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ABSTRACT

A series of flight trials was performed on an F-111C aircraft, tail number A8-132, at the
RAAF’s Aircraft Research and Development Unit. Data obtained from the tests has been anal-
ysed in Air Operations Division to determine the aircraft aerodynamic and control derivatives.
In this report the longitudinal and lateral derivatives for the take-off and landing configurations
are presented and compared with wind tunnel results.
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F-111C Longitudinal and Lateral Aerodynamic Flight Data
Analysis for Take-Off And Landing Configurations

EXECUTIVE SUMMARY

With the introduction of the variable wing sweep General Dynamics F-111C into service in 1973,
the Royal Australian Air Force (RAAF) was faced with providing technical support for a range
of complex systems. In particular, the aircraft has acomplex adaptive flight control system which
is needed to provide satisfactory flying behaviour across the aircraft’s large operational flight
envelope. At the time of acquisition of the F-111C, it was not possible to obtain from the manu-
facturers a flight dynamic model of the aircraft suitable for flight dynamic analysis. To provide
these analysis capabilities a model was developed at the Air Operations Division (AOD) based
on the manufacturers design data reports and from wind tunnel tests in the AOD Transonic
Wind Tunnel. The model enables the investigation of the effects of pilot commands, external
stores, control system modifications and atmospheric turbulence on the rigid body response.

The F-111C aircraft operated by the RAAF has a different geometry from the versions oper-
ated by the United States Air Force (USAF). The aerodynamic data supplied to Australia with
the F-111C included data developed for the F-111A aircraft which has the same fuselage, and for
the F-111B which has the same wing. To validate these aerodynamic data, a flight test program
was conducted at the RAAF’s Aircraft Research and Development Unit (ARDU) to record the
flight behaviour of an F-111C in manoeuvres designed to optimise the identifiability of aero-
dynamic characteristics. Analysis of the data has been carried out by AOD to determine the
aerodynamic characteristics.

Data from the program has been used to validate a comprehensive flight dynamic model of
the F-111C which has been developed by AOD. Data from the model is currently being used in
support of the F-111C Mission Simulator and Avionics Update programs to enhance the opera-
tional effectiveness of the aircraft.

Stability and control derivatives describing the longitudinal and lateral aerodynamic char-
acteristics of the F-111C have been determined from flight test measurements. The results pre-
sented in this report are for 16° and 26° wing sweep angles in the take-off and landing configu-
ration.

In general, all primary longitudinal and lateral derivatives show satisfactory repeatability
and trends like those of the General Dynamics and AOD wind tunnel data. However, the air-
craft pitch stiffness, yaw stiffness and rudder effectiveness were consistently lower in magni-
tude than the corresponding wind tunnel data for both wing sweeps. This is consistent with
previous results for the clean aircraft configuration.
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NOTATION

Un, Qg Oy (AN, AX, AY)

ba, bg
Ca
i

(LATSTK)
(LONSTK)

’ zZ (P)
Q)

(RPED)

3

QR

(R)

n 3 o

Normal, longitudinal and lateral acceleration (g)
Angle-of-attack and sideslip measurement bias (°)
Axial force coefficient

Rolling moment coefficient

Pitching moment coefficient

Normal force coefficient

Yawing moment coefficient

Longitudinal force coefficient

Side force coefficient

Reference chord (ft)

Centre of gravity

Gravitational acceleration

Altitude (ft)

Moments of inertia about roll, pitch and yaw axes (slug.ft?)
Cross product of moment of inertia (slug.ft?)
Interval counter

Cost function

Flow amplification factors for angle-of-attack and sideslip
Lateral stick position (in)

Longitudinal stick position (in)

Mach number

Mass of aircraft (slug)

Number of time history and response variables
Roll rate (°/s)

Pitch rate (°/s)

Dynamic pressure (1bf /ft?)

Rudder pedal deflection (in)

Degrees per radian (57.2958)

Yaw rate (°/s)

Reference area (ft?)
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NOTATION (continued)

SER=RSIE

Lay) Lo TP
Yayr Yo

Zayy 28
(ALPHA)
(BETA)

?%%&gmoﬂgﬂ SN T O

(THETA)

ﬁm§a>%
>
1S

(PHI)

Software Variables

Thrust (Ibf)

Time (s)

Control vector

Airspeed (kn)

Response weighting matrix

State vector

Longitudinal instrument offsets from cg (ft)

Lateral instrument offsets from cg (ft)

Measured response vector

Computed response vector

Vertical instrument offsets from cg (ft)

Angle-of-attack (°)

Angle-of-sideslip (°)

Control deflection (°)

Aileron deflection i.e. differential stabilator (6., — és¢,)/2 (°)
Elevator deflection i.e. symmetrical stabilator (6, + 6s:;,)/2 (°)
Flap deflection (°)

Rudder deflection (°)

Spoiler deflection (65,5, + 85p,) (°)

Stabilator deflection (°)

Pitch angle (°)

Wing sweep angle (°)

Angle-of-attack and angle-of-sideslip measurement scale factor
Parameter vector

Roll angle (°)

Quantities listed in parenthesis indicate software notation used in time history figures in this

report.
Subscripts
CADS Central air data system instrument
CM Crew module instrument
cg Centre of gravity
1 Interval counter
L Left (port)
m Measured quantity

NBTU Nose boom transducing unit instrument
p,q,7  Rate derivatives with respect to indicated quantity
R Right (starboard)

true True value

Vi

z Computed response
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Subscripts (continued)

o, Static derivatives with respect to indicated quantity
da, 6r, 8sp, 8¢ Control derivatives with respect to indicated quantity
reference Reference aircraft cg condition: longitudinal — 45%c,

vertical — 177.5 in above datum waterline, lateral — on the
plane of symmetry

UNITS

Itis acommon convention for aircraft operators to express aircraft weight, altitude, rate of ascent
or descent, airspeed, and range in non Sl units. These quantities are expressed in non Sl unitsin
this report in order to conform with this convention and to provide uniformity with the source
data on which the results are based.

L|ft
Rolling moment
ﬁéf’/ /T(P

Yawing mony
Relat|ve wind

Sldeforce

B ==
af
- - ——— > Drag

Relative wind

\551 R

65[

L
Pitching moment

Positive forces, moments, flow angles and control deflections are shown.

Note: Positive control deflections give negative moments.

Figure 1. Force and moment convention (stability axes)
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1 INTRODUCTION

The General Dynamics F-111C aircraft operated by the Royal Australian Air Force (RAAF) has
a different geometry from the versions operated by the United States Air Force (USAF). The
aerodynamic data supplied to Australia with the F-111C were adapted from data developed for
the F-111A aircraft which has the same fuselage, and for the F-111B which has the same wing
[1], [2]. To validate this aerodynamic data, a flight test program was conducted at the RAAF’s
Aircraft Research and Development Unit (ARDU) to record the flight behaviour of an F-111C
subjected to manoeuvres designed to optimise the identifiability of aerodynamic characteristics.
Analysis of the data has been carried out at the Air Operations Division (AOD) to determine the
aerodynamic characteristics. Data from the program has been used to validate a comprehensive
flight dynamic model of the F-111C which has been developed at AOD. Data from the model is
currently being used in support of the F-111C Simulator and Avionics Update programs.

With the introduction of the variable wing sweep F-111C into service in 1973, the RAAF was
faced with providing technical support for a range of complex systems. In particular, the air-
craft has a complex adaptive flight control system [3] which is required to provide satisfactory
flying qualities across the aircraft’s large operational flight envelope. At the time of acquisition
it was not possible to acquire from the manufacturers a flight dynamic model of the aircraft suit-
able for flight dynamic analysis. To provide these capabilities a model was developed at AOD
from the manufacturer’s design data reports and from wind tunnel tests conducted in the AOD
Transonic Wind Tunnel. The model allows the investigation of the effects of pilot commands,
external stores, control system modifications and atmospheric turbulence on the aircraft’s rigid
body response [4].

The installation of flight test instrumentation into an F-111C aircraft at ARDU for stores clear-
ance testing provided an opportunity to obtain aerodynamic stability and control data. A test
program was developed between AOD and ARDU and was approved in 1983. New methods of
determining aerodynamic data from flight test measurements were investigated by AOD and
sophisticated software for this purpose was acquired from the National Aeronautics and Space
Administration (NASA) Dryden Flight Research Center. Additional analysis software was also
developed at AOD. Flight testing of the aircraft was carried out at ARDU in 1987 and the anal-
ysis of the data was conducted at AOD.

This reportis one of a series of F-111C aerodynamic flight data analysis reports, and presents the
longitudinal and lateral stability and control aerodynamic derivatives for take-off and landing
configurations. Section 2 presents details of the flight test program. Sections 3 and 4 describe
the flight data processing and data analysis procedures and section 5 discusses the results of the
analysis. Detailed data reduction and analysis procedures are documented in [5].

2 FLIGHT TEST PROGRAM

Testing to determine the stability and control aerodynamic derivatives was originally planned
under ARDU Test Schedule 1667. The task was later redefined and conducted under Test Sched-
ule 1691 to take into account variations in the instrumentation installation compared with the
installation originally planned. Because of a delay in the manufacture of the Nose Boom Trans-
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Figure 2: Instrumented F-111C aircraft (A8-132) operated by ARDU for flight trial

ducing Unit (NBTU), the flight testing was carried out in three phases. Initial flight tests, re-
ferred to as Phase 1, were conducted during February and March 1987 without the NBTU fitted.
Air data and flow direction information was recorded from the aircraft Central Air Data System
(CADS). The NBTU was fitted to the aircraft in September 1987. Phase 2 consisted of a number
of instrumentation shakedown flights. Phase 3 testing covered additional data points together
with repeated test points from Phase 1 and these were carried out in September and October
1987.

The measurement of pressure error corrections for the NBTU was carried out by ARDU as part
of the Test Schedule 1691. Details of these measurements together with other details of the test
program covering the aircraft, test equipment and the scope of the tests are presented in [6]. A
summary of this information is included in this section.

2.1 Test Aircraft and Instrumentation

The F-111C test aircraft A8-132, illustrated in figure 2, was extensively modified under ARDU
Test Schedule 1650 with the addition of flight test quality instrumentation and data recording
equipment. This equipment, known as the Airborne Flight-Test Recording and Analysis Sys-
tem (AFTRAS), provided on-board digital magnetic-tape recording and telemetry information
for real-time flight test monitoring. The instrumentation was developed for use in store-carriage
and release tests and for the flight dynamic measurements. Special equipment was developed
for the recording, and manual adjustment of the pitch and roll adaptive gain settings of the air-
craft’s adaptive control system. Due to a lack of time, instrumentation required to monitor other
parts of the adaptive control system was not installed. Similarly, instrumentation for monitor-
ing engine parameters required for detailed performance measurements was not fitted. This
instrumentation was not required for the estimation of the aerodynamic derivatives, but was
required for the related investigation of the adaptive control system behaviour and aircraft per-
formance characteristics. As a result, these studies were not completed.

The NBTU used for Phase 3 of the trials was constructed by the then Advanced Engineering Lab-
oratory (AEL) at Salisbury, and was designed to provide pitot pressure, angle-of-attack, angle-
of-sideslip and linear accelerations parallel and normal to the local airflow direction. The unit
was modelled on the CONRAC® Nose Boom Instrumentation Unit Model 25126F, developed
by the USAF for flight dynamics and performance measurements. The NBTU is shown in fig-
ure 3 and a detailed description of the assembly is given in [7].
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Figure 3: Nose Boom Transducing Unit (from Reference [7])

A list of the instrumentation channels (measurands), including their range and resolution [6],
which were used for the flight dynamic analysis is given in table 1. Each channel was recorded
at a rate of 60 samples per second.

2.2 Weight and Centre of Gravity

The test aircraft was weighed prior to the beginning of the tests and had a zero fuel weight of
50 697 Ibf with the cg located at 39.9% mean aerodynamic chord for a 16° wing sweep angle
[6]. During the test, the aircraft loading and cg position varied in accordance with the aircraft
auto-fuel schedule. The forward and aft fuel contents gauges were calibrated prior to the test
program and were manually recorded at each test point. During the test manoeuvres, the air-
craft weight was typically in the region of 70 000 Ibf.

2.3 Aircraft Test Configurations

In this report, results are presented for the aircraft in take-off and landing configurations for
nominal 16° and 26° wing sweep angles. The take-off and landing configurations consisted of:

¢ landing gear down,

e wing-root glove rotated (trailing edge up),
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| Quantity | Symbol | Units | Range | Resolution |

ACCEL LONG CG* Gy g +5 40.05
ACCEL LAT CG ay g +5 40.05
ACCEL VERT CG* a, g 410 40.05
ROLL RATE P °/s 4300 +3
PITCH RATE q °/s 4100 +1
YAW RATE r °/s 450 40.5
ROLL ACC CG P rad /s? +10 40.05
PITCH ACC CG q rad /s? +5 4+0.05
YAW ACC CG r rad/s? +5 40.05
ROLL ANGLE 1) © 4180 40.5
PITCH ANGLE 0 © 4180 40.5
ANGLE-OF-ATTACK* o © -3—25 40.5
ANGLE-OF-SIDESLIP* J5} © +24 40.5
VELOCITY V kn 0 — 900 410
MACH No.t M — 0.3—1.3 40.001
ALTITUDE! H ft —500 — 5 5000 +1.5
WING SWEEP A © 16 — 72.5 40.05
STABILATOR (right) Ostp ° -30— 15 40.1
STABILATOR (left) Osty, ° -30— 15 40.1
RUDDER S © 430 40.1
SPOILER (right) bop o 0 — 45 40.1
SPOILER (left) Sspy, ° 0 — 45 40.1
STICK POS (longitudinal) in —4.4— 3.6 +0.05
STICK POS (lateral) in +5 +0.05
RUDDER PED POS in +3 40.03

e+ — %

NBTU measurements were also available in Phase 3
fine and coarse readings available
crew module normal accelerometer used in Phase 3 for the

later part of flight 1 and all of flights 2 and 3 because of a
fault with the cg accelerometer signal

Table 1: Instrumentation channels used for flight dynamic analysis
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¢ leading-edge slats extended and

o flaps deflected (0°, 15°, 25° and 35°).

The configurations are summarised in table 2.

2.4 Flight Control System Status

The tests were conducted with the flight control system in its normal mode and with the system
gains determined by the adaptive mode gain changer. However, when some manoeuvres were
performed, motion due to the adaptive mode was superimposed onto the natural motion of the
aircraft. In these cases, the contribution from the adaptive mode was decreased by the pilot by
pumping the stick to reduce the gain.

2.5 Test Points

The matrix of take-off and landing configuration test points covered in Phase 1 and Phase 3 is
given in table 2. It should be noted that the take-off and landing configuration tests were per-
formed at a nominal altitude of 1000 ft and were thus out of ground effect.

In Phase 3, anumber of Phase 1 test point manoeuvres were repeated to compare the accuracy of
CADS measurements relative to the NBTU system measurements of angle-of-attack and angle-
of-sideslip.

2.6 Test Manoeuvres
The following manoeuvres were performed at each test point:

1. Accurate trim.

2. Pitch input (from 1 g to approximately 2 g and return to 1 g).

w

Trim.

&

Pitch input (from 1 g to approximately 0 g and return to 1 g).
5. Accurate trim.

6. Rudder step input to left followed by aileron doublet to achieve ~ F30° bank angle. Rud-
der and aileron released together.

7. Trim,
8. Manoeuvre 6 repeated, but with rudder input to right and opposite roll applied.
9. Trim.
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Manoeuvre | Phase | Speed | Sweep Manoeuvre Name

(KCAS) ©) Longitudinal | Lateral

Landing Configuration
15° flap 1 177 16 plféel0 plféels
188 23 pl1f6e26 p1f6e30
236 16 plf6e0l p1f6e05
238 23 plféel8 plf6e22
34° flap 1 147 16 p1f6e50 plf6e54
150 20 plf6e58 plf6e62
3 200 16 p3fle72 p3fle74
160 26 p3fle78 p3f1e80
Slats, no flap 1 198 16 plf6ed2 p1f6e46
215 25 plf6e34 plf6e38
240 16 plf7e77 plf7e81
240 26 pl1f7e69 plf7e73

Take-off Configuration
25° flap 1 158 16 p1f7e85 p1f7e89
3 165 16 p3fle84 p3fle86

Table 2: Take-off and landing test point matrix for Phases 1 and 3, altitude = 1000 ft

Each manoeuvre is referred to by a simple naming convention as shown in table 2. Each ma-
noeuvre has a name of the form pifjekk[x], where i indicates the Phase of the tests, j the flight
number and kk the event number as recorded on the flight tape. An optional x indicates an
'a’, ‘b’ or ‘¢’ manoeuvre. The first longitudinal and lateral manoeuvre is referred to as the ‘a’
manoeuvre and the second the ‘b’ manoeuvre. A ‘¢’ manoeuvre is a combined ‘a’ and ‘b’ ma-
noeuvre.

One noticeable difference between the behaviour of the aircraft in the clean configuration and
the take-off and landing configuration was the average corrected sideslip excursion. In the clean
configuration this was approximately +£6°, while in the take-off and landing configuration it in-
creased to approximately +13°. Typical longitudinal and lateral aircraft inputs and responses
are shown in figures 4, 5, 6 and 7. The effect of the flight control system is pronounced, as illus-
trated in figures 4 and 6, where comparisons of stick and pedal position are made with their
respective control surface deflections.

3 FLIGHT DATA PROCESSING

3.1 AFTRAS Data Extraction

The AFTRAS flight data system provided procedures for accessing selected measurands, for ap-
plying calibrations to give engineering units, and for formatting the data for subsequent anal-
ysis. Calibrations were stored as polynomial coefficients and included the date of calibrations
and were appended to the data files obtained from each flight. Details of these procedures are
given in [8]. The procedures were carried out using program EXTRACT which was run on DEC
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Fri Sep 23 16:55:16 1994

Wing sweep = 16 deg. Altitude = 360 ft 240 KCAS 15 deg. flap

—a,

2.000 —
1.500 —
1.000 —

0.500 —

0.000 —

0500 — - P P C e R
| | | | | |
2.00 4.00 6.00 8.00 10.00

TIME.1(00:00:07.0166) (s)

—q ©ks)
10.00 —

5.00 ~
0.00 —
-5.00 ~

-10.00 —

-15.00 —

0.00 2.00 4.00 6.00 8.00 10.00
TIME.1(00:00:07.0166) (s)

— 0
12.00 — a®

10.00 —
8.00
6.00 —
4.00 —
2.00 —
0.00 ~

200 [ [ [ .

| | | | | |

0.00 2.00 4.00 6.00 8.00 10.00
TIME.1(00:00:07.0166) (s)

~ 3 ©
""" LONSTK*10 (in)

20.00 —
10.00 —

0.00 ~ =
-10.00 —

-20.00 —

| | | | | |
2.00 4.00 6.00 8.00 10.00
TIME.1(00:00:07.0166) TIME  (s)

Figure 4: Longitudinal control input and aircraft response for case p1f6e0la
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Wing sweep = 16 deg. Altitude = 360 ft 240 KCAS 15 deg. flap

Fri Sep 23 16:55:59 1994

10.00 —

5.00 ~

0.00 —

-5.00 —

— 00
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TIME.1(00:00:07.0166) (s)

0.000 —
-0.050 —
-0.100 —
-0.150 —

-0.200 —

— & @

-0.250 —

| | | |
00 2.00 4.00 6.00
TIME.1(00:00:07.0166) (s)

Figure 5: Longitudinal aircraft response for case p1f6e0la
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Fri Sep 23 16:49:16 1994

Wing sweep = 26 deg. Altitude = 1300 ft 223 KCAS 0 deg. flap
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Figure 6: Lateral control input and aircraft response for case p1f6e38a
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Figure 7: Lateral aircraft response for case p1f6e38a
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VAX® computers at ARDU or the Aeronautical and Maritime Research Laboratory (AMRL).

3.2 Data Corrections

The techniques for determining aerodynamic parameters from the flight time histories are de-
scribed in section 4. The data for input to the parameter estimation software needs additional
processing for conversion to the required format and to apply measurement error corrections.
This processing stage was carried out at AOD with the program FDP on an IBM UNIX® work-
station and is detailed in [5]. The operations performed were :

1. to correct the static pressure measurement for sensor position error [6], [5],
2. to adjust the airspeed and Mach number for scale altitude [5],

3. to apply time shifts to the time history records to allow for instrument, signal condi-
tioning and recording lags (see section 3.3),

4. to adjust the angle-of-attack and angle-of-sideslip measurements for sensor location
(see section 3.4),

5. tocalculate elevator and aileron deflections from the measured stabilator deflections,
and

6. to calculate weight, cg and inertia information from the fuel-used data.

3.3 Instrumentation Time Lags

A procedure for identifying the relative time lags between instrumentation channels was de-
veloped at AOD and is documented in [9]. This procedure uses the maximum likelihood tech-
nique and was applied to a number of selected time histories to determine the lag parameters.
The resulting parameters are given in table 3 where a positive integer indicates » time samples
(equivalent to a time interval of »/60 seconds) lagged with respect to the control deflection sig-
nals. The table shows that the NBTU signal for angle-of-attack in fact leads the control deflection
signals by two sample intervals. The time lag differences, for ag4pg and 8, between the Phase 1
and Phase 3 flights are most likely due to changes to the instrumentation during the installation
of the NBTU.

3.4 Calibration of « and 8 Flow Vanes

It is necessary to determine the position errors and calibration constants for the angle-of-attack
and angle-of-sideslip transducers. In particular the aircraft CADS transducers were mounted
close to the forward fuselage where local flow angles can differ substantially from free-stream
values. A method for determining these calibration constants is described in [10]. This method
uses combined parameter and state estimation techniques. The estimation software which is de-
scribed in [11] and [12] was developed for AOD under a research agreement with the University
of Newcastle.

11
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| Channel | Phase 1 | Phase 3 |

Ostr 0 0
Osty 0 0
Sy 0 0
Sspr 0 0
Sspy 0 0
QCADS 2 -2
QNBTU na -2
I5} 0 0

6 0 -2

1) 0 0

P 2 2

q 3 3

P 2 2

g na 3
an, 4 4
Ungyy nu 0
Note na — not available

nu — not used

Table 3: Instrumentation lags

Application of the method to the measured time histories gave estimates for the calibration con-
stants for the CADS and NBTU angle-of-attack and sideslip measurement systems. The calcula-
tions of the angle-of-attack and sideslip vane calibration constants are described in appendices
A and B respectively.

For the Phase 1 angle-of-attack sensor it was found that the calibration constant was invariant
with Mach number. A constant value of 1.04 for Phase 1 was used. During Phase 3 the limited
number of test cases showed that the calibration constant was not invariant with Mach number
and each individual value was used in the estimation procedure.

Similar behaviour was observed for the angle-of-sideslip sensor, with a constant value of 1.55
being used for Phase 1 and the individual values for each of the three Phase 3 flights. The NBTU
calibration constants are, as expected, smaller than the CADS values because the NBTU is sens-
ing the sideslip flow angles in a relatively undisturbed flow, compared to the CADS sensor on
the underside of the fuselage.

The angle-of-attack and sideslip signals must be corrected also because the vanes are not located
at the aircraft cg and, therefore, aircraft rotations are incorrectly sensed by the vanes as angle-of-
attack or sideslip changes. The corrections are given in appendices A and B. It should be noted
that the angle-of-attack and sideslip plots in figures 4, 6, 8 and 13 are for the raw measured
signal, not the corrected signal.

12
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4 DATA ANALYSIS PROCEDURES

4.1 Aerodynamic Parameter Estimation

Several techniques have been developed in the last two decades for the estimation of aerody-
namic derivatives from flight test measurements. The aerodynamic and control derivatives of
the F-111C aircraft were estimated using the output-error parameter estimation technique de-
veloped at NASA Dryden Flight Research Facility [13]. This technique involves the calculation
and minimisation of a cost function. The cost function is the weighted sum of the square of
the difference between the computed model response and the flight measured response. The
technique and associated computer program, pEst, are described fully in [14] and briefly in the
following sections.

It should be noted that in [15], [16] and [17], a maximum likelihood implementation of the
output-error technigue was used. In this implementation, the response weighting matrix is ad-
justed to provide an optimally minimal cost function. The associated software, MMLE3 [18] has
been replaced by pEst which has fixed weightings on the response variables. Additionally, pEst
provided a far more user-friendly interface, allowing on-line interaction during the analysis as
is shown in appendices C and D where example pEst runs are given for both a longitudinal and
a lateral test case.

4.2 Equations of Motion

Within the range of flight conditions tested in the validation of the F-111C flight dynamic model,
it has been assumed that the aircraft motion can be adequately represented by separate classi-
cal flight dynamic models for longitudinal and lateral motion. The manoeuvres have been de-
signed so that the longitudinal and lateral motion of the aircraft may be analysed separately
to give a set of stability and control derivatives describing the longitudinal and lateral aerody-
namic forces and moments.

The flight dynamic model used for this purpose was the standard model described in [14] which
assumes small disturbance motion and linear aerodynamic characteristics. It incorporates the
non-linear equations of motion presented in appendices E and F.

4.3 A Priori Data

A priori information can be used to assist the identification process. Previous estimates of aero-
dynamic derivatives are often available from sources such as wind tunnel data reports. Param-
eter estimation results from previous similar cases may also be used to speed up convergence.
In cases where a derivative makes only a small contribution to the motion, parameters may be
constrained to their a priori values. The a priori values were obtained from the wind tunnel
values used in the unvalidated flight dynamic model [4] discussed in section 1.
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4.4 Cramer-Rao Bounds

For the unconstrained parameters the estimation procedure calculates a measure of the estima-
tion accuracy known as the Cramer-Rao bound. The interpretation of this quantity is given in
[18]. The results are plotted for each aerodynamic derivative and can be used in conjunction
with the observed repeatability to indicate the estimation accuracy. To account for the fact that
the measurement signal noise is bandwidth limited compared to the theoretical assumption of
white noise, i.e. infinite bandwidth, the Cramer-Rao bound is factored by a multiple of 10 in
accordance with the procedures described in [19].

45 Cost Function

The cost function is an explicit function of the computed response, and thus an implicit function
of the vector of unknown parameters. The cost function used in the program is :

1 &

J(€) = > [2(t) — 2(t:)]We(ti) — 2(t:)]

21, ]

where 2 is the response computed by integrating the equations of motion, z is the flight mea-
sured response, £ is the parameter vector, n; and n, are the number of time history and response
variables respectively. W is a response weighting matrix which is defined by the user and gives
an indication of confidence in each measurement.

The matches between the computed responses and the flight measured responses in the take-off
and landing configuration, obtained with the default weightings, and those used for the clean
aircraft configuration results, [15], [16], [17], [20], [21], [22], were poor. The aerodynamic
derivatives estimated also compared poorly with the expected results. Some of the damping
derivatives had the opposite sign than what was expected, incorrectly indicating that the air-
craft was unstable in certain modes. Other derivatives possessed unreasonably high magni-
tudes. The response weightings are a function of the range of the response measured. Upon
investigation it was found that the take-off and landing manoeuvres showed an increase in the
range of some of the measurements compared with the clean aircraft case, e.g. angle-of-sideslip.

A scheme for establishing a new set of response weightings was therefore devised. The scheme
made use of the full range of the measured response and relative confidence in each measure-
ment response. The half range of each measured response was inverted and multiplied by 100
to give the initial matrix of weights. The factor of 100 was used solely to obtain a matrix of whole
numbers. Then a confidence factor, ranging from 1.0 to 2.0, was assigned to each measured re-
sponse. For example a value of 2.0 indicated high relative confidence in the measured response.
The initial response weighting matrix was then multiplied by the matrix of confidence factors
to obtain the final weighting matrix. Tables 4 and 5 summarise the procedure for establishing
the longitudinal and lateral weighting matrices respectively. It should be noted that the lateral
response weighting matrix required further refinement after preliminary pEst runs indicated
less than satisfactory matches between the measured and calculated responses. The sensitivity
of the resultant matches to weighting matrix variations is indicative of the low confidence in
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Response | Range | Inverse*100 | Confidence | Weight
o Oto 11 18.20 15 27
q +15 6.67 2.0 13
0 Oto 15 13.00 1.0 13
an Oto2 100.00 2.0 200

DSTO-TR-0321

Table 4: Longitudinal response weighting matrix.

Response | Range | Inverse*100 | Confidence | Weight | Adjusted | Adjusted
Confidence | Weight
J5} +10 10.0 1.5 15.0 0.75 7.5
p +40 2.5 2.0 5.0 1.76 4.4
r +8 125 2.0 25.0 3.20 40
) +40 25 1.0 2.5 1.60 4
ay +0.3 333.0 2.0 666.0 4.00 1333

Table 5: Lateral response weighting matrix.

some of the estimated parameters primarily because of the flight control system damping out
the natural response of the aircraft. It should be noted that the estimated derivatives themselves
are insensitive to changes in the overall weightings. Experience at NASA Dryden has indicated
that doubling of the weighting should result in a 5% or less change in parameters. The purpose
of calculating a new set of weightings was to obtain a better match between the calculated air-
craft responses and the flight measured responses. The adjusted weighting matrix is shown in
table 5.

4.6 Reference cg Correction

Longitudinal, and to a lesser extent, lateral derivatives, vary with cg position. The cg position
varies with fuel usage and the flight test results were calculated at the actual flight test cg posi-
tion. The wind tunnel results have been plotted with respect to the flight test cg as well as the
reference cg position. The reference cg was at 45% mean aerodynamic chord, 177.5 in above the
waterline and at the zero reference point laterally.

A full summary of the cg corrections is given in [23].
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5 RESULTS AND DISCUSSION

5.1 Longitudinal Derivatives

For each longitudinal manoeuvre the output-error parameter estimation program, pEst, was
used with the elevator deflection as input, and with the following measurands as responses :

e angle-of-attack, «,
e pitch rate, g,
e pitch attitude, 4, and

e normal acceleration, a,,.

In the clean configuration analysis [15], [16], [17], the pitch attitude was recorded but was given
zero weighting in the identification process. For the take-off and landing configurations, the
pitch rate data alone did not provide adequate information for the identification process. Hence
the pitch attitude was also included as a response. In general, for all derivative identification it
was found that the best results were 