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Test Demonstration of Digital Control of Wing/Store Flutter
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Methods of digital control have been applied to a demonstration of the suppression of wing/store flutter.
Digital control laws were developed by applying a modified Jordan canonical transformation to a state variable
formulation of a control law synthesized originally for an analog system. A real-time simulation of the com-
ponents of the control system served to develop the concepts. This was followed by a wind-tunnel demonstration
which evaluated the system in detail. The results of the test showed that the performance of the digital controller
was comparable to that of analog controllers. Attention during the test was focused on the insertion of adequate
antialiasing filters, the effects of sample time, and the compensation for phase lags introduced by the digital

control process.

Introduction

BN 1979, flutter suppression techniques were successfully

demonstrated in the NASA Langley Research Center’s
Transonic Dynamics Tunnel usinig a half-span scale model of
the YF-17 (Fig. 1). References 1-3 give the results of that
program, which tested a number of control laws developed by
various investigators. In the same time frame, an analytical
feasibility demonstration on the applicability of adaptive
control methods to active flutter suppression was performed.*
That study naturally presupposed that the controller would be
a digital computer instead of the analog circuitry that had
been used in all the previous demonstrations. A new program
was thus initiated in 1980 that combined these parallel efforts
in a program entitled Test Demonstration of Digital Adaptive
Control of Wing/Store Flutter. The program was organized
in two phases, with the first phase concentrated on the
demonstration of digital control and adaptive control em-
phasized in the second. This paper reports on the digital
demonstration, with adaptive aspects mentioned only as they
impact on this demonstration. v

The use of a digital control system for flutter suppression
contrasts with the large number of demonstrations that have
been carried out using analog control systems (e.g., Refs. §
and 6). An exception is a wind-tunnel test program in which
digital active flutter suppression on a 1/30 scale B-52
aeroelastic model was demonstrated.” In the test, the system
performed effectively and demonstrated a 24% improvement
in the flutter dynamic pressure. .

Because this paper describes a demonstration program, the
content emphasizes descriptions of the systems developed and
the results obtained during the wind-tunnel entry, with a
minimal discussion of the theoretical concepts involved. After
briefly describing the wind-tunnel model and the con-
figuration tested, ensuing sections of the paper describe the
techniques used to develop the digital control laws, the
simulation laboratory assembled for the project, and the
wind-tunnel test program. In a final section, the results of the
test are commented upon and conclusions and recom-
mendations are offered.
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The Flutter Suppression System

The model used in the previous programs and depicted in
Fig. 1 was retained for this program. References 1-3 describe
the model in some detail; therefore, only a basic description is
offered in this paper. The model is a 30% scale half-span
model of the YF-17 and is mounted on roll bars which permit
rigid-body longitudinal degrees of freedom. The flutter
suppression network basically entails feeding back com-
pensated accelerometer (sensors in Fig. 1) outputs to leading-
and/or trailing-edge control surfaces. Unique features of the
system include a “‘flutter detector,”” an electronic device that
senses when large amplitude oscillatory responses occur, and
a flutter stopper which fires a mass inside the missile of a key
configuration through a remotely controlled spring/latch
mechanism. When the mass is deployed, the flutter
mechanism of the configuration is disrupted.

A specially designed control console serves as the interface
to all components of the flutter suppression system. A key
component is the SEL 32/55 digital computer which performs
the digital control. This computer is a true 32 bit machine with
a floating-point processor. Communication with the wind-
tunnel model via the control console is performed using 12 bit
analog-to-digital and digital-to-analog circuits. Other features
of the system include a hydraulic pump to power the ac-
tuators, a trim controller which drives the horizontal tail, and
various monitoring instruments, including a Hewlett-Packard
Fourier analyzer.

The store configuration used for the majority of the
demonstration program is the same configuration B that was
tested in the programs described in Refs. 1-3. Configuration B
features an AIM-7S missile attached to a pylon located at
wing station (WS) 60.5. Its wing tip launch rail is empty (see
Fig. 1). This configuration is characterized by a violent flutter
condition that had been successfully controlled by analog
control laws in the previous programs.
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Fig. 1 YF-17 wing/store flutter suppression model, configuration B.
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Digitization of Control Laws

As discussed previously, flutter control is effected by
operating on the outputs of the accelerometers to create a
signal that is fed back to the control surface. The form of this
operation, designated the control law, was determined using
the synthesis procedure of Ref. 1. (An exception to this
procedure is given in Ref. 8, where methods from optimal
control theory were applied.) The control law was formulated
in the s plane and could therefore be implemented directly by
analog devices. This section describes the process required to
transform the control law to a form applicable to a digital
computer..

Figure 2 shows a representative control law. In the figure,
the output of three accelerometers are used in combination to
form two basic feedback paths. These two signals are passed
through integrators to obtain velocity- and displacement-like
responses. Gains determined by the synthesis procedure are
applied to each of the four responses, and they are then
summed to obtain a single command to the control surface.
This signal is conditioned by a string of filters that act to limit
the responses at frequencies other than the flutter frequency.
The entire control law was implemented on the digital
computer. The first step of the implementation was to trans-
form the transfer function relationships of the feedback
control law shown in Fig. 2 into a standard first-order form

x=Fx+Gu y=Hx . )
where, in this example, u is a vector of the three accelerometer
responses, x is a vector of 11 states related to the 11th order
control law, and y is a scalar command to the control surface.
The F, G, and H matrices are constant coefficient matrices
derived from the transfer function of the control law.

In order to minimize the number of arithmetic operations
required by Eq. (1), and thereby speed the digital com-
putation, a transformation is performed on the F matrix to
make it a block diagonal form with scalar blocks for real
eigenvalues and 2 X 2 blocks for complex pairs of eigenvalues.
The coordinate transformation is

x=Wx . 2)

where the columns of W~/ are eigenvectors corresponding to
real eigenvalues, and the real parts and imaginary parts of the
eigenvectors corresponding to complex pairs of eigenvalues.
That is, suppose the eigenvalues of F are N\, with A, real
for kst and Ay, ;=—0;+ir;, Ny,y=-—0;—ir; for
Jj=1,2,..., (n—0)/2 where n is the dimension of x. Then
W-l=[w,, Wy,..., Wy, Rewy,, Imw,, .., Rew, ,
Imw,_, ] where w, is the eigenvector corresponding to A,. The
transformed Eq. (1) is

x=Fx+Gu y=Hx 3)

aq -az(dg)

az-aq(dg)

A

s+12

2 +45690.0 s 69700.0 s
Ho-
$2 +213.08+456590.0 (0.035+1.0) (0.0155+1.0) S2 +264.05+69700.0 S+10.0
Fig. 2 Block diagram of representative control law N3.
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A minor complication is that the integrators of the Fig. 2
control law will give four repeated real eigenvalues of —12.
This is avoided by perturbing the values from — 12 to make
them all unique.

Once the equations are in the form of Eq. (3), the final step
is to discretize the continuous equation into the form

Xpy1 =AX,+Buy Vw1 =Cxpyy (%)

where

- T - —
A=efT B=GS0 efTdt C=H (6)

and T is the sample interval and & is the discrete time step
indicator. The exponentiations of Eq. (6) are performed using
a 36 term series expansion, although for the block diagonal
form of F an exact calculation could have easily been used.

Figure 3a shows the transfer function of the command to
the control surface due to input from the a, accelerometer
measured across the digital controller. This can be compared
with the same measurement made on the analog controller
shown in Fig. 3b. It is seen that the two measurements are
virtually indistinguishable, with the small differences at-
tributable to different mechanizations of notch filters.

When the control law of Fig. 2 was implemented on a SEL
32/55 computer, it was found that the control computation
[i.e., the Eq. (5) calculation] could be performed in 0.8 ms,
comfortably faster than the minimum sample interval of 2.5
ms.

Simulation Facility

A key contributor to the success of the program was a real-
time simulation of the digital wing/store flutter suppression
system. A facility was assembled that included all the hard-
ware that was used in the eventual wind-tunnel demonstration
plus additional equipment specific to the simulation. The
components of the simulation included the SEL computer, the
wind-tunnel model, the flutter console used to interconnect
the components, a Fourier analyzer to monitor the system’s
performance, and a simulation of the airframe’s response in
the airstream.

The initial simulations were performed on an analog
computer, but the required size of the simulation soon
outgrew the analog system’s capacity, so the airframe
simulation was placed on the same SEL digital computer used
as the controller.

The equations used in the simulation are based on the
aeroelastic equations of motion expressed in the form

ME+BE+KE+ (p/p,)AE=0 %)



178 JOHNSONET AL.

+180 + +

PHASE (DEG.)

-20~4

MAGKITUDE (dB)

=30

—404. e

- 50_1_ A ‘ T

a) 1.0

FREQUENCY (1lz.,) 10.0 100.)

180

PHASE (DEG.)

e ) 4
-180

MAGNITUDE (dB)

L 1

+ +
b) 1.0 FREOUENCY (1173 10.0 100.0

Fig. 3 Measured transfer functions for two versions of control law
N3: a) digital control law N3 and b) analog control law N3.

where £ represents a vector of modal displacements and M, B,
K, and A represent inertia, damping, stiffness, and
aerodynamic terms, respectively. The control surface
deflections have been included as modal deflections and their
associated forces have been included in the matrices.

For the simulation, it was necessary to put the equations in
the first-order form of Eq. (1). A complication in reducing
Eq. (7) to the form of Eq. (1) is that the aerodynamics are a
function of the reduced frequency k. A simple approximation
to the complex aerodynamics was made using the equation

Ag+iA;=P,+ikP,—k?P, (8)

where the left sides are the real and imaginary parts of the
analytically computed aerodynamic values and are a function
of reduced frequency. The P, terms are constant matrices that
correspond to aerodynamic stiffness, damping, and inertia.
The P; matrices are determined by performing a least squares
fit solution of the equations over an arbitrarily large range of
reduced frequencies. The mechanization of the airframe
representation on the digital computer then followed the same
process as that discussed for the control law in the previous
section. :

The actuators of the control surfaces were represented by

either including the actual hardwaré in the simulation or by
representing them by an approximating transfer function that
had a zero-order numerator and a third-order denominator.
" Figure 4 gives a demonstration of the simulation per-
formance by showing the effect of turning the digital con-
troller on to suppress an unstable airframe response. The
simulation facility proved indispensable in checking the in-
terconnections among the various hardware components and
in debugging the digital software. Ground resonance checks
provided assurance that the wind-off behavior of the system
was satisfactory.
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Fig. 4 Strip chart record showing the response of the airframe
simulation when the digital control system was engaged.
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Fig. 5 Comparison between peak hold results when comparable

analog and digital control laws are engaged, configuration B, M=0.8,

N3 control law (TP 86-102).

Wind-Tunnel Test Results

The wind-tunnel entry that tested the concept of digital
control of wing/store flutter took place at the NASA Langley
Research Center’s Transonic Dynamics Tunnel during
November 1981. Three weeks were allotted to the entry; the
first of these was reserved for the installation and checkout of
the model. Significant results from the test include:

1) The damping trends of the digital control laws were
comparable to that of their analog counterparts. There was
indication of a minor deterioration in the control law per-
formance, in the form of slightly higher control surface ac-
tivities and model responses when the analog law was changed
to a digital law.

2) Variations in the sample time demonstrated that, at a
flutter frequency of 6 Hz, adequate control could be obtained
with a 10 ms sample time but that the performance
deteriorated for longer times. ‘

3) The antialiasing filters installed before the wind-tunnel
entry were inadequate. Revised filters developed during the
test performed satisfactorily.

4) Compensation for phase lags introduced by the digital
control system were necessary in some cases.

The following subsections deal with each of these results.

Digital Control Performance

Configuration B with the N3 control law of Fig. 2 was the
primary system tested with the digital controller. Figure 5
compares the peak hold results of the analog and digital
implementation of this law. The peak hold device captures the
maximum amplitude over a given frequency range. The in-
verse of the peak amplitude gives a qualitative indication of
the damping in the critical mode. The open-loop flutter
dynamic pressure is 74 psf. Both the digital and the analog
controllers were demonstrated to be stable at dynamic
pressures of 70% above this value. The data points in Fig. 5
and the straight line extrapolation of the data, based on a least
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Fig. 7 Comparison of the power spectral density plots of the wing
root torsion moment, Q =128 psf, M =0.8: a) analog control law N3
and b) digital control law N3.

squares fit, show that both laws had ample margin to go to
higher dynamic pressures. The damping trend of the digital
implementation is slightly lower than that of the analog
version.

Other comparisons of the performance of the digital and
analog implementations are given in Figs. 6-8. Figure 6
compares power spectral density (PSD) plots of the leading-
edge control surface responses of the analog and digital
implementations at a similar test condition. It is seen that the
digital controller has a larger and sharper peak at the flutter
frequency of 6 Hz; a fact observed during the test when the
leading-edge deflection was a nearly pure sinusoid when the
digital law was used. Figure 7 is another PSD comparison,
this time of the torsion strain gage response. The digital
controller again shows significantly more response at the
flutter frequency, indicating that the analog performance is
again superior. (Note that there is a factor of 2.5 difference in
the two scales on this plot, exaggerating the difference in the
responses.)

DYNAMIC PRESSURE {(psf)
Fig. 8 Comparison between leading-edge control surface activity
results for the digital and analog implementations of the N3 control
law.
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Fig. 9 Comparison among the peak hold results when different

sample rates are employed with a digital control law, configuration B,

M=0.8, N3 control iaw.

Figure 8 compares the rms responses of the leading-edge
control surface position. The responses are divided into two
frequency ranges to highlight the behavior in the region of the
flutter frequency. The digital law is again shown to require
more activity, but the difference at the highest dynamic
pressure is only about a quarter degree in additional surface
motion.

Time Frame Effects

The digital results given in Figs. 5-8 were all obtained at a
sample rate of 400 samples/s (T=2.5 ms). This was thought
to be the fastest rate that would be needed but it is too fast for
current aircraft systems. Therefore, it was important to see
what effects the sample rate would have on the performance.
Figure 9 shows peak hold results at three different sample
times. The damping trend shows a constant deterioration as
the sample time increases. Figures 10 and 11 show the rms
activity for the leading-edge surface and the wing root torsion
moment for the three time frames. Over the tested range, the
10 ms results in these figures are very close to the 2.5 ms
results, with the 15 ms results showing substantially increased
activity in both responses.

There are several factors which contribute to the inferior
performance at 15 ms. This corresponds to a 67.0 samples/s
rate, which is only slightly above the 50 Hz cutoff of the
antialiasing filter. Therefore, significant aliasing occurred at
this rate. Another factor is that the 15 ms sample time allows
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for only 11 samples/cycle of the 6 Hz flutter mode. This may
be inadequate for high quality control. The sample rate is
clearly inadequate in the digital representation of the 34 Hz
notch and the 42 Hz low-pass filters of Fig. 2.

Antialiasing Filters

Prior to the tunnel entry, low-pass antialiasing filters that
had a 150 Hz cutoff and a second-order rolloff were inserted
on the accelerometer outputs before the signals were in-
troduced into the digital computer. At the test site, it was
found that the aliasing phenomenon was a more serious
problem than had been anticipated and the cutoff frequency
was reduced to 50 Hz. This modification was found to be
sufficient when the controller was operating at 400 samples/s
but was still inadequate when the rate was reduced to 100
samples/s. At the lower rate, it was necessary to install
Hewlett-Packard Model 54440A low-pass filters. These
filters, at a 50 Hz cutoff, have a sixth-order rolloff and
dramatically reduced the amount of aliasing.

Figure 12 provides an indication as to why filtering is
necessary. The figure depicts the power spectrum of the a,
accelerometer response at a test condition of M=0.8, Q=128
psf. It is seen that the response has significant energy
throughout the frequency range with particularly pronounced
response in the neighborhoods of 150 and 500 Hz.

Compensation for Phase Lag

The use of digital control necessarily introduces delays in
the command to the actuator that results from the ac-
celerometer responses. These delays result from the com-
putation time required of the digital computer and from the
fact that analog-to-digital converters sample serially and not

continuously. This delay translates into a phase lag in the

command to the controller relative to a command that would
emanate from a comparable analog control law. An even
more pronounced source of phase lag is from the antialiasing
filters discussed in the previous subsection.
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At the test site, a procedure was adopted whereby the phase
difference between the analog and digital controllers was
measured prior to a test run. A digital representation of a
phase lead circuit was then introduced to compensate for the
lag. The phase lead was accomplished using a digital
representation of a first-order analog circuit that has a
transfer function of the form

H=(rs—1)/(rs+1) ®

The value of 7 was determined based on the amount of
phase lead required at 6 Hz. Values of phase lead varied 12-25
deg, depending on the time frame and the antialiasing filters
in place. A drawback of the first-order implementation is that
the phase is correct at only one frequency, but this did not
appear to have affected the system performance.

Conclusions

The transition from analog to digital control for wing/store
flutter suppression can be characterized as being a demanding
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but straightforward exercise. As discussed previously in this
paper, factors related to aliasing and computational phase
lags were the primary difficulties that had to be addressed to
achieve a successful wind-tunnel demonstration. Aliasing was
addressed by the implementation of high-order low-pass
filters, while a simple first-order system was implemented to
account for phase lags introduced by the discrete sampling of
the digital control system.

It should be stressed that the fact the digital control laws
did not perform as well as the comparable analog laws should
not be construed to mean that they could not do so. It is
believed that a control systems designer, experienced in
methods of digital design, could use the power and flexibility
of the digital computer to improve on the results presented in
this paper.

The results of the preceding section provide ample evidence
that the digital control of unstable, moderately high-
frequency structures is feasible. This provides the control
system designer with greatly increased flexibility. In par-
ticular, it paves the way for the demonstration of adaptive
control, which requires the complex logic that is readily
mechanized only on a digital system. In a more general sense,
this demonstration shows that a flutter suppression system
can be made compatible with the digital control systems that
are becoming the norm in advanced aircraft.
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