuator model in Eqn (1). Nonlinearities, higher order
effects, and noise in the experimental frequency
response data result in larger weighted sum squared
frequency response error.

In addition, the sensitivity to the initial guesses for
the parameters indicates the possibility of loca
minima or very flat solution spaces. This problem
was addressed by using multiple initial guesses and
evaluating the convergence patterns and the similarity
of the converged parameter sets. The sensitivity of the
converged solutions under load indicates that, while
similar accuracy can be achieved over the range of
frequencies of interest, the resulting bandwidth ad
resonant peak properties of the actuators (i.e., the
values of p, w, and {) can vary significantly.
However, since no experimental data was available near
the bandwidth frequencies the accuracy of the estimates
of p, w, and ¢ in terms of bandwidth and resonant
peaks could not be addressed in this study.

The parameter sets identified from the experimental
data are shown in Tables 1 and2. Note that the

5

parameters k and p did not vary nearly as much over
time and aerodynamic loading condition as did wand ¢.
Frequency response data created from the anaytica
models using the parameters in Tables 1 and 2 very
closely approximate the experimental data with respect
to both magnitude and phase over the frequency range
from 0.5 to 12 Hertz (at which experimental data was
available). Figure4 shows a comparison of the
frequency responses of the experimental and analytical
datafor atypical case.

Note that the first order lag, p, remained very large
for both loaded and unloaded conditions throughout the

test. Asaresult, theterm _P_ is almost unity over
S+ p

the range of frequencies of interest for the BACT and
its contribution to the frequency responses based on the
transfer function model in Egn (1) is negligible.
Therefore, the actuator model is in a sense over-
parameterized and a second order transfer function of the
following form could aso be used with equivalent
results.

59 _ kaw?

3c(9) 2 +2ws+w?

©®

Table 1 - Analytical transfer function parameters with
no aerodynamic load.

Control | Test k p w 4
Qurface | Sage |(deg/deg) (Usec) (rad/sec)
Trailing| Ealy |1.0198 10000 165.26 0.5624
Edge | Middle |1.0413 10000 223.57 0.7269
Actuator | Late |[1.0159 10000 212.50 0.5776
Upper | Early [1.1617 10000 164.00 0.8478
Spoiler | Middle {1.1180 10000 142.02 0.6463
Actuator | Late [1.1219 10000 138.21 0.6024
Lower | Early |[1.0903 10000 168.45 0.7583
Spoiler | Middle |1.0362 10000 155.08 0.6795
Actuator| Late |1.0942 10000 175.77 0.7885

Table 2 - Analytical transfer function parameters with

aerodynamic load.

Control | Test k p w 14
Qurface | Sage |[(deg/deg) (Usec) (rad/sec)
Trailing| Ealy [0.9607 10000 139.20 0.4281
Edge | Middle [0.9345 10000 133.44 0.4055
Actuator| Late |1.0468 6898  242.32 0.7475
Upper Ealy ]1.1152 9995 125.65 0.6187
Spoiler | Middle |1.1702 9996  135.87 0.6827
Actuator| Late [1.0767 2.97e08 100.72 0.4615
Lower | Ealy [1.0289 9998  145.07 0.6314
Spoiler | Middle |1.0265 9999  150.85 0.6444
Actuator | Late N/A N/A N/A N/A
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Figure4 - Frequency response comparison - upper
spoiler with aerodynamic load (M=0.80, g=140 psf),
late in the wind-tunnel test.
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Figure5 - Frequency response error between third and
second order models of the lower spoiler, no
aerodynamic load (M=0, g=0 psf), early in the wind-
tunnel test.

Figure 5 shows the magnitude and phase differences
between the frequency responses of the third and second
order actuator models, Eqns (1) and (6), respectively for
atypica case. The errorsin both magnitude and phase
arevery small and clearly justify the use of the second
order transfer function form, Eqn (6).

Despite the over-parameterization and convergence
issues, the parameter estimation process was successful
in constructing analytical models of the actuators.
Therefore, the actuator models presented in Eqgns (1)
and (6) with the parameter values presented in Tables 1
and 2 can be effectively utilized to characterize the
dynamic behavior of the BACT actuators.

6

Analysis of BACT Actuator Behavior

Using the analytical actuator models obtained during
the parameter identification process, an analysis was
done to determine consistency of the actuator dynamics
during the BACT wind-tunnel test. Two issues of
primary concern were addressed -- the effect of
variations over time (i.e., servo gain variations and
mechanical wear) and the effect of hinge moments on
the dynamic characteristics of the actuators. Variations
over time were consdered by comparing data over the
three test stages (Early, Middle, and Late). Hinge load
effects were considered by comparing data for the loaded
and unloaded conditions.

If the input-output frequency response behavior of
the actuators change significantly over time and/or
with hinge loads it would be important to consder
these effects in the design of control laws to assure that
stability and performance is maintained. Significant
variations in this study were based on 10 percent of the
typical gain and phase margins mentioned previously,
that is, magnitude variations of more that 0.1 and
phase variations of more than 3 degrees.

The results of comparing the data among the three
test stagesindicate notable differencesin the parameters
wand { dueto variations over time as can be seen by
comparing the data presented in Tables 1 and 2.
Figures 7 and 8 indicate how actuator frequency and
damping parameters varied over time with no
aerodynamic hinge load. The effect of the parameter
variations is primarily to introduce phase variations in
the actuator frequency response as shown in Figure 9
which depicts a chronologica comparison of the
trailing edge actuator frequency responses for the
unloaded condition (M=g=0) and is representative of the
effects of time variations.

The differences in the phase response over the
0.5- 12 hertz frequency range become significant at

OEaly ®Middle ® Lge
250
200
150 -
100 A
50 -
0
Trailing Upper L ower
Edge Spoiler Spoiler

Figure 7 - Frequency parameter, , - unloaded
conditions, throughout the wind-tunnel test.
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Figure 8 - Damping parameter, ¢, - unloaded
conditions, throughout the wind-tunnel test.
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Figure9 - Effectsof servo gain variations and
mechanical wear for trailing edge frequency response
with no aerodynamic load.

frequencies beyond 6 Hertz. The key aeroelastic
frequencies for the BACT wind-tunnel model are in
the range from 3 to 5 hertz. The smaller variationsin
phase at these frequencies are generaly within the
allowable range. However, the variations over time
could become significant if phase uncertainty beyond
5 hertz was an issue in the control system design.

The effect of hinge moments on actuator behavior
are less significant. Figures 10 and 11 indicate how
actuator frequency and damping parameters varied due
to aerodynamic load early in the test. Note that the
loaded conditions correspond to a range of Mach
numbers and dynamic pressures and so characterize the
qualitative effects of hinge load.  Despite the
differences in the actuator parameters due to
aerodynamic loading the influence of hinge load had no
significant impact on any of the actuator frequency
responses in the frequency range of interest (0.5 to 12
Hertz), as shown in Figure 12.

7
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Figure 10 - Frequency parameter, w, - unloaded and
loaded conditions, early in the wind-tunnel test.
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Figure 11 - Damping parameter, ¢, - unloaded and
loaded conditions, early in the wind-tunnel test.
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Figure 12 - Effect of aerodynamic load - trailing edge
frequency response, early in the wind-tunnel test.

Note that the comparisons at the early stage of the
test are effectively isolated from wear and gain
variations since little wear and no gain changes had yet
occurred. This is not the case for the middle and late
stages of the test. Therefore, comparisons between the
loaded and unloaded parameter estimates at the middle
and late stages combine all the possible effects.
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The actuator frequency responses, as a whole, varied
little over time and under aerodynamic load throughout
the wind-tunnel test. This would imply that very
simple actuator models could be used in the analysis,
design, and simulation of control systems for the
BACT wind-tunnedd model. The actuators can be
effectively modded by constant coefficient, second
order transfer functions of the form shown in Egn (6).
The coefficients do not, in general, have to be
scheduled with hinge load but some scheduling for
wear state might be required if small phase variations
are an issue in control system design. In addition, the
parameter variations presented in Tables 1 and 2 could
be used to quantify typical actuator uncertainties for
application to robustness studies of BACT controllers.

Concluding Remarks

Experimental actuator frequency response data,
generated during an experiment involving the
Benchmark Active Control Technology (BACT) wind-
tunnel model in the Langley Transonic Dynamics
Tunnel, was used as a basis for estimation of
parameters in transfer function models of the BACT
actuators. A parameter estimation approach based on
minimizing the difference between experimental and
model-based frequency responses was successfully
employed to model the dynamic characterigtics of the
actuators of the BACT wind-tunnel model using third
order, constant coefficient transfer functions. It was
also determined that the actuator model could be
reduced to second order with negligible impact on the
frequency response properties over the frequency range
for which experimental data was available.

Modd-based frequency response data closely
approximated the experimental data over a wide range
of wind-tunnel operating conditions. Comparative
analysis of the analytical data corresponding to various
test conditions also indicated little change in actuator
frequency response behavior due to mechanical wear,
servo gain variations, and aerodynamic load. As a
result, the transfer function models developed herein
can be used to model the dynamics of the BACT
actuators over a wide range of wind-tunnel operating
conditions for application to control system design ad
analysis. In addition, the parameter variations
associated with mechanical wear, servo gain variations,
and aerodynamic loading effects can be used to develop
uncertainty models of the actuators for application to
robustness analysis of BACT controllers.
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