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FOREWORD

The research described in this report was conducted by Messerschmitt-

Bolkow-Blohm GmbH. (MBB) under a joint U.S. Air Force/German Ministry of

Defense Memorandum of Understanding. The Air Force Project Engineers

for this effort (work unit 24010223) were Thomas E. Noll and Lawrence J.

Huttsell of the Structures and Dynamics Division, Flight Dynamics

Laboratory, Air Force Wright Aeronautical Laboratories. The MBB Project

Engineer Was H. H6nlinger.

The authors wish to acknowledge the cooperation and support of the

OTC E-61 of the Federal Armed Forces in Manching and DFVLR, Institute

for Aeroelastics, in Gottingen.

This report (Part II) documents the ground vibration tests, the

ground tests on the flutter suppression system, and the initial sub-

critical flight tests. Part I documents the design of the active flutter

suppression system and Part III documents the flight test demonstration.

This report covers work conducted from March 1978 to March 1980.
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SECTION I

INTRODUCTION

During the last several years, considerable interest has emerged in

the U.S. and European community for the application of active control

technology to suppress flutter. Both the U.S. Air Force and MBB have

performed extensive research programs accompanied by wind tunnel tests

in the field of active flutter and elastic mode suppression.

In 1975, MBB conducted a successful wind tunnel test which also led

to a flight demonstration. This research demonstrated suppression of

wing store flutter with store mounted vanes (Reference 1). On another

program, flutter speed was increased on a fin-tailplane-aft fuselage

with a hydraulically driven rudder (References 2, 3). Miniature model

actuators and new wind tunnel test techniques were developed to investi-

gate Flutter Suppression Systems (FSS) with flutter models. Special

computer programs - utilizing optimal control theory - were adapted to

find suitable control laws for flutter suppression (Reference 4). A

very successful application of these programs is described in Reference

5. Analytical development of systems to reduce buffet induced pilot

vibrations was presented in Reference 6. A system to improve ride comfort

of a low wing loaded fighter was laid out recently (Reference 7).

Two full scale airplanes were equipped and flight tested to prove

the feasibility of active flutter suppression. The first flight test

was performed with a Fiat G 91/T3 which used additional control surfaces

(vanes) to produce aerodynamic forces which counteract the store motion

(Reference 8). In 1977, a much more challenging flight test program was

launched in cooperation with the Bundesamt fur Wehrtechnik and Beschaffung

(BWB) and the U.S. Air Force Flight Dynamics Laboratory (FDL). The

objective of this program was to design and flight test a system for

flutter suppression on an F-4F aircraft with stores. As flying test bed

for this program, an F-4F aircraft of the German Air Force test center

at Manching (Erprobungsstelle 61 der Bundeswehr) was chosen. This air-

plane was already equipped to perform flight flutter tests with stores.

To generate the necessary unsteady aerodynamic control forces, existing

control surfaces (ailerons) were used. Accelerometers located on the
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wing provided the signals which were fed back through the existing

stability augmentation system of the airplane.

This report (Part II) documents the ground vibration tests, the

ground tests on the flutter suppression system, and the initial sub-

critical flight tests. Part I documents the analysis and design of the

active flutter suppression system for the F-4F aircraft with stores

(Reference 9). Part III documents the flight test demonstration of the

active flutter suppression system.

2
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SECTION 11

GROUND TEST RESULTS

1. GROUND VIBRATION TEST AND COMPARISON WITH ANALYSES

A ground vibration test was conducted with the LBFK external stores

on the F-4F before fliht test with an active flutter suppression system.

The purpose of the teat was to check the mathematical structural model

of the F-4F wing with the critical external stores, as indicated by the

aircraft manufacturer (References 10, 11). Special emphasis was placed

on the measurement of the vibration modes critical for flutter and to

study nonlinearities of the wing-pylon external store combination

(Reference 12).

a. Description of the Ground Vibration Test

The ground vibration test was performed with the aircraft on

the landing gear. To simulate free-free conditions, the tires were

deflated to 50% of the required pressure. The excitation of the modes

was performed by electrodynamic shakers with harmonic force input. The

exciter locations and the applied force amplitudes are noted on the

graphic representations of the measured mode shapes (Figure 8). For the

measurement of the :iode shapes a sufficient number of accelerometers

were fixed on the surfaces, stores, and fuselage as shown on Figure 8.

Since practically all actual reasonant frequencies of elastic

structures depend more or less on the vibration amplitude and thus on

the exciter forces, si-called linearity checks were recorded together

with each measured mode, i.e. the frequency and the amplitudes at some

chosen measurement points versus exciter force.

3
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Additionally a dimensionless nonlinearity number (NN) was defined

and plotted to have a quick look at the degree of nonlinearity for each

resonant vibration mode. NN is defined by:

N f a where f = frequency (Hz)
AJ f

a = an amplitude of the vibration mode.

- = frequency increase divided by the

corresponding increase of amplitude

For linear vibration NN = 0 and for nonlinear vibration NN > 0. The

magnitude of /NN/ is a measure for the degree of nonlinearity.

Two methods have been applied for evaluation of the damping values

g (%): First decay curves were recorded and used for the
a1

evaluation of the logarithmic decrement D. Where D : ln - and
m am+ l

where a, a2. . . .. . , am are consecutive amplitudes. The damping value

g is approximately = D, if the damping is small. In the second method

a "complex power" method was applied yielding the damping value g as

well as the generalized masses, which were transformed (normalized) to

the vibration amplitude of 1 m at a chosen reference point.

b. Comparison of Calculated and Measured Results

The first four calculated vibration modes were compared with

those measured on the aircraft in order to check the mathematical

structural model. The mass data of the external store configurations

used for comparison of vibration modes are compiled in Table 1. Figures

I through 8 present the first four measured modes and Figures 9 through

15 present the first four calculated modes for both the flutter critical

and the safe store configuration. The vibration modes for wing bending,

store yaw, and store roll are presented in Figures 9, 10, 12, 13, and

14. The external store pitching mode calculated as critical for flutter,

however, demonstrates deviations from the experiment both in mode shape

and in frequency. The nodal line of the measured mode (Figure 3) curves

to the front (in the direction of flight). This shift of the nodal line

in the pitching mode would indicate that a higher flutter speed may be

4
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expected than was calculated. The nodal line of the vibration mode for

the flutter stopper with the weights in the "safe" position (Figure 7),

however, turns to the rear, indicating a lower flutter speed than cal-

culated. This test result is opposite to the calculations with the

mathematical model given by MDC (Figures 11 and 15).

Before it was possible to begin flight tests, this serious dif-

ference between calculation and experiment had to be explained and the

mathematical model modified in such a manner that it correctly reflected

the behavior, of the rea aircraft. Section III will discuss these

modifications to the analysis.

2. COMPONENT TEST RESULTS

a. Impedance Test of the Aileron Actuator

The stiffness of the hydraulic actuator must be known in order

to estimate the effect of aileron stiffness on flutter speed. Hydraulic

actuators have a stiffness dependence on frequency (impedance), which

cannot yet be satisfactorily determined by analysis. The DFVLR in

Gottingen has developed an exoerimental analytical procedure to determine

the actuator impedance. The DFVLR Gottingen, Institute for Aeroelastics,

therefore carried out the impedncr test with the Weston Power aileron

actuator. The experimental results are compiled in a separate report

(Reference 13). Tie resulting impedance of the aileron actuator did not

lead to any ,i-eat changes in the flutter speed calculated with real

actuator stiffness.

h. Measurement of the Transfer Function of the Aileron

In Reference 14, the transfer function of the modified National

Waterlift aileron actuator employed in flight tests was compared with

that of the standard and the modified Weston Power actuator. The cal-

culations of the control law for the flutter suppression system are based

partially on these results. Since the flight tests were performed with

the modified National Waterlift actuator for reasons of durability, it

was necessary to measure the transfer function of the aileron control

systu m with the National Waterlift actuator again for both wings, and to

co;mpare this with the calculated results. Figure 16 shows a block diagram
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for the measurement of the aileron actuator transfer function. Figures

17 and 18 show the transfer functions of the left and right aileron

control system for different electrical input signals.

The nonlinear behavior is clearly noticeable from the deviating

amplitude and phase paths for various input signals. It was assumed for

the interpretation of the control law that the actuator becomes even

more nonlinear under the effect of the air load. Therefore the effect

of the air load on the transfer function of the actuator was estimated

in calculating the control law.

c. Modification and Testing of the Flutter Stopper

Because of the major differences between the calculated and

measured vibration results, the flutter stopper had to be modified. The

radius of gyration of the external store had to be increased to obtain a

low flutter point on the basis of the measured vibration data. The

mechanism to shift the mass in the flutter stopper had to be changed by

1300 in order to increase flutter speed, as can be seen in Figure 19.

The diagram of the altered flutter stopper is presented in Figure 20.

The necessary radius of gyration (,, 1.40 m) could be achieved

without major changes in construction by increasing the total weight.

Additional weights were installed for this purpose in the front and rear

section of the external store, as can be seen in Figure 20. Figures 21

and 22 show the construction in detail.

Changing the shift mechanism for the trimming weig;lts was also

possible without large structural changes, because only individual compo-

nents were shifted internally. Figure 23 shows the altered mounts of

the guide rods for the trimming weights and the new position of the buf-

fers for the trimming weights. The new location of holding mechanisms

for the trimming weights and the installation of the solenoid switch can

be seen in Figures 21 and 22.

The flutter stopper was equipped with accelerometers and terminal

switches for controlling the position of the trimming weights as shown

in Figure 20. The connection to the aircraft was established via a mag-

netic plug in the rear third of the external store. The cabling plan

6
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for the external store can be seen in Figure 24 with details of the

electrical equipment.

After completing the modification of the external stores with

the built-in flutter stopper, the operation of the shift mechanism for

the trimming weights was then checked in the laboratory. The springs

employed shift both trimming weights of 150 kg each within 0.5 sec from

the position critical for flutter to the safe position. The switching

forces of the solenoid switch first proved to be insufficient and an

additional spring had to be installed, as can be seen in Figures 21 and

22. With this modification, the flutter stopper functioned faultlessly.

The inertial radius of gyration of the flutter stopper with the weights

in "safe" and "critical" position were determined for the pitch axis

with the standard pendulum test. This mass data are shown on Figure 25.

3. FUNCTIONAL TESTS ON THE FLUTTER SUPPRESSION SYSTEM

The detailed design of the flutter suppression system and the

associated test equipment is given in Reference 9. Only the circuit

diagram for the electronic control system is given in this report

(Figure 26). The entire circuit for an aircraft wing with aileron was

accommodated on one circuit board. The electronic control box together

with the MBB limit value switch-off was mounted on an instrument carrier

(Figure 27). The instrument carrier was constructed especially for

accommodating the two instruments and achieving the installation weight

prescribed by the aircraft manufacturer. A simple redundant switching

logic was developed for the combination of the limit value cut-off and

the emergency switch-off, installed in control panel 2 in the rear of

the cockpit (Figure 28).

The following functional tests were performed, after the installation

of the flutter suppression system, the switch-off devices, and the flutter

stopper in the aircraft:

checking the individual test programs which are possible with

the electronic control and setting the aileron bias.
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- checking the switch-off devices and adjusting the limit value

cut-off.

- checking the operation of the flutter stopper.

During the function tests the test pilots also became acquainted with

the flutter suppression system.

4. STRUCTURAL COUPLING TESTS

In contrast to the pure functional tests as described in previous

paragraphs, the structural coupling test has special significance. The

purpose of this test is to prove that the active suppression system is

stable on the ground. Only after successful completion of this test

was the control circuit of the active flutter suppression system closed.

For these tests, the air pressure in the tires was reduced to half

the pressure in order to simulate the free-free aircraft not subject to

the air forces. Two configurations were examined:

- Configuration 1 with critical external store.

- Configuration 2 with safe external store (flutter stopper

released, trim weights in safe position).

The structure coupling test had to be conducted twice; once for

the Weston Power actuator, with which the flight tests were begun and

the second time after reequipping with the National Waterlift actuators.

In order to gain information on the nonlinearities in the flutter sup-

pression system, the tests were conducted with three different electrical

input quantities, corresponding to three different amplitudes.

The structure coupling test was conducted in a frequency range of

2-25 Hz. At frequencies above 25 Hz, the actuator is too weak to excite

the aircraft above the inertial force of the aileron. As a test signal,

a sine wave was fed into the control electronics as an open loop circuit,

as shown in the block diagram of Figure 16. The returning signal was

set up as a ratio to the input signal and plotted for all frequencies as

a Nyquist diagram. Figures 29 through 36 show the measured Nyquist

diagrams for the critical external store configuration in each case for

the three different input parameters Xi. Figures 37 through 40 show the
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Nyquist diagrams for the safe external store configurations. The

critical point is situated at -1 for all Nyquist diagrams. Since none

of the curves passes to the left of the critical point with increasing

frequency, the system is stable on the ground both for the "critical"

and for the "safe" external store configuration. In the frequency range

under study, the amplitude boundary amounts to at least 6 dB. It was

only possible to attain these values, however, after the transftr function

of the control electronics was modified by an additional filter (Figure

41). This is presented in the Nichols diagrams (Figure 42) for the

cases with and without filters. The Nichols diagram for the wing

bending mode is shown on Figure 43. The ratio of output to input versus

the input signal for the flutter frequency was plotted in Figure 44 to

demonstrate the nonlinear behavior of the flutter suppression system.

At the same time, the corresponding phases for the generator signal are

given. This diagram (Figure 44) shows that in the area of very small

amplitudes a strongly nonlinear behavior may be expected, while the

nonlinear behavior is acceptable at normal amplitudes.

9
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SECTION III

THEORETICAL RESULTS BASED ON TEST DATA

1. MODIFICATION OF THE ANALYTICAL PYLON PITCH STIFFNESS

The calculations for the wing alone (without external stores) with

MDC stiffness data (Reference 15) demonstrate good agreement with the

vibration test (References 12, 15). The main differences must therefore

stem from the pylon being incorrectly included in the calculations, the

wea .n lock, or the nonlinearities in the pylon-external store com-

binition. The pylon bending stiffness in the pylon stiffness matrix

provided by MDC was varied to make the frequency and vibration mode of

the first four modes agree with the experimental results. The different

variations carried out for bending stiffness are compiled in Table 2.

The effect of this change in stiffness on the nodal position in the

external store pitching mode is shown in Figure 45. The best correlation

with the vibration tests was attained with an increase in bending

stiffness by a factor of 1.8. New vibration calculations were conducted

for the "safe" and "critical" external store configuration with the

mathematical model modified in this manner (Figures 46-54). The external

store pitching modes (Figures 48, 52) then agreed relatively well with

the modes measured in the experiment (Figures 3, 7).

2. FLUTTER TRENDS FOR DETERMINING FLUTTER CRITICAL CONFIGURATION

With the adjusted pylon bending stiffness, the calculated flutter

speed with LBFK external stores increased to more than 650 kts. Since

the demonstration of flutter suppression can only be carried out at flight

speeds of less than or equal 0.98 Mach because of flight limitations at

the flight test center in Manching, an attempt had to be made to find a

low flutter speed by changing the mass data of the LBFK external stores

to flutter at the desired speed of about 450-500 kts. Vibration

calculations with the LBFK external store configuration 1 M (1500 kg

mass and 1.45 radius of gyration) finally demonstrated a favorable nodal

position for the external store pitching mode (Figure 56), permitting

expectation of a low flutter speed. The yawing mode (Figure 54) thus

had a lower frequency than the wing bending (Figure 55), while there was

10
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no great change for the external store roll mode (Figure 57). The

results of the trend study are compiled in Figures 19, 58, and 59. All

three diagrams explain the connection between flutter speed, mass of the

external store, and radius of gyration in different ways. All diagrams

show that a low flutter speed can only be achieved by increasing mass

and radius of gyration of the external store. Furthermore, the diagrams

show that the flutter speed can be increased significantly with Lonstant

external store nass by r.-ducing the radius of gyration from the

range ly =1.42 m.

In the original concept of the flutter stopper, it was assumed that

the flutter speed could be increased by expanding the radius of gyration.

It became necessary to restructure the flutter stopper on the basis of

these facts as presented in Section I.

Several other pertinent flutter calculations are provided in Figures

60 through 64, demonstrating that these are all "mild" cases of flutter

and are suitable for demonstrating a flutter suppression system. All

flutter calculations were made without structural damping.

3. EFFECT OF CENTER OF GRAVITY ON FLUTTER SPEED

In addition to the variation in mass and radius of gyration of the

LBFK external store, the effect of the center of gravity of the external

store on flutter was also examined. Flutter calculations were conducted

for this purpose with a shift in center of gravity by + 38 cm. In both

cases the shift in center of gravity resulted in higher flutter speed

(Figures 65, 66). The lowest flutter speeds were attained when the center

of gravity was situated between the suspension hooks, as in the study in

the previous paragraphs. These results are opposite to those values

provided by MDC in Reference 10.

4. INFLUENCE OF STORE AERODYNAMICS AND MACH NUMBER ON FLUTTER

The unsteady air forces were calculated at Ma = 0.9 with both wing

theory and doublet lattice procedures (Reference 16). Both procedures

predicted approximatL.y the same flutter speed. Unsteady aerodynamics

were calculated for external slores using slender body theory and were

1I
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incuuued in the flutter calculations. As expected, this led to a

negligible change in the flutter speed (Figure 67).

Flutter calculations were performed to study the effect of Mach

number (Figure 68). A comparison of Figure 60 with Figure 68 shows a

sliyt reduction in flutter speed at Ma = 0.95 compared to Ma = 0.9.

5. CALCULATION OF THE FLUTTER SUPPRESSION CONTROL LAW
BASED ON TEST DATA

,. control law for active flutter suppression was altered based on

tne pdated mathematical structural model. Figures 69 and 70 contain

calculated Nyquist diagrams for the updated control law to be tested in

the flight trials. In the desired speed range, a calculated increase in

flutter speed of about 100 kts was achieved (Figure 71). Another

optimization of the control law was carried out (Control Law 1112) after

the completion of the initial flight tests. In this calculation, the

transfer function of the actuators under air loads and the optimal sensor

locations ascertained in the experiment were taken into consideration.

Figure 72 shows the flutter calcuation and Figures 73 and 74 show

the Nyquist diagrams with this control law. As can be seen from the

flutter calculation, Control Law 1112 is even more effective than that

studied in the flight trials. It was possible to increase the calculated

flutter speed by another 40 kts.

12
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SECTION IV

INITIAL FLIGHT TESTS

1. FLIGHT TEST PROGRAM

The flight program for testing the active flutter suppression system

involved a three step approach:

- Flight tests to determine the flutter point of the "critical"

and "safe" external store configuration

Open loop measurements for checking the phase positions of the

suppression system and for optimizing the location of the

sensors

- Flight tests with closed loop control in the subcritical and

supercritical flight range

In the course of the flight tests, however, the program had to be expanded

to study the effects of nonlinearities in the wing-pylon-external store

combination on the flutter speed. This nonlinear problem will be examined

more closely in Su-section 3.

Another important point for conducting the flight tests was the

definition of the test area arid the flight course. Since the expected

flutter speeds were accompanied by relatively high dynamic pressures,

the flights had to be conducted at low altitudes. In addition, a fault-

less telemetry reception had to be ensured. The flights had to be con-

ducted over the least populated area possible. The test area and flight

course drawn in Figure 75 was chosen for the flight tests in cooperation

with the telemetry expert, at the test center.

It was difficult to obtain a flight permit for the F-4F with active

flutter suppression system and the safety equipment, since no comparable

active systems had been permitted in West Germany. Even the MIL

specifications normally employed for flight permits of military aircraft

13
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had no provisions for qualifications of active flutter suppression sys-

tems. Three steps were undertaken to obtain the flight permit:

- The control electronics and switching logic for the switch-off

devices were subjected to the following qualification tests:

- vibration

- temperature

- eiect,'oi-iagnetic compatibility

- high voltage spikes

It had to be proven :nat the flutter stopper and the switch-off

devices of the suppression system function faultlessly both in

ground tests and in flignt tests.

- The permit for the entire system was granted on the basis of

the safety concept developed by MBB in agreement with the other

partners of the program and on the basis of the qualifcation of

the indivdual components of the active flutter suppression sys-

ten.

Twenty test flights were conducted with the F-4F, W. No. 1126,

from March 21 to Auqust 14, 1979 within the framework of the joint F-4F

flutter suppression program. The flight tests were conducted by E-61

Flight Test Center in Manching.

The flight tests were conducted with the modified LBFK dummies.

The mass data, especially the radius of gyration, were increased in or,-,

to obtain the lowest possible flutter speed. It was possible to alte,

the radius of gyration during the flight by shifting the trim weights in

the flutter stopper (Section II). The external stores were suspended on

the outer pylon station (13.250) with the load lock MAU-12 C/A. The

mass data for the configuration critical to flutter and the safe con-

figuration can be seen in Figure 25. Since the wing-pylon-external store

combination is a very nonlinear system, the tightening torque of the

mounting elements from the pylon to the wing and pylon to external store

must he known precisely as reference quantities. The individual tighten-

ing torques during the flight tests are compiled on Figure 76.

The first through the sixth flights were conducted with Weston Power

High Gain aileron actuators. From the seventh flight on, the aircraft



AFWAL-TR-82-3040
Part II

was equipped with National Waterlift High Gain aileron actuators. Table

3 presents a list of the flight and configuration data.

An extensive measurement program was carried out in 18 flights with

external stores. One-hundred-forty test points were included in the

flights with the eight test programs built into the suppression system

(Table 4). The following specific studies were conducted:

- Determination of damping and frequency as a function of speed

for the critical external store configuration.

- Determination of the damping and frequency as a function of

speed with disengaged flutter stopper.

- Study of the effect of nonlinearities of the wing-pylon-

external store combination on the flutter speed.

- Flights with high dynamic pressures for more precise deter-

mination of the flutter point.

- Determination of optimal sensor combinations for the

suppression system.

- Measurements with open loop and closed loop control circuits

during the flights.

- Tests for finding the optimal phase positions for the

suppression systems.

- Tests with an unstable damping system for automatic generation

of vibration modes.

- Tests for determining the effectiveness of the suppression

system in the subcritical velocity range.

It was not possible to demonstrate the effectiveness of the sup-

pression system in the supercritical range because of flight speed

limitations at the flight test center in Manching.

15
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2. FLIGHT TEST RESULTS

i-ability as a function of flight speed was determined for both

external store configurations with the standard methods of flight testing.

A frequency sweep (frequency range of 4-16 Hz, rise time of 30 sec/octave)

was employed for exciting the individual vibration modes via the aileron.

Stability was determined by means of filter correlation methods with an

HP 5451 B Fourier analyzer. Figure 77 shows the damping trend and Figure

78 shows the frequency versus airspeed for the critical external store

configuration. It can be seen from both diagrams that stability is zero

at 600 KIAS; i.e., the flutter point is reached. However, flutter begins

at higher speeds than expected on the basis of the nonlinearities in the

wing-pylon-external store combination. This problem is examined more

closely in the next paragraph. Figures 79 and 80 show damping and fre-

quency trends for the flutter stopper. A comparison of Figure 79 with

77 shows that the flutter stopper is very effective. When the damping

is extrapolated in Figure 79, the flutter point is around 750 KIAS for

the flutter stopper (compare also Figure 58). There is good agreement

with the calculations.

a. Effect of Nonlinearities in the Wing-Pylon-Store Combination
on Flutter Speed

In the evaluation of frequency variation of the external store

roll mode, a jump in frequency was discovered, as can be seen in Figure

81, leading to the conclusion of reduced roll stiffness of the external

store or tne pylon. A computation with reduced roll stiffness showed

that this effect drastically increases flutter speed, so that it is above

the flight range. In order to reduce these effects of nonlinearity, the

tightening torque on the swaybrace, the adjustment screw, and the attach-

ment bolt (Figure 76, Configuration A) was first increased to Con-

figuration B. After a flight with the torques given in Configuration B

for the swaybrace, it was discovered that the load lock was displaced.

For this reason, all further flight tests were conducted with the torques

of Configuration C. Increasing the torque of the adjustment screw,

however, was not sufficient for the heavier external stores to avoid the

16
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frequency jump in the external store mode at the high excitation levels.

Therefore, either the tightening torque had to be further increased or

the excitation forces (amplitude) had to be reduced. Since an increase

in tightening torque was not permissible for structural reasons, the

excitation forces were reduced to 25% or 17% of the maximum level. As

can be seen in Figure 82, the frequency for the external store roll mode

remains constant for all measured speeds with the reduced excitation

forces. The effects of nonlinearity on the external store pitch mode

and the wing bending mode were also examined. As can be seen from the

compilation in Figure 83, the effect remains within the framework of

measuring accuracy with the low excitation force. The elastic system

may therefore be considered linear for small excitation forces or ampli-

tudes. This also confirms the damping trend (Figure 84) of the critical

external store configuration found with small excitation forces at high

dynamic pressures, compared to small excitation calculated results.

b. Optimizing Sensor Locations

Figure 85 shows the location of the sensors and pick-ups for

this program. In order to achieve a more precise experimental deter-

mination of the flutter point (shifted to higher speeds by the non-

linearities), two flights at less than Mach I but with high dynamic pres-

sures were carried out at Vmax = 610 KIAS. The time response record in

Figures 86 through 90 show that the external stores vibrate harmonically

at V = 600 KIAS (Figure 87). At V = 580 KIAS (Figure 86), however, the

external store vibration is not yet harmonic. Especially when Figure 86

is compared With Figure 90, it can be seen that the amplitude of the

harmonic vibration becomes larger with increasing speed.

The control law optimized for the flutter suppression system refers

to the generalized coordinates as state variables (Reference 9). In

order to employ the control law in the suppression system, the coef-

ficients of the control law must therefore be converted with a trans-

formation matrix to the individual sensor combinations, measuring the

quantities corresponding to the generalized coordinates. The coefficients

converted for three different sensor combinations I - III are compiled

17
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in Table 5. Figures 91 through 93 show the geometrical position of the

sensor combinations in the wing and the control law. In order to

evaluate the individual sensor combinations, all representing the same

control law, the Nyquist diagrams at V = 520 or V = 500 KIAS of the sup-

pression system were compared with the three different sensor combinations

in Figure 94 (critical point in the Nyquist diagram is -1). It must

also be noted on the Nyquist diagram with the sensor combination III,

that the entire phase was rotated by 800 (counter clockwise).

The comparison shows that the sensor combination III is the

most favorable, since it essentially accommodates only the external store

modes and suppresses the outer wing mode at about 11 Hz. The sensor

location, FBL(R)4, had to be subsequently altered because of disturbing

aerodynamic effects, as can be seen in Figure 93.

c. Open Loop Tests

Very extensive open loop measurements were made in flight and

the results were plotted as Nyquist diagrams (critical point -1) with

the aim of checking the calculations (stability and phase position) and

for correcting the phase experimentally. This procedure is necessary,

since phase shifts occurring because of Mach number effects and non-

linearities in the actuator which were not accounted for in the analysis.

A review of the results, (Figures 95 through 98) indicates that:

- It was possible to identify the flutter- modes clearly with

the chosen sensor combinations. (Amplification of the

external store pitch mode at high speeds, Figure 96).

- The entire phase position was not yet optimal for all three

sensor combinations. A rotation of the entire phase of about

900 counter clockwise was still required, because the control

law was calculated using an actuator transfer function

exhibiting a lag of about 800 instead of the 1400 measured.

- The entire amplification was in the correct range, but it

also had be optimized.

--8
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- The symmetry was good between the left and right wings, as

can be seen in the Figures 96, 97, and 98.

d. Tests with Unstable System for Automatic Excitation

One point of the flight test program was to test the procedure

developed by MBB for automatic mode excitation which can be used to

introduce an artificial fl itter. This provides a determination of the

suppression carability iP the flight vibration experiments with an

unstable system excitinj ore wing while the other wing is suppressing

this flutter. The calculations in Figures 99 through 102 show that an

automatic generation of the external store pitching mode should be pos-

sible with the unstable suppression system. At one point in the flight

test, the outer wing mode was excited at 11 Hz and at another point the

wing bending mode was excited at 5.2 Hz (Figure 103). It was not pos-

sible, however, to generate the external store pitching mode. The cause

can be easily seen in comparisons of the Nyquist diagrams in Figure 94.

The 11 Hz mode was generated when the suppression mode was tested with

sensor combination I. The 5.2 Hz mode was generated with sensor com-

bination I1. In both cases the phase position was unfavorable for

generating the external store Ditch mode (5.7 Hz). The experiments showed

that automatic generation of an unstable mode is possible with correct

phase position.

e. Effectiveness of the Flutter Suppression System in the
Subcritical Flight Range

In order t6 estimate the effectiveness of the suppression system

in the subcritical flight range, flight tests were carried out by means

of test programs 2 and 3 of Table 4. One system functioned as a sup-

pressor in these programs, while the other was generating a frequency

sweep via the aileron. This is presented in detail in the time responses

(Figures 104 through 109). Since it was not possible to conduct a flight

test with one-sided aileron excitation to which a reduction in amplitude

could be precisely related, it was assumed that at least 60% of the

generator energy reached the aircraft side on which the aileron functions

as a suppressor (estimations are based on structure coupling tests).

With this assumption, a reduction of the vibration amplitudes at the

191
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ex r'ial store tips (ZAL/ZAR) of 6dB and 8dB is achieved. The most

effective reduction is in the area of wing bending on the basis of the

not yet optimal phase position; however, the external store pitching

mode is also suppressed.

20
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SECTION VI

CONCLUSIONS

A flutter suppression system was designed for the F-4F aircraft

with external stores (Reference 9). The existing control surfaces

(ailerons) were used as the active control surfaces. Accelerometers

located on the wing provided signals which were compensated and fed back

through the existing stability augmentation system.

During the ground vioration test, it was found that the dynamic

behavior of the wing-pylon-store was different than that predicted. The

analytical pylon pitch stiffness was modified to improve the agreement

between analysis and test and the theoretical results were recomputed.

The flight test program was divided into three major sections: .)

classical flight flutter tests to find the passive flutter speed for

both the critical and safe configurations, 2) open loop tests for sub-

stantiation and optimization of the analytically defined control law,

and 3) closed loop tests to demonstrate flutter and mode suppression.

The classical flight flutter tests indicated a limited amplitude flutter

at 600 knots. Part III of this report documents the final flight test

demonstration of the active flutter suppression system at supercritical

speeds (i.e.above the passive flutter speed).

21
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TABLE I

MASS DATA FOR THE STORE CONFIGURATIONS

CALCULATION GROUND VIBRATION TEST
LBFK RADIUS OF RADIUS OF
STORE MASS GYRATION MASS GYRATION

CONFIGURATION [kg] O[ [kg] y [i]

1 1500 1.28 1525 1.29
CRITICAL

2 1500 1.34 1525 1.36
S A F

MOFIF I I STORE MASS DATA

EM 1500 1.45
CRITTCAL

)M 1500 1.3 3

TABLE 2

VARIATIONS, OF THE STORE PITCH STIFFNESS TO MATCH THE MATHEMATICAL MODEL

p F TTVARIATIONS OF THE PYLON PITCH STIFFNESS TO
T[T, MATCii THE MATHEMATICAL MODEL

FRE 5. MDC DATA PYLON PITCH PYLON PITCH x 1.4 PYLON PITCH(1Z) x 1.0 x 1.4 RIGID FL xl.1 x 1.8

WI'G FISINE 5.6, 5. 5.43 5.52 5.43 5.46

STORE YAW 5.93 .) 5.70 5.70 5.70 5.70

5TORI PI TCtI 6.(7 5.97 0.29 7.28 6.29 6.52
:.THE ROES :. 54 ;,. 3l ,8.40 9.44 8.40 8.48

L!FK I ,AFE CON F I GURAT ION)

WING ). )G 5.54 5.2? 5.41

STORE YAW 5.62 5.46 5.47

',TOR PITCH 6.42 5.V7 6.36

STORE! ROL 1" 53 .. 30 5 3 1 8 . 31 0 1 8.45
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