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NOTICE

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government
procurement operation, the United States Govermment thereby incurs no re-
sponsibility nor any obligation whatsoever; and the fact that the government
may have formulated, furnished, or in any wey supplied the said drawings,
specifications, or other data, is not to be regarded by impiication or
otherwise as in any manner licensing the holder or any other person or cor-
poretion, or conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related thereto.
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FOREWORD

This report was prepared by McDonnell Aircraft Company, St. Louis, Missouri,
63166, under Air Force Contract F33615-69-C-1827, PZ05, "Development and
Flight Test Demonstration of a Survivable Flight Control System." This
contracted effort comprises a major portion of development under the Air
Force Systems Command Program No. 680J, "Survivable Flight Control System
(SFCS)." fThe work was administered under the direction of the Air Force
Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio, 45h33

by Major Robert C. Lorenzetti, Technical Manager.

The report covers work performed between July 1969 and May 1971.

Principal contributor to this supplement was George J. Vetsch under the
direction of Robert L. Kisslirnger, Senior Project Dynamics Engineer. The
authors wish to acknowledge the contributions of B. 3. Barnes, H. L. Jeffrie,
and D. B. Schaefer of MCAIR, and the SFCES Project personnel of Sperry Pand
Corp., Phoenix, Arizona to the information reported herein.

The manuscript was released by the authors in May 19T1.

This technical report has been reviewed and is approved.
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James W. Morris

Program Manager, Survivable Fiight
Control System

Flight Control Division

Air Force Flight Dynamics Laboratory
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CTRACT

The Survivable Flight Control System (SFCS) Program is an advanced develop-

ment program of which the principal objective is the development and flight

test demonstration of an SFCS utilizing Fly-By-Wire and Integrated Actuator
Package techniques. The studies and analyses conducted to date have suffi-
ciently defined the system requirements to provide a definition of an approach
to the implementation of the SFCS. The results of these studies and the
definition of the approach are presented in the basic report. The details

of the Control Criteria, and Hydraulic Power and Actuation studies are pre-
sented in report supplements 1 and 3, respectively. The results of the
Control Law Development studies are presented in this supplament 2.

As a result of previous fly-by-wire technolcgy development programs, certain
guidelines and requirements were specified early in the SFCS design. Those
specifications which are relevant to the control law development study are
as follows:

o Model following closed-loop control system, utilizing a blend of
pitch rate and normal acceleration feedbuck for the pitch axis,
roll rate feedback for the roll axis, and a blend of yaw rate and
laveral acceleration for the yaw axis.

o Selectable neutral speed stability with gear up

o Selectable fixed or adasptive gain operation

o0 Direct electrical link to control surface for emergency operation

o Center stick and sidestick fly-by-wire controllers

0 Roll-to-Yaw crossfeed

o Structural mode compensation

0 Failure detection and isolation

o0 Stall warning through increased stick force gradients

0 Quadruplex electronics, sensors, secondary actuators and a duplex
integrated actuator package in order to provide a two-fail operate

capability.

¢ Mechanical back-up for Phase IIA (pitch and yaw axes only) and no
mechanical back-up for Phases IIB and C.

Using the above guidelines, this study further defined the system concepts,
requirements, and specific techniques to be utilized in the SFCS implementa-~
tion. During the system synthesis, particular empiuesis was placed on system
stability, sensor location, gain schedules, appropriate filters, and com-
ponent mechanizaticn. Once the system math model was developed, both com-
ponent and total system performance characteristics were investigated
extensively. In addition to the comprehensive root locus and Bode analyses
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and small perturbation simulations, a six-degree-of-freedom, fixed base,

noalinear, large amplitude, piloted simulation waes conducted in order to

evaluate the total system performance over the range of flight conditions
and configurations available with the F-I test aircraft.

The results of this study and simulation provided a basis for specifying
the performance of the SFCS procured hardware. As a result of the design
refinements which resulted from this work, the SFCS system will demonstrate
superior stability and performance characteristics throughout the F-lI flight

envelope,
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SYMBOLS :

SYMBOLS

Ag

DEFINITIONS

Fuselage first torsion mode acceleration
due to sideslip angle

Fuselage first torsion mode acceleration
due to roll rate

Puselage first torsiaon mode acceleration
due to yaw rate

Fuselage first torsion mode acceleration
due to total lateral control surface
deflection

Fuselage first torsion mode acceleration
due to total lateral control surface
deflection rate

Fuselage first torsion mode acceleration
due to rudder deflection

Fuselage first torsion mode acceleration
due to rudder deflection rate

Fuselage first torsion mode acceleration
due to fuselage first torsion mode deflection

Fuselage fiirst torsion mode acceleration
due to fuselage first torsion mode rate

Fuselage first torsion mode acceleration due
to wing asymmetric bending mode deflection

Fuselage first torsion mode acceleration due
to wing asymmetric bending mode rate

Fuselage first torsion mode acceleration due
to fuselage first lateral bending mode
deflection

Fuselage first torsion mode acceleration due
to fuselage first lateral bending mode rate

Acceleration components in body axis measured
at accelerometer

Acceleration components in body axis
measured at center of gravity

Output of lateral acceleration structural
filter

XXii

UNITS

1/rad-
sec

1/rad-
sec

1/rad-
sec

1/red-

sec?

1/rad-
sec

1/rad-
3ec

1/rad-
sec

1/sec
1/sec

n
1/sec”

1/sec

l/sec2

1/sec

g

volts
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DEFINITIONS

Acceleration components in body axis
measured at pilot station

Acceleration sensed by lateral accelerometer

Wing asymmetric bending mode acceleration
due to sideslip angle

Wing asymmetric bending mode acceleration
due to roll rate

Wing asymmetric bending mode acceleration
due to yaw rate

Wing asymmetric bending mode acceleraticn
due to total lateral control surface
deflection

Wing asymmetric bending mode acceleration
due to total lateral control surface
deflection rate

Wing asymmetric bending mode acceleration
due to rudder deflection

Wing asymmetric bending mode acceleration
due to rudder deflection rate

Wing asymmetric bending mode acceleration
due to fuselage first torsion mode
deflection

Wing asymmetric bending mode acceleration
due to fuselege first torsion mode rate

Wing asymmetric bending mode acceleration
due to wing asymmetric bending mode
deflection

Wing asymmetric bending mode acceleration
due to wing asymmetric bending mode rate

Wing asymmetric bending mode acceleration
due to fuselage first lateral bending mode
deflection

Wing asymmetric bending mode acceleration
due to fuselage first lateral bending
mode rate

Wing spen

xXiii

UNITS

ft/sec2

1/rad-
sec

1/rad-
sec

1/rad-
sec

l/rgd-

sec

1/rad-
sec

1/rad~-
sec@

1/rad-
sec

1/sec

1/sec

l/sec2

1/sec

1/sec

1/sec

't




SYMBOLS

“p

DEFINITIONS

Drag coefficient

Lift ccefficient

Roll moment stability derivative due to

roll rate

Roll moment stability derivative due to

yaw rate

Roll moment stability derivative due to

sideslip angle

Roll moment stability derivative due to

aileron deflection

Roll moment stability derivative due to

rudder deflection

Roll moment stability derivative due to

spoiler deflection

Pitch moment coefficient

Pitch moment stability derivative due to

pitch rate

Pitch moment stability derivative due to

angle of attack rate

Pitch moment stability derivative due to

stabilator deflection

Yaw moment stability derivative
rate

Yaw moment stabilit;" derivative
rate

Yaw moment stability derivative
sideslip angle

Yaw moment stability derivative
aileron deflection

Yaw moment stability derivative
deflection

XXiv

due to roll

due to yaw

due to

due to

due to rudder

UNITS

dimension-
less

dimension-
less

dimension-~
less

dimension-~
less

dimension-~
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension~
less
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DEFINITIONS

Yaw moment stability derivative due to
spoiler deflection

Fuselage first lateral bending mode
acceleration due to roll rate

Fuselage first laterni bending mode
acceleration due to yauw raté

Side force stability derivative due to roll
rate

Side force stability derivative due to
yaw rate

Side force stability derivative due to
sideslip angle

Side force stability derivative due to
aileron deflection

Side force stability derivative due to
rudder deflection

Side force stability derivative due to
spoiler deflection

Fuselage first leteral bending mode
acceleration due to sideslip angle

Fuselage first lateral bending mode
acceleration due to total lateral control
surface deflection

Fuselage first lateral bending mode accel-
eragtion due to total lateral control surface
deflection rate

Fuselage first lateral bending mode accel-
eration due to rudder deflection

Fuselage first lateral bending mode
acceleration due to rudder deflection rate

Fuselage first lateral bending mode accel-
eration due to fuselage first torsion mode
deflection

Fuselage first lateral bending mode accel-

eration due to fuselage first torsion mode
rate

XXV

UNITS

dimension-
less

1/rad-
sec

1/rad-
sec

dimension-
less

dimension-
less

dimension-
less

dimension-
less

dimension~
less

dimension=-
less

1/rad-
sec

l/f&d-

sec

1/rad-
sec

1/rad-
sec@

1/rad-
sec

1/sec”

1/sec

)
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SYMBOLS

C
n.
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¢
ig]

s

(7}

€]

(W)

0
M

Ore

+xy
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DEFINITIONS

Fuselage first lateral bending mode accel-

eration due to wing asymmetric bending
mode deflection

Fuselage first lateral bending mode accel-
eration due to wing asymmetric bending mode

rate

Fuselage first lateral bending mode accel

eration due to fuselage first lateral bending

mede deflection

Fuselage first lateral bending mode accel

eration due to fuselage first lateral bending

mode rate

Outputs of stall warning comparators,i=l,2,3

Longitudinal response criterion parameter

Center of gravity
Fuselage station center of gravity locati
Water line center of gravity location

Mean aerodynamic chord length

Directional response criterion varameter
Longitudinal stick force
Lateral stick force above breskout

Stabilator bending mode acceleration due
angle of attack

Stabilator bending mode acceleration due
pitch rate

Stabilator
stabilator

Stabilator
stabilator

Stabilator
stabilator

Stabilator
stabilator

bending mode
deflection

bending mode
rate

bending mode
acceleration

bending mode
bending

XXVi

acceleration

acceleration

acceleration

acceleration

due

due

due

due

on

to

to

to

to

to

to

UNITS

, 2
1l/sec

1/sec

l/sec2 \

1/sec

volts

in
ft
deg
1b
1b

l/sec2

1/sec

l/sec2

1/sec

dimension-
less

l/sec2




SYMBOLS

DEFINITIONS

Stabiletor bending mode ecceleration due

stabilator bending rate

Stabilator bending mode acceleration due

first vertical bending

Staebilator bending mode acceleration due

first vertical bending rate

Stabilator bending mode acceleration due

stabilator rotation mode

Stebilator bending mode acceleration due
stabilator rotation mode rate

First vertical bending mode
due to angle of attack

First vertical bending mode
to pitch rate

First vertical bending mode
to stabilator deflection

First vertical bending mode
to stabilator rate

First vertical bending mode
to stabilator acceleration

First vertical bending mode
to stabilator bending

First vertical bending mode
to stabilator bending rate

First vertical bending mode
to first vertical bending

First vertical bending mode

acceleration

acceleration

acceleration

acceleration

acceleration

acceleration

acceleration

acceleration

acceleration

to first vertical bending mode rate

First vertical bending mode
to stabilator rotation mode

First vartical bending mode
to stabilator rotation mode

Acceleraticn due to gravity

XXVii

acceleration

acceleration
rate

to

to

to

to

to

due

due

due

due

due

due

due

due

due

due

UNITS

1/sec
l/sec2
1/sec
l/sec2
1/sec
l/sec2
1/sec
l/sec2
1/sec
dimension=-
less
l/sec2
1/sec
l/sec2
1/sec
l/sec2

1/sec

ft/sec2




SYMBOLS

BU

DEFINITIONS
Altitude of the sircraft

Stabilator rotation mode acceleration
to angle of attack

Stabilator rotation mode acceleration
to pitch rate

Stabilator rotation mode acceleration
to stabilator deflection

Stabilator rotation mode accelération
to stabilator rate

Stabilator rotation mode acceleration
to stabilator acceleration

Stabilator rotation mode acceleration
to stabilator bending

Stabilator rotation mode acceleration
to stabilator bending rate

Stabilator rotation mode acceleration
to first vertical bending

Stabilator rotation mode acceleration
to first vertical bending rate

Stabilator rotation mode acceleration
to stabilator rotation mode

Stabilator rotation mode acceleration
to stabilator rotation mode rate

Moment of inertia about X axis
Cross product moment of inertis in X7
Moment of inertia about Y axis

Moment of inertia about Z axis

Slope of the SSAP actuator velocity vs
control valve position curve

Longitudinal electrical back-up gain

Xxviii

due

due

due

due

due

due

due

due

due

due

due

plane

UNITS
ft

l/sec2

1/sec

1/sec2

1/sec

dimension-
less

l/sec2

1/sec

l/seczm

1/sec

l/sec2

1/sec

slug-ft2
slug-ft2
slug-ft2

slug-ft2

E

in/sec/in

volts/volt
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SYMBOLS

KO, K1

L/F

DEFINITIONS

Center stick longitudinal force transducer
prefilter gain

Electrical equalization gain
Longitudinal forwerd loop variable gain

Attenuation factor due to rudder flexibility

SFCS electrical geins, i = 1 thrcugh 7

SSAP Secondary Actuator motor .gain

Slope of the main actuator (Phage IIA, B)
velocity vs control valve position curve

Lateral acceleration output gain
Normal accelerometer output gain
Parameter identifier gains, i=0,1
Pitch rate gyro output gain

Yaw rate gyro output gain

Longitudinal SFCS irput gain used in
implementation of stall warning

Stall warning network time constant

Side stick longitudinal position transducer
prefilter gain

Lateral stall warning gain

Longitudinal stall waraning gain

Forward loop gain

Roll to yaw crossfeed gains

Ratio of "commanded roll performance" to
"applicable roll performance requirement"

Normel load factor

Rolling acceleration due to roll rate

XXix

UNITS

volts/volt

volts/volt
volts/volt

dimension-~
less

volts/volt

rad/sec/
% Pulse
Width

in/sec/
in

volts/volt
volts/volt
volts/volt
volts/volt
volts/volt

volts/volt

sec
volts/volt

volts/volt

volts/volt

volts/volt

volis/velt

dimension-
less

g

1/sec
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SYMBOLS

DEFINITIONS
Rolling acceleration due to yaw rate
Rolling acceleration due to sideslip angle

Rolling acceleration due to total lateral
control surface deflection

Rolling acceleration due to rudder deflection
Distance between cg and normal accelerometer

Distance from pilot's secat location to
aircraft center of gravity

Mach number

Pitch angular acceleration due to change of
altitude

Pitching angular acceleration due to pitch
rate

Pitching angular acceleration due to change
of forward velocity

Pitch angular acceleration due to angle of
attack

Pitching angular acceleration due to angle
of attack rate

Pitching angular acceleration due to
stabilator deflection

Computed stabilator effectiveness

Computed value of M6 provided to each channel,
i=l, 2, 3, &

Pitching angular acceleration due to
stabilator rate

Pitch angular acceleration due to stabilator
acceleration

Pitching argular acceleration due to the
stabilator bending mode

XXX

UNITS
1/sec
l/sec2

l/sec2

l/sec2

't

dimension-
less

l/sec3

1/sec

l/sec2

l/sec2

1/sec

l/se02

l/sec2

1/sec2

1/sec

dimension-
less

l/sec2

e 202 g

TRLT Y

ot

RPIR)




DEFINITIONS

Pitching angular acceleration due to rate
of stabilator bending mode

Pitching angulasr acceleration due to first
vertical bending mode

* Pitching angular acceleration due to first

vertical bending mode rate

Piteching angular acceleration due to
stabilator rotation mode

Pitching angular acceleration due to
stabilator rotation mode rate

Mass of the aircraft

Number of secondary actuator motors
operating - 2, 3, or L

Yawing acceleration due to roll rate
Yawing acceleration due to yaw rate
Normal load factor

Normal acceleration at accelerometer

Normal acceleration at F.S. = i

Yawﬁng acceleration due to sideslip angle

Yawing acceleration due to total lateral
control surface deflection

Yawing acceleration due to rudder deflection

Roll rate, the angular velocity of airplane
about X axis

Input to lateral structural filter

Output of lateral structural filter

Angular velocity sensed by roll rate gyro

Normalized roll rate

Max steady state roll rate

XXXi

UNITS

1/sec
1/sec
1/sec
l/se02
1/sec

slugs

1/sec

1/sec

l/sec2

l/sec2

l/sec2

rad/sec

volts

volts
rad/sec
deg/sec

deg/sec
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pOSC

p&V

q

et et

v

VoaL

=
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DEFIN .TIONS
A measure of the ratio of the oscillatery
component of roll rate to the average

component of roll rate |

Pitch rate, the angular velocity of airplane
about Y axis

Dynamic pressure

Yaw rate, the angular velocity of airplane
about 7 axis

Angular velocity sensed by the yaw rate gyro
Wing area

Laplace operator

Thrust

Time for the bank angle %o reach 1/2
amplitude

Time for the bank angle to reach double
amplitude

Velocity component of the airplane in the X
axis

Total velocity of the airplane
Calibrated airspeed

Velocity component in earth axis in east
direction

Velocity of wind gust

Stall warning voltage schedule break voltages
i=0,1,2

Velocity component in earth axis in north
direction

Velocity component of the airplane in Y axis

Longitudinal linear acceleration due to

" angle of attack

Longitudinal linear acceleration due to
change of altitude

XXXii

UNITS

dimension-
less

rad/sec

lb/ft2

rad/sec

rad/sec

ft2

sec
1bs

sec
sec
ft/sec

ft,sec
knots

ft/sec

ft/sec

volts
ft/sec
ft/sec
1/sec

l/sec2
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DEFINITIONS

Projection of the displacement of the
lateral accelerometer from the cg onto
the X axis in the equation of motion
axis system

Longitudinal linear acceleration due to
change of velocity

Flight path angular velocity (lateral) due to

roll rate

Flight path angular velocity (lateral) due to

yaw rate

Flight path angular velocity (lateral) due to

sideslip angle

Flight path angular velocity (lateral) due to

total lateral control surface deflection

Flight path angular velocity (lateral) due to

rudder deflection

Flight path -angular velocity (lateral) due
to roll angle

Flight path angular velocity due to change
of altitude

Projection of the position of the lateral
accelerometer onto Z axis in the equation
of motion axis system

Flight path angular velocity due to unit
pitch rate ‘

Flight path angular velocity due to change
of forward velocity

Flight peth angular velocity due %o unit
angle of attack

Flight path angular velocity due to
stabilator deflection

Flight path angular velocity due to stabi-
lator rate

Flight path angular velocity due to
stabilator acceleration

XxXiii

UNITS

ft

l/sec2

dimension-
less

dimension-
less

1/sec
1/sec
1/sec
1/sec

2

1/sec

ft

dimension-
less

1/sec
1/sec
1/sec
dimension-

less

s5€ecC




SYMBOLS

CS

DEFINITIONS

Flight path angular velocity due to
deflections of stabilator bending mode,
first vertical bending mode, and stabilator

rotation

Flight path angular velocity due to
deflection rates of stabilator bending
mode, first vertical bending mode, and
stabilator rotation mode, respectively

Angle of attack, positive when the reference
axis is above the flight path

Cockpit indicated angle of attack
Angie of attack sensed by the left angle
of attack probe from the first and second

output potentiometers, i=l, 2

Probe angle uf attack

Roll rate gyro sensitive axis angle of
attack

Yaw rate gyro sensitive axis angle of attack

Angle of attack sensed by the right angle of
attack probe from the first and second
output potentiometers, i=i, 2

Wing angle of attack

Water lire angle of attack

Sideslip angle

Flight path angle

Incremental variation of a given quantity
Meximum sideslip excursion at thé cg
occurring within two seconds for a step
aileron-control command

Control surface deflection
Aileron deflection

Center stick longitudinal force transducer
output

XXXiv

UNITS

1/sec

dimension-
less

deg

units

deg

deg

deg

deg

deg

deg

rad
rad
rad

dimension-
less

deg

rad

rad

volts




SSA

SSF

STyvECH
TA
TF
VA

VF

DEFINITIONS
Rudder deflection
Stabilator deflection
Spoiler deflection

Aft sidestick longitudinel position
transducer output

Forward sidestick longitudinal position
transducer output

Mechanical input to surface actuator

Aft longitudinal SFCS trim wheel output
Forward lonFitudinal SFCS trim wheel output
Aft longitﬁdinal vernier wheel output
Forward longitudinal vernier wheel output
Parameter identifier error signal

Damping ratio

Damping ratio of the Dutch Roll osecillation

Notch filter denominator damping ratio
Notch filter numerator damping ratio

Generelized coordinate of stabilator bending
mode. Displacement at fuselage station J
positive down

Generalized coordinate of first vertical
bending mode. Displacement at fuselage
staetion J positive down

Generalized coordinate of stabilator
rotation mode. UTLisplacement of fuselage
station J positive down

Normel coordinate for fuselage first torsion
mode

Normal coordinate for wing first asymmetric
bending mode

XXXV

UNITS
rad
rad
rad

volts

volts

volts
volts
volts
volts
volts

dimension-
less
dimension-
less
dimension~
less

dimension-
less

dimension-

less

dimension-
less

dimension-
less

dimension-
less

dimension-
less
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SYMBOLS

e

forX )

mJ

DEFINITIONS

Normal coordinate for fuselage first
lateral bending mode s

) M -

Pitch angle

Pitch rate sensed by the red channel and blue
channel pitch rate gyros, i=l, 2

Pitch rate measured at pitch rate gyro
fuselage station (Jj = 383, 179, 313),
positive nose up

Air density
Time to double amplitude
SSAP secondary sactuator motor time constant

First-order roll mode time constant, positive
for stable modes

Bank angle

Roll angle about the longitudinal
principal axis

Measured normel acceleration due to
stabilator bending mode at fuselage station i

Measured normal acceleration due to first
vertical bending mode at fuselage station i

Measured normel acceleration due to
stabilator rotation mode at fuselage station i

Yaw angle

Phase angle expressed as a lag for a cosine
representation of the dutch roll oscillation
in sideslip

Frequency

Notch filter denominator frequency

Notch filter numerator frequency

Undamped natural frequency

Center stick Llongitudinal force transducer
prefilter break frequency

XXXVi

UNITS

dimension-
less

rad

volts/deg/
sec

rad/sec

slug/ft3
sec
sec

sec

rad

rac
feet
feet

feet

rad,'c=c
rad/sec
rad/sen
rad/sec

rad/sec
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3¢T/6ni

BWT/8n6

% cg
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DEFINITIONS

Sidestick longitudinal position transducer
prefilter break frequency

Normal accelerometer output filter break
frequency

Frequency at which phase margin is computed
(Gain 0 dB, crossover frequency)

Slope of the stabilator bending mode shape
at fuselage station J

Slope of the first vertical bending mode
shape at fuselage station J

Slope of the stabilstor rotation mode shape
at fuselage station J

Lateral bending mode shape for Ngs positive
right

Roll slope per nys i=h, 5, 6, positive
right wing down

Yaw slope per Ngs positive nose right

Location of the center of gravity expressed
as a percent of the mean aerodynemic chord

Denotes flight condition Mach 1.2, 5000 feet
altitude, typical of notation for flight
condition identification

First derivative of a variable with respect
to time

Second derivative of a variable with respect
to time
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UNITS

rad/sec
rad/sec
rad/sec
dimension-

less

dimension-
less

dimension-
less

ft

rad

rad

dimension-
less

Mach
number/
Altitude
(1000 feet)
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SECTION I
INTRODUCTION

The Survivable Flight Control System (SFCS) Program is a flight control
advanced development program being conducted primarily by MCAIR under contract
to the Air Force Flight Dynamics Laboratory. The principal objective of this
program is the development and flight test demonstration on an F-b aircraft
of a Survivable Flight Control System utilizing fly-by-wire and power-by-
wire techniques.

Recent combat experience has shown that relatively minor damage, in the form
of small arms fire, can result in aircraft loss due to loss of control. This
is brought about by either hits in the hydraulic distribution system which
drain the fluid, or hits which sever or jam the non-redundant mechanical
flight control linkages. The power-by-wire concept of integrating electric
motor driven hydraulic pumps with the surface actuator reduces system vulner-
ability through elimination of dependence on long exposed runs of hydraulic
plumbing. The fly-by-wire concept of redundant and physically dispersed
electrical control channels improves survivebility by eliminating the single-
failure points of the conventional mechanical control linkages.

The SFCS Program is being performed in two phases. Phase I, which included
flight test evaluation of a Simplex integrated actuator package, has been
completed and is documented in Reference 1. The Phase II program and objec~
tives are illustrated by Figure 1, and include the development and flight
test evaluation of a flight control system employing fly-by-wire and power-
by-wire concepts.

Studies and Establish Confidence
Analyses by Demonstrating
Safety and
Reliability
F-4 Aircraft Flight
Modifications Testing
Provide Data and
. Criteria for Future
Laboratory Flight Control
Tests Systems
FIGURE 1

PHASE II - PROGRAM AND OBJECTIVES
F-4 WITH SURVIVABLE FLIGHT CONTROL SYSTEM
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Fly-by-wire (FBW) is a primary flight control system which uses an electrical
signaling path to provide the desired aircraft response to pilot commands,
without a mechanical connection between the cockpit controller and the control
surface actuator. It can incorporate aircraft motion sensors such that air-
craft motion, rather than control surface position, is the controlled variable.
To be accepted by the aerospace industry as more than a research tool, the
reliability of the FBW system must meet or exceed the reliabili‘y of the
mechanical system it is replacing, while showing advantages in other areas.
The benefits foreseen for an FBW system include:

o Enhanced survivability

o Superior aiming, tracking, and weapon delivery
o Reduced pilot workload

o Flizht control design and installation savings
o Decreased cost of ownership

o More airframe design freedom

Power-by-wire (PBW) i: the transmission of power from the aircraft engines to
the flight control surface actuators by electrical rather than hydraulic
means. Hydraulic power is generated by electric motor driven hydraulic
pump(s) integral to the actuators. Power-by-wire equipment has been called
"integrated actuator packages" in this country, and simply "packaged
actuators" in England.

The redundancy and dispersion of a fly-by-wire system and the get-home-and
land capsbility provided by an actuator with an emergency-only electric motor
driven pump could be combined to provide a measurable improvement in flight
control survivability. An F-l Simplex Actuator Package with this emergency-
only PBW capability was successfully flight tested in Phase I of the SFCS
Program, with results reported in Reference 1. However, a survivable flight
control system requires use of power-by-wire integrated actuator packages
which are capable of full-time operation independent of the aircraft central
hydraulic systems and their exposed plumbing. The Survivable Stabilator
Actuator Package (SSAP) to be flight tested in Phase IIC of the SFCS Program
will be a duplex PBW actuator capable of full-time operation throughout the
P-4 flight envelope. The SSAP will be controlled by the fly-by-wire system
installed and flight tested in Phases IIA and IIB of the program.

The location of the fly-by-wire system components, the SSAP, and the other
SFCS equipment in the F-k test aircraft is shown in Figure 2.

The results of the SFC5 studies and analyses to date, and the definition of
the SFCS approach are presented in the basic report. The details of the Con-
trol Law Development Studies are presented in this supplement. The details
of the Control Criteria and Hydraulic Power and Actuation Studies are pre-
sented in report supplements 1 and 3, respectively.
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SECTION II
SUMMARY

The SFCS will utilize fly-by-wire control of all primary flight control sur-
faces. Applied pilot inputs will command aircraft motion rather than sur-
face position. Improved control response characteristics are :xpected
throughout the flight envelope. Improved stability characteristics also
are expected through the use of feedback control, proper placement of
aircraft motion sensors, and the application of structural mode filters to
attenuate aircraft resonant frequencies.

An sdaptive gain changer is planned to be implemented in the SFCS to provide
automatic gain changing in the pitch and yaw axes as a function of stabilator
effectiveness. The gains in the roll to yaw interconnect are also pro-
grammed as a function of stabilator effectiveness to obtain improved turn
coordinacion and aiming accuracy at all flight conditions. The automatic-
ally selected gain values were chosen to partially compensate for the normal
changes in surface effectiveness which occur as a function of flight con-
dition. The total gain variation was restricted to obtain adequate atten-
uation at airframe resonant frequencies. Provisions for manual selection

of each of the variable gains are also included.

The longitudinal and lateral-directional control laws were initially imple-
mented to comply with the requirements of MIL-F-8785B (ASG) and the C*
criterion. A handling qualities criteria development program was conducted
concurrently with the control law development effort and is reported in
Supplement I to TR-T1-20. The control law mechanization was subsequently
evaluated against the proposed handling quality criteria. The results of
this evaluation, which show compliance in all essential parameters, are
included herein.

A six-degree-of-freedom man-in-the-loop simulation program was conducted to
evaluate the control law implementation. This simulation included the
capability to maneuver the aircraft throughout the F-LE flight envelope
including stall and post stall conditions. As a result of this simulation,
eight design modifications were identified and evaluated. These modifications
were subsequently implemented into the SFCS design.

The longitudinal and lateral-directional control law development studies,
manned simulation results, and conclusions relative to these studies and
simulations are presented in the following sections.
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SECTION III

LONGITUDINAL CONTROL LAW DEVELOPMENT

SYSTEM DESCRIPTION

The functional biock diagram of the SFCS longitudinal control system is

presented in Figures 3 and L.

SFCS as configured for the Phase IIA portion of the flight test program.

8.

Normal Mode

The longitudinal control system is a fly-by-wire system in which
aircraft motion is the controlled parameter. This is accomplished
by utilizing normal acceleration and pitch rate feedbacks which are
subtracted from the center stick force transducer commands and the
side stick position transducer commands to obtain an error signal.
The error signal is used as a position command for the stabilator
actuator.,

The Normal mode of operation provides reutral speed stability (NSS)
for all nonterminal flight phases. Since the speed stability is
neutral, no steady state pilot applied stick force or trim input is
required in order to compensate for the change in stabilator position
required to trim the airplane due to changes in airspeed and/or
altitude. An interconnect with the nose gear position switches re-
moves the function which provides the neutral speed stability when
the landing gear are lowered. The pilot may also override the
neutral speed stability function using the mode select switch.

The neutral speed stability characteristic is obtained by generating
an integration in the forward path of the control system. The
integration maintains zero steady-state error between force command
and the blended pitch rate and normal acceleration feedback. The
airplane is kept in trim since any uncommended pitch rate and accel-
eration is automatically reduced to zero by the action of the
integrator. For nonterminel flight conditions, only occasional trim
inputs initiated by the pilot are required to offset any electrical
biases which may be present. Since the integration function is
removed when the landing gear are extended, nominal trimming action
by the pilot will be required during terminal flight phases.

The secondary actuator is used to provide the integration function.
This is accomplished by incorporating washout circuits in the
secondary actuator ram position and mein actuator ram position
feedback signals, which transform the position feedbacks into ve-
leccity feedbacks for low frequency inputs (w < 1lrad/sec).

«
]
.

Electric Back-Up Mode
The control system includes an electric back~up mode which consists
of a simple forward path connecting the longitudinal force input

pre-filter to the secondary actuator. In order to minimize trans-
ients, selection of electric back-up mode by the pilot causes the

The block diagram depicts the longitudinal

PInL)




o The interrogation signal is fed to the pitch sérvo amplifiers ;
to produce an aircraft pitch rate, 6. The measured 6 output of
one of the pitch rate gyros is passed through a bandpass filter
which provides a value of pitch acceleration, 6 , at LHz.

0 The interrogation signal is also fed to a model of the pitch
actuator which computes the value of -stabilator deflection, §, :
which will be seen if all but the 4Hz components are filtered out.

o The bHz & signal is multiplied by the computed value of stabil-

ator effectiveness, M&_, so that an error signal ¢ = 0 -~ Méé may ;
I - A 3
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FIGURE 5
ADAPTIVE GAIN CHANGER FUNCTIONAL BLOCK DIAGRAM
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direct elceetric path to be faded in (Nonlinear 2) as the normal
SFCS forward path is faded open (Nonlinear 3). The actuator main
ram clectrical feedback path is also simultaneously faded open
(Nonlinear k).

Adaptive Gain Changing

Pilot selection of adaptive gain changing or fixed gain opeiration

is available. The adaptive gain changer provides 3 gain states in
the longitudinal axis which change the forward loop gain, Kp, over a
range of 4 to 1 as the aircraft stabilator effectiveness parameter,
M., varies due to flight condition and aircraft configuration changes
as shown in Table I. By selecting fixed gain operation, the pilot
may manually select either K_=.25, .5 or 1. The system is configured
to provide stable operation over the entire flight énvelope for the
lowest gain value of KF=.25.

TABLEI
ADAPTIVE GAIN VALUES

- - —
5, K

M <10 . Ke = 1-(H
8c ¢ = THH)
10 <Mg <20 Kg = 0.5 (MID)
c

Mp_ > 20 Kg = 0.25 (LO)

Adaptive gain operation may be selected only if the manual gain
select switch is first placed in the low gain position. Reposition-
ing of the manual gain select switch after selection of adaptive
gain operation causes disengagement of the aduptive gain changer
and reversion to fixed gain operation.

A functional block diagram of the gain changer (Parameter Identifie:
is provided in Figure 5. The function of the gain changer is as
follows:

o The voitage controlled oscillator develops an interrogator signal
consisting of a 4Hz sine wave with a nominal duty cycle of 1.5
seconds on and 15 seconds off. The amplitude of the signal is
controlled by a feedback of computed pitch acceleration to pro-
vide a relatively constant value of actual aircraft pitch accel-
eration within limits set for computational ability and pilot
detection level.

12
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o The interrogation signal is fed to the pitch servo amplifiers
to produce an aircraft pitch rate, 6. The measured € output of
one of the pitch rate gyros is passed through a bandpass filter
which provides a value of pitch acceleration, 6 , at LHz.

o The interrogation signal is also fed to a model of the pitch
actuator which computes the value of -stabilator deéflection, §,
vhich will be seen if all but the 4Hz components are filtered out.

o The YHz § signal is multiplied by the computed value of stabil-
ator effectiveness, M&', so that an error signal ¢ = § - Méé may
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o %he § x = signal is used as the input to an 1ntegrator which:
provides as 1ts output the~value of ”G which: will satisfy the
éjuation 9 = Mgé. This: equatlon is -a good approximation -at the
4Hz Préeguoncys -

6 Lével detectors detérmine thé range -of values of ‘M, in-which
thé aifcraft is being Operdted and provide cutput sighals: to
set the piten forward 1oop, yaw Fate, and«ro;* to. yaw crossfeed
gains: Under hotmal Sirdumstances the use .of & clean 6 signhal
provides a gocd correlatlon funétion: and. allovs}rapid, -at¢lirate
computatidn. of; c' Thus & rathér wide variation in:M, can be
accormo“czed within the 1.5 seéc cowpuuatlon time, éren in the
prasence of severs gufts or pllot 1nsu,,r7nmanos. In the event.
that M,  is cnanging very rapidly over a- largé range,. such: a8 in &
powereg dive, the & x € signal will ‘held. the'ccntrol logic on
. the product is below a preset value of é¥ror. An activity
. monitor detects the sutput 3f the actuator model and :shuts off the
},‘ compuuer if & fuil péricd (16.5 sec) of activity 18 éncountered.

- s

n. mkall Warwing System . - -

) h;functional block diegram of the stall 'warning: system is presenteéd
i Figure 6+ The: stallcwarning,system provides; stick force ‘cies
RS vhe ‘pilot when. the région of i.pending accelerated stall is
’ “fenﬁ‘?ej. The warning becomes increasingly hore pronounced with
: Tp*”gres:ion into the stall region. This is(éccomplished by de-
L creasing the electrical gradient through whiéh the stick force
‘ +‘zansdqcer -and' the Side Stick Controller (SSC) ‘outputs. are passed-
- ‘rioy o the point at which they are summéed with thé sensor feedback
- signals., husm the pllot -applied: maneuvering forcewfor either
center stick or SSC lust be indreased in order to maintain a given
nanéuver if the maneuver -causes entry into the stall region. ‘The-
warning sighal is fnitiated at 23.3° angle of attack and linearily
inereases to a maximum at 27.1° anglé of -attack, at which point,
the stiéx force électrical gradient, K ,A(Figurc 3) is correspond=
ingly décréased to one-third its nominal value, Canc elled pitch
ratd is us ed. to generatéd a at&ll anticipatory signal. This signal,
which is propertiofal to pitch awgalar acéeleration;. activateés the
stall warning §ystem at 1645 deg/sece -and provides full warning out-
wuL gt ol deg/sec™ for ners angla of attack. The angle of attack
51gnals aid cantelled pitch rate signals are summed through approp-
riate galns §6 that any combination of angle of attack and positive
piteh accaleration which oatisfy the équation, & + . hlﬂ 2 23, 3,
will ¢ wtivate. the stall warning -system, In érder that ncgative
piten acceleératicnd will not dause deaftivations of the stall warn-
ing when a > 23.3, cnly positive pitch accelerations are used.
Appropria {s} fllterlng is aoplied to. the :sunned acceleration and
angle of atbtnek siidnals to prevent mwnﬂntary varlatlons in signal
ceusad by ale Luchut Laee ‘Pvm actuating the starl var dng system.
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2. SYSTEM SYNTHESIS
a. Guidelines and Assumptions

Early in the SFCS longitudinal control law development effort a
design approach was formulated and certain guidelines and
assumptions were delineated to provide a logical starting point for
the system design. Listed below are those guidelines and assump-
tions for the SFCS control laws:

o Selectable neutral speed stability must be provided.

o Pilot selection of fixed or adaptive gains must be provided.

o The system will use blended normal accelerstion and pitch rate
feedback.

o A filter would probably be incorporated to attenuate the air-
craft structural modes.

T AR ol e,
A S e

o The system should be designed to accommodate the Phase IIC
stabilator actuator (SSAP) with a minimum of modification to the
electronics and control laws.

o Switching of sensor feedback signals should be avoided if
possible and switching internal to the control and feedback
paths should be minimized.

o The system should provide safe and acceptable performance
throughout the flight envelope with a single fixed geain.

CEARASE N M WL 6 T O O o b, P AT 7 NSt N et sl
Lar .

0 All requirements of the Statement of Work should be met to the
maximum extent possible. ;

o The capability to trim the aircraft into constant altitude
turns is desirable.

¢ All components should be math modeled to represent the )
actual component properties as closely .s practicable. Y

Figure 7T presents a summary of the stability and response guide-
lines used in the design and evaluation of the longitudinal SFCS.

(1) Handling Qualities Criteria Time History Response Guidelines

Since the SFCS control performance criteria study was still
in work during the formative stages of the longitudinal
design, the decision was made to utilize the C¥ criteria of
Reference 1 as a guideline and then to evaluate the SFCS
responses relative to the new criteria when they became i
available. The response envelopes given in Figure T are i
the MCAIR revised C* criteria described in Supplement 1 of ,
this report. All responses were evaluated relative Lo the i
3 revised criteria throughout this supplement. Additionally, '
: the Level 1 requirements of MIL-F-8785B(ASG) for short §
period frequency, damping ratio, and stick force per g were
used as guidelines.
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(2)

Reference 2 presents in a combined plot the MIL-F-8785B
(ASG) short period damping ratio requirement (Paragraph
3.2.2.1.7) and dynamic stick force per g requirement
Paragraph 3.2.2.3.1). The solid lines of Figure T represent
the beoundaries for short period damping ratio and steady state
stick force per g established by MIL-F-8785B (ASG). The
dashed line of Figure T represents the relationship between
short period damping and steady~state stick force per g
as presented in Reference 2 by inclusion of the MIL-F-8T85B
(ASG) requirements for dynamic stick force per g . This
criterion was also imposed as a design guideline.

Stability Guidelines

Stability guidelines for the SFCS design were established for
the three frequency ranges which contain the aircraft and
control system oscillatory modes: namely, the aircraft phugoid
mode, w < .3 radians/second; the aircraft short period and .
control system modes, .3 < w < 50 radians/second;and the air-
craft structural modes, 50 < w < 200 radians/second.

The desirability of stable phugecid at all flight conditions is
recognized; however, the phugoid mode stability guideline did
not prohibit phugoid mode instability. The requirement was
that any phugoid instability have a time to double amplitude

of at least 50 seconds when computed using small perturbation
aircraft equations of motion. Phugoid instabilities are barely
noticeable when the time to double amplitude is 50 seconds

or greater.

The guidelines for the aircraft short period and control
system modes were that tlie system should exhibit at least

10 db gain margin at all flight conditions and that phase
margins of at least 50 degrees at high q flight conditions and
30 degrees at low g flight conditions shouid be maintained.
The phase margin guideline was later refined to coordinate

the phase margin requirement with the frequency at which the
system would oscillate if an instability were induced by in-
creased phase lags. Figure 7 presents thiscriterion in
graphic form. As can be seen from Figure T, & phase margin
of 50° is required for frequencies equal to or greater than
6.28 radians per second (1 Hz). A phase margin of 20° is
allowed for frequencies below 2 rad/sec (.32 Hz). The direct
dependence of the phase margin requirement with flight con=~
dition is eliminated; however, it should be noted that the
frequencies associated with high q flight conditions will, in
general, be higher than those agsociated with the low q flight
conditions. Thus the original requirement for 50° phase margin
at high q and 30° phase margin at low q is, in general, main-
tained. HNonlinearities in components such as the actuator
have a diminishing effect at lower frequencies.
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The structural mode stability guideline was that all structural
mode amplitudes should be attenuated by a minimum of 6 dB.

The normal gain and phase margin requirements specify a
minimum attenuation at the point where the phase angle reaches
-180° or any odd multiple thereof, and a minimum phase margin
when the gain reaches 0 dB. A requirement for gain margin
would, therefore, allow any amount of structural mwde peaking
so lgng as the gain margin requirement is met when phase is
-180°.

The guideline used in the SFCS design is more stringent and
requires that structural modes be attenuated by at least 6 dB
regardless of phase angle. F-4 experience indicates that
structural mode stability during subsonic flight is of more
significance than during supersonic flight. Occurrence of F-k
structural mode resonance has been confined to subsonic flight
and to the modes between TO and 100 radians per second. This
knowlsdge of the F-l experience led to the additional require-
ments that & minimum of 9 3B attenuation would be maintained
for those structural modes between TO and 100 rad/sec at
subsonic flight conditions.

Feedback Configuration

Both pitch rate and normal acceleration feedbacks were assumed to

be required at the outset of the control law development siudies.
Normal acceleration feedback is needed in order to reduce the steady
state stick force per g variation with aircraft velocity. This

is readily spparent by inspection of the stick force per g curves
of Figure 8. This figure shows the variation in force per g

with aircraft velocity for pitch rate feedback only and for normal
acceleration to pitch rate feedback ratios of 4.5:1, 6:1, and 9:1.
The configurations using pitch rate feedback alone exhibit stick
force per g characteristics which vary from 47.2 to 4.7 1b/g. The
extremely large stick force per g velues at low aircraft velocities
are of -cburse totally unsatisfactory.

he addition of normel acceleration feedback eliminates the wide
variation in stick force per g . The higher normal acceleration
to pitch rate feedback ratios provides the least variation in force
per g gradient. However, the lowest ratio, 4.5:1, easily meets
the stick force per g requirements of MIL-F-8785B (ASG).

Normal acceleration feedback, while greatly enhancing the stick
force per g properties, has a tendency to reduce system stability
margins at some flight conditions. Figure 9 provides an example

of the deterioration in phase margin which occurs during high speed,
low eltitude flight as the normal acceleration to pitch rate ratio
is increased from 4.5:1 to 9:1. A penalty of 28% reduction in phase
margin would be experienced if a blend ratio of 9:1 were chosen
instead of 4.5:1 ratio. For this reason, a ratio of 4.5:1 was
selected for the SFCS.
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The normal accelerometer output is passed through a first order

lag filter prior to the point where it is summéd with the pitch rate
gyro signal. The lag was originally incorporated primerily to reduce
structural mode pickup from the accelerometer. Studies showed that
this network also has a significant contribution to improvement in

the SFCS response characteristics when the breask frequency, w3, is
properly placed. C* time history response plots and stability

margins for two flight conditions with the fixed, low gain selected
are shown in Figures 10 through 12 for U values of w3 ranging from 1
to 8 rad/second. The fixed, low forward loop gain values were used
for this evaluation in lieu of the other selectable or adaptive gains
in order to isolate the effectiveness of the lag alone in shaping the
C* response. The higher system bandwidth provided by the selectable
gain values will, of course, improve the speed of response at all low
d flight conditions. For this reason, no particular significance
should be attached to whether a particular value of w3 ceuses the re-
sponse to fall entirely within the envelope. The relative improvement
which can be achieved by using the proper value for w3 is the signifi-
cant factor. As shown in Figure 10,the responses for w3=2 and 4 exhi-
bit the best characteristics of the 4 lags shown for the Mach.5
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5000 ft. altitude flight condition. With w3=l, &n unde51rably dong.
time -constant overstioot reseﬂbllng ‘a steady state offset exists. At
the other extreme, u3—8 theré exists a similar undershoot character-
istic. Examinetion of the comparable responses: for Mach 1.2 5,000 ft.
altitude shown in Flgure 11 reveals: that-w o=l and 2 produce undesirable
balooning cvershoot in the C¥ response. for - w3-h -and '8 the system

has good response properties; hcwever, w3"h appears t6 be the ‘bettér
of the two. Since values of w3 less than 1t produce unacceptable
responses for Mach 1.2, 5,000 ft. altitude, and values of w3 greater
than L are unacceptable for Mach = .5, 5,000 ft. altitude, the normal

‘deceleroneter 1ag filter break frequency was set at 4 rad/sec.

The. C* time ‘histories reférenced above were taken. from the data [T
Appendlx III, wnlch also includes time: histories for seven :0ther
-aircraft. parameters for ea¢h value of w3

Forward Loop Configuration

The premise upon which the. SFCS ahd most high-gain control systems
are designed is that desirable response characterlstlcs can bé
.achieved. by malntalning the closed loop bandW1dth at a high value
-and: pa581ng the input command through an electrical model whose
output response- shape represents the desired aircraft response. In
this way; the aircraft gain variations, which. occur due to flight
condition change, weight change, etc., do not significantly degrade
aircraft response characteristics. Stability considerations
usually forcée a. somewhat compromised application of this basic
principle. For éxample, the bandwidth is directly proportional to
gain. The maximum gain which can be sllowed is, in turn, a direct
function of the amplitude of the aircraft structural modes and the
structural filtering phase lag which can be tolerated.

The SFCS design goal was to design a high gain adaptive control
system which can also effectively and safély éontrol the aircraft
at all flight conditions with one fixed gain value.

The problem was approached by first defining and documenting the
performance of the fixed gain system, while incorporating the
structural filtering required for satisfactory margins for
operation with the higher adaptive gains.

In order to provide the wide closed loop bendwidth desired for
satisfectory response characteristics, it is necessary to maintain
the open loop bandwidth as wide as possible. The aircraft gain
varies with flight condition, so the system bandwidth varies with
flight condition for fixed gain operation. A design goal of 10~12
rad/sec open loop bandwidth at the highest Mg flight conditions
was selected as being attainable, Thus, the open loop gain should
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§
¢ ‘have a 0 dB crossover frequency-.of 10-12 rad/sec. Bode -design
L criteria indicate that the slope of the gain ¢urve at the 0-dB cross-—
: over freguency should be 6 dB per octave (Reference 3): In-order
: to.maintain the 6 dB per octave slope and fulfill the 10 dB-gain
: margin requiremént, the frequeacy at which the open loop phase. angle
g crosses the ~180° point must be removed by 1 1/2 octaves. from the
4 0 dB crossover freguency. This establishes that. the ~180° phase
angle crossover: frequency st occur in. the range of 30-36 rad/sec.
" The feedback configuration was established in Paragraph 2b .above. '
’ Fregiiency responses.of the.airframe and féedback portion of the ;
control system were computed for seéveral flight conditions: ‘From |
thiése data, it was found that for frequencies of 30 rad/sec: ;
3 and above, the phase lag from the airframe .and feedback of the ‘
! system is .essentially independent of flight .condition. For example,
; at 35 rad/séc., the phasé lag is. =102° + 2° for all flight “ {
3 conditions -examined. There is significant phase variation with
: flight condition for frequencies below 30 rad/sec; the phase
‘~ is :a8 high as =90° at 10 rad/sec. for many flight conditions. i
2 Therefore, in.ordér to maintain 50° phase margin .at 10 rad/sec ¥
3 (0 gB.gain crossover frequency), the forward loop phasé cannot
exceed: ~180°+ 50-(-90). ==L0°. Similarly, the forward loop phase ;
cannot exceed -180°-(-102°) = <78° at 35 rad/sec (the =180%
phase crossover frequency). The structural filtér and actvator E
contribute approximately =100% -4t 35 rad/sec. Therefore, phase
-‘g compensation is necessary. §
SV A frequency response of the. compengation filtér chosen is presented 11
- in Figure 13. As can be seen from this figure, ‘the compensation: 5
f filter provides phase lead for frequencies .above 10 rad/sec. ]
1 The frequency response for the total SFCS forward loop is presented “‘]
1§3 in Figure l4.  The maximum phase: lag requirements outlined above R
; § are. seen to be met. Open loop ‘frequency responses were computed 3
» and. time history responses vere:générated for selected flight “9
3 conditions to verify the design procedure, These data are presénted: R}
: in Appendix II. B
4 d. Striuctural Filter ' j
k 3 A sé¢ond- order notch and first order lég filter for structural )
2 mode attenuation were included in the longitudinel SFCS forward
. Toop from ‘the .outset of the: longitudinal control law development a
o studies, The design for these components wa§ not finalized until ;
; an aeroelastic math model of ‘the aircraft was analyzed and other <
i gystem components functionally designed: ~
| 2% ;
v .
b - e
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FORWARD LOOP: COMPENSATION FREQUENCY' RESPONSE
-Open loop frequency responses .of the longitudinel SFCS were
computed Aith the; originel structural. filter deleted. Figure 15

presents, a composite plot of these frequency responces for eleven
flight conditions. Although 4individual responses for .each flight
condition are not readily di stinguishable on this plot, the
freqnenciee -at. which structural ‘mode peaks occur-and the amplitudes.
ot ‘the 'peaks. are eeeily seen.. For the flight conditions ‘considered,
it may 'be seen: from the figure that the major ettenuation effort
must be- concentrated‘in the frequency range of the first two.
etructurel modee. For ‘this reason the second order notch. was:
'redeeigned .86 that its resonant. frequency is 86 red/sec. ‘This
frequency plus: increased notch depth in the redesigned second. order
notch was eufficient to- provide the desired attenuation of the
firet two structurel modes -at. all flight conditione. The third
structural mode, occurrins in & frequency range of 120 te 140 rag/
secy with its maximum: peek of zero dB occurring. ax 120 red/sec,wes
'attenueted further by redesigning the first order lag so that its
‘break. rrequency is 120 rad/sec. Figure 16 presents the frequency
reeponee of the reRCezbned etructurel filter. Open loop frequency
résponses: with the new en*ucturel filter were computed. ‘These data
are. presented in Appendix III for eleven flight conditions and two
eircreft weights.
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FORWARD LOOP FREQUEMCY RESPONSE (PHASE IIA,B)

e, Sensor Placement

The number of candidate locations for the normel accelerometers
and pitch rate gyros were few in number due to the limited space

aveilable in the test aircraft.

normal accelerometer forward of the aircraft c.g. in order to
capitalize on the stabilizing characteristics of the pitch angular
acceleration which accompanies forward located accelerometers.
Based upon this consideration and the space available, candidate

locations at Fuselage Station 24 and 77 were chosen.

It is desirable to locate the

Of these two

locations, Fuselage Station 77 provides the lower structural mode
contamination on the normasl accelerometer output as explained in
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Appendix III. Also, the space available at F.S.7T7 allows
installation very near the aircraft center line, which reduces the
roll rate cross-coupling. For these reasons the normal accal-
erometer is located at F.S.77.

Three possible locations for the pitch rate gyro were investigated:
F.8.383, 313 and 179. These locations represent the production
piteh rate gyro location (F.S5.383) and the first two available
spaces forward of F.S5.383. As shown in Appendix III, the structural
mode amplitudes sensed by the pitch rate gyro are lower at F.S.383
than at the other locations; therefore F.S.383 was chosen as the
location for this sensor.
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Jensor Switching

The six degree of freedom digital program used for the manned
simulation program was utilized to conduct a brief study of the
efflect of landing gear reaction on the sensor outputs and the
resultant effect on the aircraft controllability during landings.

A worst case hard landing was simulated with the aircraft in the
power spproach configuration. The aircraft was trimmed for flight
at Mach .225, at 15 feet altitude on an initial 3-degree glide
slope and allowed to contact the ground without flaring. The
throttles were retarded to idle thrust upon main gear impact. Runs
were made for landings with mechanical back-up, electrical back-up,
and lormal mode of the SFCS. Figure 17 presents pitch rate, pitch
attitude, and altitude time histories for these three runs. As can
be seen from these plots, the landings with electrical back-up and
mechanical back-up are ldentical. The response for the landing with
the SFCS has a slightly lower pitch rate,indicating a desirable
retardation as the aircraft rotated onto the nose gear. There is
no indicaticn that the effect of the landing gear reaction upon
the SFCS sensor outputs will cause an undesirable condition to
exist. It was therefcre concluded that there is no need toc remove
the sensor outputs after touchdown.
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g. Gain Switch Points

Three gain states are available for longitudinal SFCS adaptive

gain operation. The states are K_=.25(L0), K =.5(MID), and
K.=1.0(HI). The LO gain state is used for high M, flight cecnditions,
Mg > 20; the MID gain is used at midrange Mg flight conditions,

10 < Mg < 20; and the HI gain is used for low MG flight corditions,
is < 10. A threshold of AM; = 1 is used at the switch points in
order to inhibit extraneous gain switching for momentary minor
changes in the computed Mg value. The switch points at Mg = 10

and Mg = 20 were chosen based upon stability and time history
response considerations.

Mo 8

Time history responses were obtained at fifteen flight conditions

and two aircraft weights for each of the three gain states. When
the C*¥ and 4C*/dt responses were compared with the response criteria,
it was found that switch points at M; = 10 and Mg = 20 are satis-
factory. Time history responses for each flight condition are
documented in Appendix II for the adaptive gain values. The open
loop frequency responses included in Appendix II were used to verify
that satisfactory stability margins are maintained.

3. CONTROL SYSTEM PERFORMANCE EVALUATION
a. System Stability
(1) Aircraft Short Period and Control System Oscillatory Modes

Stability margins for the aircraft short period and control
system oscillatory modes were determined by the Bode frequency
response method. Open loop frequency response plots were
obtained for fifteen flight conditions and are presented in
Appendix II. Two aircraft weights were used for each flight
condition documented. TableIl shows the gain and phase margin
exhibited by the system at each flight condiiion for adaptive
gain operation.

The lowest gain margin value presented in Table II is 13.2 4R
which is well within the gain margin guideline of 10 dB. The
phase margin data of Table II are shown in comparison to ithe
phase margin guideline in Figure 18. As can be seen, all
points are within the guideline.

Table III contains stability margin data for the fixed gain
(KF=.25, LO) condition. For each flight condition the gain
margin is increased by operation in the fixed, low gain rather
than adaptive gain by 6 to 12 4B depending, of course, upon
whether the proper adaptive guin value is 2 or U times the
fixed low gain value. The phase margins, on the other hand,
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TABLEIL

STABILITY MARGINS (PHASE IIA,B)

{Adaptive Gain)
. . . Phase Phase Gain Gain
Mach Al(t;:t;de W(T_'gr;t (S ;g;lt_’gt) Ke Margin Margin Margin Margin

{Deg) Freq (dB) Freg

0.206 SL 32,500 TOL 1.0 47.7 23 28.1 36.3
0.214 SL 43,720 TOL 1.0 458 2.1 29.5 36.2
0.318 SL 32,500 TOL 1.0 54.2 4.0 20.8 36.4
0.318 SL 43,720 TOL 1.0 49.7 3.3 23.1 36.3
05 5,000 38,732 NSS 1.0 57.0 7.1 14.9 36.1
0.5 5,000 43,720 NSS 1.0 55.1 6.5 154 36.0
05 25,000 38,732 NSS 1.0 45,5 40 21.7 35.8
0.5 25,000 43,720 NSS 1.0 41.8 3.6 223 35.8
0.84 SL 38,732 NSS 0.25 64.1 6.1 17.4 36.4
0.84 SL 43,720 NSS 0.25 53.5 5.2 18.1 36.3
0.9 15,000 38,732 NSS 0.5 60.0 7.7 14.5 36.3
0.9 15,000 43,720 NSS 0.5 56.4 6.8 15.1 36.2
0.9 35,000 38,732 NSS 1.0 53.9 6.8 15.2 35.9
0.9 35,000 43,720 NSS 1.0 52.0 6.2 15.9 35.9
0.9 45,000 38,732 NSS 1.0 47.7 49 19.2 35.8
0.9 45,000 43,720 NSS 1.0 45,0 44 19.8 35.8
11 SL 38,732 NSS 0.25 75.5 9.7 13.2 37.0
1.1 SL 43,720 NSS 0.25 73 84 13.9 36.9
1.2 5,000 38,732 NSS 0.25 74.2 10.4 13.3 36.9
1.2 5,000 43,720 NSS 0.25 718 9.1 13.9 36.8
1.5 15,000 38,732 NSS 0.25 71.8 94 15.5 35.7
1.5 15,000 43,720 NSS 0.25 67.1 8.3 16.2 35.7
1.5. 35,000 38,732 NSS 0.5 60.0 95 14.3 36.1
1.5 35,000 43,720 NSS 05 59.1 8.6 15.0 36.0
1.5 45,000 38,732 NSS 0.5 57.8 7.1 18.1 35.9
1.5 45,000 43,720 NSS 0.5 56.1 6.5 18.7 35.9
1.8 55,000 38,732 NSS 1.0 53.7 8.0 156.2 35.8
1.8 55,000 43,720 NSS 1.0 52.8 74 14,9 35.7
215 36,000 38,732 NSS 0.25 64.6 85 19.5 35.9
2.15 36,000 43,720 NSS 05 55.9 98 14.2 35.8
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TABLE IIL
STABILITY MARGINS (PHASEIIA, B)
(Fixed Gain)

. ) . Phase Phase Gain Gain

Mach A'(t[':“;de W(:jght :‘;’;‘;:fg:_ Ke Margin | Margin Margin Margin
t (o) ’ (Deg) | Freq (dB) Freq
0.206 SL 32,500 TOL 0.25 52.9 1.0 40.1 36.3
0.214 SL 43,720 TOL 0.25 51.2 0.9 415 36.2
0.318 SL 32,500 TOL 0.25 51.1 1.8 328 36.4
0.318 SL 43,720 TOL 0.25 43.6 14 35.1 36.3
05 5,000 38,732 NSS 0.25 56.7 3.1 26.9 36.1
05 5,000 43,720 NSS 0.25 46.7 2.7 27.9 36.0
0.5 25,000 38,732 NSS 0.25 38.6 1.88 33.7 358
0.5 25,000 43,720 NSS 0.25 26.6 1.63 34.3 358
0.84 SL 38,732 NSS 0.25 64.1 6.1 17.4 36.4
0.84 SL 43,720 NSS 0.25 53.56 5.2 18.1 36.3
0.9 15,000 38,732 NSS 0.25 64.3 5.1 20.5 36.3
09 15,000 43,720 NSS 0.25 52.9 44 21.1 36.2
0.9 35,000 38,732 NSS 0.25 51.0 33 27.2 35.9
09 35,000 43,720 NSS 0.25 39.8 2.8 27.9 35.9
0.9 45,000 38,732 NSS 0.25 48.2 26 31.2 35.8
0.9 45,000 43,720 NSS 0.25 324 2.2 31.2 35.8
1.1 SL 38,732 NSS 0.25 75.5 9.7 13.2 37.0
1.1 SL 43,720 NSS 0.25 7.3 84 13.9 36.9
1.2 5,000 38,732 NSS 0.25 74.2 104 133 36.9
1.2 5,000 43,720 NSS 0.25 71.8 9.1 13.9 36.8
1.5 15,000 38,732 NSS 0.25 718 94 15.5 35.7
15 15,000 43,720 NSS 0.25 67.1 8.3 16.2 35.7
1.5 35,000 38,732 NSS 0.25 705 71 20.3 36.1
1.5 35,000 43,720 NSS 0.25 67.5 6.4 21.0 36.0
1.5 45,000 38,732 NSS 0.25 68.3 5.7 24.1 35.9
18 45,000 43,720 NSS 0.25 61.8 5.1 24.7 35.9
1.8 55,000 38,732 NSS 0.25 64.1 49 27.2 35.8
1.8 55,000 43,720 NSS 0.25 58.2 45 26.9 357
2.15 36,000 38,732 NSS 0.25 64.6 8.5 19.5 35.9
215 36,000 43,720 NSS 0.25 63.0 16 20.2 35.8
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are increased at some flight conditions and decreased at
others. All points except one are within the phase margin
guideline as shown in Figure 19. Violation of the guideline
for fixed, low gain operation at the one flight condition
(Mach=.5, A1t=25,000 ft. Wt.=43,720 1b) is not considered
serious since the frequency (.26 Hz) at which it occurs is
low. The significance is also diminished by the fact that at
the same flight condition, with aircraft weight at 38,732 1bs.
the system meets the guideline. The takeoff gross weight for
the SFCS aircraft is 43,720 1lbs. and it is doubtful that actual
flight at Mach .5, 25,000 feet altitude will ever occur with
the 143,720 1lbs. gross weight configuration.

Analyses were performed to determine compatibility of the
SSAP with the SFCES control laws. A functional block diagram
depicting the mechanization of the SSAP is presented in Figures
20, 21 and 22. A nonlinear math model for the electro-
mechanical secondary actuator portion of the SSAP was derived
as discussed in TR-T71-20, Section III. Figure 21 gives the
SSAP secondary actuator no load speed as a function of the
percent pulse width. As shown in Figure 21, the secondary
actuator operates very much like a contactor control system
in that any input commend which is large enough to produce
movement causes the development of a no load speed which is
91% of the maximum available. The SSAP main ram velocity is
presented in Figure 22 as a function of master control valve
position. The slope of this curve represents the gain, Ks,
called out in the block diagram of Figure 20.

An 811 digital six-degree~of-freedom large angle simulation
was used to evaluate the stability and response characteristics
of the airframe and control system combination including the
SSAP. A large number of rezponses were obtained using a
variety of input commands and disturbances at several flight
conditions. The invuts included: step inputs of stick force
with varying magnitudes, one cycle of a large amplitude
sinusoidal input of stick force; continuous sinusoidal inputs
of stick force, and large amplitude wind gusts. These inputs
were applied in both straight ahead symmetrical flight and
during high bank angle turns. Stability and perfcrmance
characteristics were determined by evaluating the transient
response characteristics and comparing these responses to
those obtained using the Phase IIA actuator configuration.
This technique for determining system stability was used in
preference to the usual phase and gain margin measurements
due to the presence of several nonlinearities and the high
order of the control loop.

Results of the simuletion indicate little or no degradation in
response characteristics for most flight conditions as a
result of using the SSAP in the control loop. Typical time
history responses are presented in Figures 23 and 24 to
illustrate the similarity of transient responses using the

two actustor configurations.
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AIRCRAFT RESPONSE WITH SSAP ACTUATOR FOR STICK FORCE STEP INPUT

Use of the SSAP math model resulted in instability when large
step inputs of stick force were applied and held at two
simulated low g flight conditions. Figure 25 shows one of
these responses for the 0.5 Mach number at 5,000 feet flight
condition. A comparable response using the Phase IIA actuator
is provided in Figure 26 . While the response using the SSAP
indicates an actual instability, not present with the Phase ITA
actuator, the validity of the large step input of stick force
is somewhat questionable. Actual step inputs of stick force
cannot be achieved in practice and high stick forces would not
be held in the presence of oscillating normal acceleration.
Using a more realistic lsrge amplitude sinusoidal in-ut of stick
force (one cycle) results in the transient response shown in
Figure 27. This response is considered adequate in view o1 the
large amplitude 40 pound input used.
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FIGURE 25
AIRCRAFT RESPONSE WITH SSAP ACTUATOR
FOR STICK FORCE STEP INPUT

Trensient response analyses using the SSAP are continuing

in an effort to determine whether any other problem areas
exist. At this time it appears that the SSAP characteristics
are adequate for use with the SFCS.

Structural Mode Stability

Bode frequency response and root locus techniques were employed
in determining the stability characteristics of the longitudinal
SFCS structural modes. Structural mode data were obtained for
eleven fliight conditions and two aircraft weight configurations.
The opan loop frequency responses were computed for all flight
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FIGURE 27
AIRCRAFT RESPONSE WITH SSAP ACTUATOR
FOR ONE CYCLE OF A SINUSOIDAL INPUT OF STICK FORCE

conditions as discussed in Appendix III. The open loop pesk
gain amplitudes corresponding to each of the three structural
modes were used to obtain the minimum attenuation at each
structural mode. The structural mode attenuation is given in
Table IV. As can be seen from Table IV, the attenuation is
at least -6 dB for all flight conditions investigated. Also,
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TABLE IV
STRUCTURAL MODE ATTENUATION
{Adaptive Gains)

Stabilator Bending |First Vertical Bending| Stabiiator Rotation
Altitude | Weight | Function K

Mach) “ry) | (Lb) |(NSS/TOL)| F| Freq |Attenuation| Freq |Attenuation| Freq |Attenuation
(Rad/Sec)| (dB) (Rad/Sec)| (dB)  |(Rad/Sec) (dB)
05 5,000 | 38,732 NSS 1.0 n -22 88 -1 139 -1
05 5,000 | 43,720 NSS 1.0 " -22 88 -1 139 -10
0.5 | 25,000 | 38,732 NSS 1.0 68 -9 87 -10 142 -7
0.5 | 25,000 {43,720 NSS 1.0 68 -9 87 -10 142 -8
0.9 | 15,000 ;38,732 NSS 0.5 76 -17 90 —28 139 -26
0.9 | 15,000 {43,720 NSS 0.5 76 -17 20 -28 139 =27
0.9 | 35,000 |38,732 NSS 1.0 70 -20 87 -12 139 -10
0.9 | 35,000 |43.720 NSS 1.0 70 -20 87 -12 139 -10
0.9 | 45,000 {38,732 NSS 1.0 69 -10 88 -N 140 -8
0.9 | 45,000 43,720 NSS 1.0 69 -10 88 -n 140 -8
1.2 5,000 |38,732 NSS 0.25( 81 -16 98 -6 160 -15
1.2 5,000 }43,720 NSS 0.25] 81 -14 98 -6 160 -16
1.5 | 15,000 {38,732 NSS 0.25] 80 -16 96 -1 160 -18
1.5 | 15,000 |43,720 NSS 0.25| 80 -16 96 =11 160 -19
1.5 | 35,000 {38,732 NSS 0.5 74 -20 90 -22 149 -30
1.5 | 35,000 |43,720 NSS 05 75 =21 90 =22 149 -29
1.5 | 45,000 | 38,732 NSS 0.5 73 -24 88 -18 145 -19
1.5 | 45,000 | 43,720 NSS 05 73 -24 g8 -18 145 -18
1.8 | 55,000 | 38,732 NSS 1.0 70 -18 88 -1 144 -16
1.8 | 55,000 | 43,720 NSS 1.0 70 -18 88 -1 144 -16
2.15 | 36,000 | 38,732 NSS 025 76 =27 90 -20 148 -25
2.15} 36,000 | 43,720 NSS 0.5 76 -21 90 -20 148 -24
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the desired attenuation of =9 dB for the stabilator bending
and first vertical bending modes for subsonic flight conditions
has been maintained. The structural mode attenuation will be
greater for fixed low gain operation by 6 to 12 dB.

Phugoid Stability

The desired goal of stable phugoid characteristics at all
flight conditions was not attained. At six of the 30 conditions
investigated using small perturbation three-degree-of-freedom
aircraft motion equations, the SFCS exhibited unstable phugoid
characteristics. The times to double amplitude for the six
conditions vary from %0 to 33,393 seconds for operation with
adeptive gains, and «ll except the Mach=.5, Alt.=25,000 feet,
heavy weight condition meet the MIL-F-8T85B(ASG) Level 3
requirement. The standard F-LE has unstable phugoid character-
istics at these six flight conditions with times to double
amplitude which vary from T to 203 seconds. As shown in Table
V the phugoid is very well damped for the other 2L cases, and
are well within the MIL-F~8785B (ASG) Level 1 requiremeut.

The six-degree-of-freedom simulation, which was employed during
the manned simulation program, was used to obtain time history
plots of velocity and altitude following a throttle doublet
command. Figure 28 shows a 60 second time history for three
flight conditions, two of which are not stable and one which is
stable. As can be seen from these data, the two unstable con-~
ditions, (Mach = .5, Alt. = 25,000 ft. and Mach = .9, Alt. =
45,000 ft.) 10 not exhibit characteristics which could be con-
sidered dangerous; nor, in fact, does there appear to be any
indication that normal pilot attention would not correct the
mildly divergent phugeid condition. This conclusion was verified
during the manned simulation program. MCAIR pilots who parti-
cipated in the manned simulation progrem were requested to
attempt to excite the phugoid mode from the simulator cockpit
and provide comments on the degree of acceptability of the
phugoid characteristics. Their comments were that the phugoid,
if present, was not readily detectable.

Response Characteristics

(1)

C* and dC*/dt Criteria

Time history responses of seven aircraft parameters are provided
in Appendix II for & number of flight conditions. Summary

plots of the C* and dC*/dt responses are given in Figures 29
through 32 for the nonterminal flight conditions and two aireraft
weight configurations. All flight conditions compare favorably
with the evaluation criteria. The responses for Mach .5,
A1t.=25,000 feet and Mach 2.15, Alt.=36,000 feet do not fall
entirely within the envelopes. These two flight conditions
represent extreme points on the flight envelope which were
included in the analysis primarily to investigate achievable
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TABLEY
PHUGOID CHARACTERISTICS (PHASE TIA, B)
(Adaptive Gains)
Time to

Mach | Altitude | Weight | Function Damping | Double

ac (Ft) (b) | inss/ToLy | Spw) | Amplitude

(Sec)

0206 | sL 32,500 TOL 0.76 -
0214 | st 43,720 TOL 0.55 -
0318 | SL 32,500 TOL >1.0 -
0318 | sL 43,720 TOL 0.95 -
05 5,000 | 38,732 NSS >1.0 -
05 5,000 | 43,720 NSS - 1427.0
05 25,000 | 38,732 NSS - 72.0
05 25,000 | 43,720 NSS - 5C.0
0.84 sL 38,732 NSS >1.0 ~
0.84 SL 43,720 NSS - 33,393.0
0.9 15,000 | 38.732 NSS >1.0 -
0.9 15,000 | 43,720 NSS >1.0 -~
0.9 35,000 | 38,732 NSS >1.0 ~
0.9 35,000 | 43,720 NSS >1.0 -~
0.9 45,000 | 38,732 NSS - 152.0
0.9 45,000 | 43,720 NSS - 198.0
1.1 SL 38,732 NSS >1.0 -
1.1 SL 43,720 NSS > 10 -
1.2 5,000 | 38,732 NSS >1.0 -
1.2 5,000 | 43,720 NSS >1.0 -
15 15,000 | 38,732 NSS >1.0 -
15 15,000 | 43,720 NSS >1.0 -
15 35,000 | 38,732 NSS >1.0 -
15 35,000 | 43,720 NSS >1.0 -
15 45,000 | 38,732 NSS 0.68 -
15 45,000 | 43,720 NSS 0.66 -
1.8 55,000 | 38,732 NSS 0.61 -
1.8 55,000 | 43,720 NSS 0.59 -
2.15 36,000 | 38,732 NSS >10 -
2.15 36,000 | 43,720 NSS >1.0 -
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AIRCRAFT RESPONSE TO THROTTLE DOUBLET COMMAND
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(2)

stability margins. The significance of the response shapes

is decreased since st these conditions any maneuver produces
speed and/or altitude changes. This effect tends to mask any
undesirable characteristics in the load factor and pitch rate
response. For this reason, attempts to obtain pilot comments
for simulated flight at conditions near the flight envelope
boundary were frustrated during the manned simulation program.
Evaluation of response characteristics in actual flight are
expected to be similarly masked by changes in flight condition.
Precise compliance with the handling qualities requirement at
these flight conditions is therefore considered relatively
unimportant. An increase in the forward loop gain would correct
the response characteristics so that the criteria could be met.
However, reduction in structural mode attenuation would result
unless additional structurel filtering was also incorporated.
The increased phase lag which would accompany additional
structural filtering would deteriorate the stability margins
at other flight conditions. The penalties associated with
reconfiguring the SFCS control laws to comply with the C¥ and
dC*/dt response criteria st these flight conditions exceed any
advantage which might be obtained through improvement in the
response characteristics.

Frequency and Damping

Root locus data for the longitudinal SFCS were computed for
fifteen flight conditions and two aircraft weights for the
purpose of documenting the frequency and damping of the air-
craft short period and phugoid modes. Representative root
locus plots are provided in Appendix II.

The frequency and damping of the closed loop rosts which
eminate from the basic aircraft short period poles were
compiled for the adaptive gain at each flight condition. These
rocots represent the predominant oscillatory modes. Figures 33
and 3l present the Level 1 short period frequency requirements
of MIL-F-8785B (ASG), Paragraph 3.2.2.1.1 for Category A and

C flight phases. The SFCS closed loop short period frequency
for each flight condition are superimposed on the requirement
envelope and are seen to be within the required values for all
flight conditions.

The damping ratios for all flight conditions documented are
provided in Figures 35 and 36 and are shown in comparison with
the stick force per g and damping ratio boundary contour of
Reference 2. The Reference 2 boundary is described in

Section III, Paragraph 2.a.(1) of this report. As can be
seen, the SFCS short period damping ratios at 29 of the 30
conditions documented are within thelevel 1 range, .35< ¢< 1.3,
specified in MIL-F-8785B (ASG), Parsgraph 3.2.2.1.2 for
Category A and C flight phases. The one point at which the
demping ratio is below the required .35 (Mach 2.15, A1t.=36,000
feet, Wt.=38,732 1b.) is a flight condition on the edge of th:
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flight envelope. Sustained, maneuvering flight is impossible
at this flight condition, since the drag created when a man-
eaver is initiated results in rapid loss of airspeed.

(3) Maneuvering Force Gradient

The center stick sensitivity was set ‘o provide a minimum _
maneuvering force gradient of four pounds per g at the high q
flight conditions. The electrical geirs were appropriately
distributed to allow pilot commanded limit load factor without
voltage saturation in the SFCES.

The center stick maneuvering force gradients for the longitudinal
SFCS are presented in Figure 37 for 15 flight conditions and

two aircraft weights. All flight conditions investigated
exhibited stick force per g characteristics in compliance with
the Level 1 requirements of MIL-F-8785B (ASG) Paragraph 3.2.2.2.1.

); Provisions were made in the SFCES to vary the center stick
sensitivity through a range of 50% to 150% of the nominal value.
The sidestick controller longitudinal sensitivity was selected
and evaeluated during the man-in-the-loop simulation program.
Figure 38 shows a comparison of the center stick and sidestick
output commands as & function of pilot applied force. The
sidestick has a breakout of 1.75 pounds followed by dual linear
gradients. The breakout was originally set at 2.5 pounds;
however, it was found during the man-in-the-loop simulation
that this value was too high. Consequently, the breakout was
adjusted down to 1.75 pounds at which point favorable pilot
comments were received for simulated flight with the sidestick.
Dual gradients were provided in the SSC to permit fine control
of pitch attitude or normal acceleration with low force inputs
while retaining limit load factor capability with higher forces.
Evaluation of the SSC during the flight simulation program
indicated that satisfactory gradients have been chosen. A
capability to adjust the location of the gradient brake point has
been included in the system design.
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l.

SECTION IV
LATERAL-DIRECTIONAL
CONTROL LAW DEVELOPMENT

SYSTEM DESCRIPTION

This sec.lon describes the overall mechanization of the lateral and
directional control laws as presently planned. Further details of

the actuator control loops and trim mechanization are presented in

TR-7T1-20, Section III.

a.

Lateral Axis

A functional block diagram of the lateral axis is shown in Figure
39 . This figure shows only one channel of the lateral axis. The
other three channels are identical with the exception of failure
insertion circuitry which is part of the "yellow" channel only.
Crossfeed from one channel to another is provided at theSignal
Selection Device (SSD) c¢nly.

The lateral axis utilizes a fly-by-wire me~hanization from the outset
of Phase IIA. No mechanicel back-up system is used. The axis has
two major modes of operation: a Normal mode which is a fixed gain
closed loop mode with roll to yaw crossfeed, and an open loop Elec~
trical Back-Up (EBU) mode. The Normal mode incorporates a high gain
model following technique to achieve a nearly constant roll rate

time constant and roll rate to stick force sensitivity throughout
the flight envelope. The high gain tends to mask the basic airframe
response, forcing it to follow the prefilter response which is under
the designer's control.

The lateral axis operation is comprised of the following major signal
paths and shaping networks. The center stick force transducer
signal, after shaping by a special network consisting of a dead zone
followed by a dual gradient, is passed through the prefilter model,
gain adjusted by the gear position sensing network, and summed with
roll rate feedback to become the lateral axis forward loop command
signal. The prefilter model output signsl also commands yaw rate
(for turn coordination) through the roll to yaw crossfeed network.

A second signal from the stick force signal shaping network bypasses
the prefilter model and, after proper scaling, is applied to the SSD.
This second command signal path serves both as the EBU mode signal
path and as part of the Normal mode forward path. The forward and
aft side stick lateral position signals, after summing, demodulation,
and shaping, are added to the correspondingly shaped center stick
signals. The side stick position signals perform the identical
function as the center stick force signals and provide parallel paths
for lateral control.
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The Normal mode forward loop command signal is shaped by the stall
warning computer adjusted gains, a structural mode notck filter,

ani the Normal to back-up mode switching network before entering

the SSD. The output of the SSD is applied to the summing amplifier
of the minor loops around the secondary actuators in each wing.
These minor loops consist of a servoamplifier, feedback filter and
demodulator, and summing amplifier which sums actuator .ommands with
actuator position feedback.

Other functions included in the lateral axis are the forward and

aft trim and a discrete function generator. Provisions to accept
signals from additional lateral axis modes and/or an adaptive gain
control in the future ar: also included. The lateral axis trim
operates through the EBU path and therefore is available during both
Normal and EBU mode operation. The discrete function generator is

a Normal mode provision only, and is utilized to obtain discrete
inputs for data correlation between simulator and flight test results.

Directional Axis

A directional axis functional block diagram is presented in Figure
40. This figure shows only one channel of the directional axis.

The other three channels are identical with the exception of failure
insertion circuitry which is part of the "yellow" channel only.
Crossfeed from one channel to another is provided at the SSD only.

The directional axis includes a mechanical back-up capability ir
Phase IIA resulting in three major modes of operation: a fly-by-
wire Normal mode, an open loop EBU mode and a mechanical back-up
mode. Switching from the fly-by-wire modes to the mechanical back-
up mode is accomplished through the Mechanical Isolation Mechanism
(MIM). The pilot has the option, while in mechanical back-up mode,
to engage the normal F-4 yaw Stability Augmentation System (SAS).

The EBU mode is an open loop mode and provides rudder position
commands only. The Normal mode is a closed loop, employing yaw rate
and lateral acceleration feedback to improve aircraft Dutch Roll
damping and turn coordination. The rudder pedal force transducer
signal, after shaping, is summed with shaped yaw rate, lateral
acceleration, and the roll to yaw crossfeed signals to become the
directional axis commund signal. Yaw rate feedback is shaped by a
washout network and a variable gain. Lateral acceleration feedback
is shaped by a fixed gain and a first order lag to attenuate the
high frequency body bending pickup. Roll to yaw crossfeed uses a
variable lag-lead and washout network. Both pilot selectable and
adaptive gain control is provided for the yaw rate feedback and roll
to yaw crossfeed networks. The gain levels are as shown in Figure Lo,

As in the lateral axis, the directional EBU signal bypasses the low
pass filter and adds into the forward loon at the SSD. The EBU
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signal path is used at all times, and is in parallel with the Normal
mode signal path, rather than being switched in and out.

The directional forward loop contains the Normal to back-up mode
switching network, SSD, MIM and a minor loop around the secondary
actuator identical to those in the lateral axis. The directional
yav vernier and the forward and aft trim sum into the EBU path and
are available during both Normal and EBU mode operation. The
directional DFG operates in the Normal mode only and is utilized
to obtain discrete inputs for data correlation between simulator
and flight test results.

SYSTEM SYNTHESIS

Introduction

The SFCS lateral-directional control laws were developed initially
using the linearized three-degree-of -freedom equations of motion.

The resulting control system was then programmed into the man-in-the-
loop, fixed base, control system evaluation simulation for
evaluation and modification. This later effort is detailed in
Section V of this supplement. Pertinent aircraft physical data and
the equations of motion coefficients relating to the flight con-
ditions employed in the three-degree-of-freedom anelysis are pre-
sented in Appendix I.

The lateral-directional three-degree-of-freedom model included
linearized secondary actuator, power cylinder and sensor models in
the control loors. The airload limits on aileron, spoiler, and rudder
deflection were introduced into the overall model when considering
maximum meneuvers. The aileron and spoiler systems were considered
as & single moment producing surface with their combined effect being
represented by a single coefficient in each equation of motion. An
equivalent limit was calculated for the combined aileron ard spoiler
surface description for those flight conditions at which the aileron
or spoiler deflections were airload limited. Rudder flexibility
effects resulting from the spring effect in the rudder torque tube
were maintained constant during each flight condition and included in
the directional axis forward loop. The result of rudder flexibility
is a reduction in directional loop gain and effective rudder author-
ity as @ increases.

The objectives of the lateral-directional control law design were:

To utilize advanced control techniques available with the use of g

fly-by-wire system to improve on the F-4 basic handling qualities
aand performance, and

o to comply with the criteria of MIL-F-8785B (ASG) in applicable
areas.
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In addition, the SFCS system performance was evaluated with respect
to the handling qualities criteria reported in TR-71-20, Supplement
1.

The method of approach employed in the development of the lateral-
directional control laws was to develop the lateral loop first based
on the single-degree-of-freedom roll equation. The synthesis then
prcceeded to the directional loop and the roll to yaw crossfeed
network. Parallel studies were performed on sensor location and
structural dynamic effects as sufficient structural data became
available. As the synthesis progressed, the control laws were in-
corporated into the six-degree-of-freedom man-in-the-loop simulation
for pilot evaluation. Figure 4l is a simplified lateral-directional
control law block diagram.

Sensor Placement

The location of the aircraft motion sensors is guided by the desire
to sense only appropriate rigid body motion and to suppress un-
desirable sensing of structural mode oscillations. An analysis of
the structural mode pickup as a function of sensor placement is
presented in Appendix V.

The roll rate and yaw rate gyros will sense pitch, roll and yaw
rates due to gyro inclination effects. To minimize cross axis
sensing, the roll and yaw rate gyro sensitive axes are located
parallel to and perpendicular to the average longitudinal principal
axis, respectively. The F-bs longitudinal principal axis orienta-
tion with respect to the aircraft waterline varies with both weight
and configuration but has an average value of 1.5 degrees below a
waterline.

Since roll rates are normally much greater than yaw rates, the tol-
erances on the roll rate gyro axis inclination are not critical. The
yaw rate gyro sensitive axis inclination is much more critical. If
the yaw rate gyro sensitive axis is rotated to obtain an angle less
than 90° relative to the positive longitudinal principal axis,
positive roll rate will be sensed and a rolling maneuver can cause g
significant increase in adverse sideslip. Rotating the yaw rate
gyro sensitive axis to obtain an angle greater than 90° relative to
the positive longitudinal principal axis causes an increase in pro-
verse sideslip at high q low angle-of-attack flight conditions and
is generally accompanied by a decrease in Dutch Roll damping.

The location of the lateral accelerometer is mainly a function of the
structural mode pickup. However, its location with respect to the
lorgitudinal principal axis is also of some importance. If the
lateral accelerometer is significantly displaced from the longitud-
inal principal axis a considerable aiount of rolling acceleration
pickup can result. This additional acceleration feedback will con-
tribute adverse sideslip if the accelerometer is below the longi-
tudinal principal axis and proverse sideslip if it is above the
longitudinal principal axis.

72

™ G

T et T bk AN R o




A

Center
Stick
Force | 183[.7 _[1a%
+12Lb '
Max. ! :
1.5#:
4.0#
Rudder
Pedal
Force 150 1>
o | |
Max. :
5#
Notes: (1) KPC=10.83 for Gear Up

25

Structural Filter

0.10

= 4.17 for Gear Down

$242(1 + 402
1 KPC L_,.@ > (n40s+40? |
S/3+1 $24+2(.25) 40 S+ 40°
Note 1
: 18.2
-18.2 :
v ¥ :
e,
G v
K1 N | M
KO a'n ! 5
S/05+1
KO 0
‘ K1 0
Kr 0
$/0.2
$/0.2+1
Secondar
2;

|s2+2(86)

{2) Position Limit = 30 Degrees {Includes Aileron and Spoiler Effects)

(3} Hinge Moment Limits and K4 Values Provided in Appendix }

FIGURE 41

LATERAL-DIRECTIONAL CONTROL LAW BLOCK DIAGRAM

73/74

R




Roll Rate Gyro

1502

05 |€ 3 ¢
$2+2 (6)150 S + 1502
PG
Deg/Sec
Power Position & Hinge
tructural Fiiter @ EBU Secondary Actuator Cylinder Moment Limit
+2(.1)40S + 402 2267 1 oL 8
2(.25) 40S + 40° Norm $2+2(.86) 226 S + 226° §/10+1 /| (Deg)
Note 2
Note 3
Gear Up
Adaptive Manual Switch Position | Gear
L Down .
e Airframe
y .
NN Mg5<6 [6<M ; <10|10<M ;5<30|M;>30| High | Med | Low Equations
of
KO 0.325 0.15 0.0 0.0 0.325 0.0 0.0 0.35 Motion
K1 0.0 0.05 0.2 0.0 0.0 0.2 0.0 0.2
K, 0.75 1.5 1.5 3v |075 | 15 | 30 | G.75
Rudder
Power Position Flexibility Hinge
Secondary Actuator Cylinder Limit Effects Moment Limit
0
2262 1 L1 L1 %
5 > > o Kf e
S$2+2(86) 226 + 2262 §/20+ 1| 440 _/| _/ (Deg)
Note 3 Note 3
Washout Yaw Rate Gyro G
]
$/0.5 2 Deg/Sec
K [—— 150
5/0.5+1 $2+2(6) 150 S + 1502
Structural Lateral
Filter Accelerometer 3ys
1 1 Ft/Sec?
< 08 & <
S/40 +1 $/220+1

e

o e b s




c. Lateral Axis

A roll rate command system was considered fundamental to a control
system designed to improve lateral performance. The aims of the
SFCS lateral control design were to provide a nearly constent roll
rate time constant and roll rate to stick force sensiti.ity through-
out the flight envelope, in addition to complying with the require-
ments in MIL-F-8785B (ASG).

The major rolling response criteria specified in MIL-F-8785B (ASG)
are the time to bank, the roll mode time constant and the maeximum
allowable Dutch Roll cscillations coupled into the roll mode. A
fixed gain in the lateral loop suffices to comply with the last two
criteria, and a loop gain of 0.5 radians per radian per second was
selected. Single-degree-of-freedom roll rate loop root loci pre-
sented in Figures U2 and 43 show that the 0.5 loop gain decreases
the roll mode time constant for the low roll power flight conditions
while avoiding the introduction of a lightly damped oscillatory roll
mode at high roll power flight conditions. In addition to introduc-
ing a roll mode oscillation, higher values of lateral ioop gain were
avoided due to the additional structural mode filtering required.
Appendix V includes a discussion of the structural mode pickup
through the roll rate gyro.

Using the F-b, it is not possible to comply with the MIL-F-8785B
(ASG) time to bank requirements for Level 1 Categories A and C at
all flight conditions. The original F-b design was not required to
provide the high roll power capability at all flight conditions
needed to comply with this time to bank criteria. Modification in
the F-l lateral control system to meet these updated requirements

is beyond the scope of this program. The SFCS roll power and the
related time to bank are therefore limited toc that achieved with
maximum aileron and spoiler deflection. Figures Ubh and 45 show the
presently estimated F-LE maximum steady state roll rates and the
bank angle achievable at one second following a full lateral surface
step deflection command. These estimated data show that the maximum
F-4 roll power prevents compliance with the aforementioned MIL-F-
8785B (ASG) time to bank criteria. There is good general agreement
between this estimated data and flight test data except at low to
medium altitude, high subsonic Mach numbers where the estimates of
maximum roll rates are low. Flight test data show that the maximum
roll rate of 260 degrees per second can be achieved at 0.9 Mach at
15,000 ft. altitude.

The SFCS roll rate command to stick force gain (XPC), as shown in
Figure b1 , was compiled using the following equation to provide the
260 degrees per second maximum roll rate capability at full stick
force:

_ 260(deg/sec)0.5  _ deg/sec
KPC = 1 5(1ps) = 10.83 (TR
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The EBU mode command path is used as part of the Normal mode and pro-
vides the aileron position commands necessary to maintain this
maximum roll rate. The EBU mode gain was also selected for maximum
surface deflection capability at maximum stick force. To provide
the pilot with lower sensitivity at approach, the roll rate command
gain (KPC) is reduced to h.16( de%ésec ) by the gear down switch.

The lateral stick force transducer signal is shaped by a special
network consisting of a dead zone followed by a dual gradient. This
nonlinearity maiantains good control characteristies by providing for
a lower roll rate to stick force sensitivity arocund neutral while
allowing for high roll rate commands without excessive stick force.
The dual gradient was evaluated during the man-in-the-loop simula-
tion and found to improve handling qualities and performance.
Figure 46 shows the lateral stick force nonlinearity for both the
center and side stick controllers. These nonlinearities provide 14%
of the maximum roll rate command at 33% of maximum center stick
force or side stick displacement.
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FIGURE 46
ROLL RATE COMMAND vs LATERAL STICK FORCE CHARACTERISTICS
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A three radian per second prefilter is included in the Normal mode
command pitch to shape the roll rate response. The SFCS hardware
design includes provisions for changing the prefilter over a range
from 1.5 radians per second to 6 radians per second. The 3 radian
per second filter was found to be satisfactory during the man-in-
the-loop simulation program.

The roll rate command signal also improves turn coordination at
low and medium q flight conditions through the roll to yaw crossfeed
network. Details of this network sre presented in Paragraph e.

The use of ailerons at or near stall on a high performance aircraft
can precipitate spin. To avoid an aileron induced spin, a signal
from the stall warning computer reduces effective roll rate feedback
to zero as a function of pitch rate and angle of attack at high
angles of attack.

Directional Axis

The major requirements for the directional axis are to provide Dutch
Roll mode damping and to keep the sideslip excursions in rolling
maneuvers sufficiently small so as to provide good tracking per-
formance. The MIL-F-8785B (ASG) damping requirements used in the
SFCS design were augmented by the tracking performance Figure of
Merit (FOM) shown in Figure 47. This FOM curve resulted from pre-
vious MCAIR precision flying studies (References 5 and 6),

1.0
0.9 //;1‘19_
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0.7 //,

b4
5 /
s 06
]
w 05
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0.2

0 02 04 06 08 1.0
Damping Rato

FIGURE 47
EFFECTS OF DUTCH ROLL

DAMPING ON TRACKING
PERFORMANCE
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conducted to uetermine the effects of various control parameters
including Dutch Roll damping on the pilot's ability to accurately
track an airborne target. The study was performed with a pilot
evaluated six-degree-of-freedom man-in-the-loop moving target sim-
alation. The tracking performance FOM is a measure of tracking
accuracy and was calculated from histograms of tracking error ob-
tained during tl.e simulation. These histograms showed the function
of tracking time that falls into each five milliradian increment
from zero to fifty milliradians of total tracking error. The FOM
associated with each histogram is the normalized weighted average of
that histogram and is computed as follows:

o = § (1=i)
‘Z 10/ i

where 1 = 1 for the 0 - 5 Mil increment, i = 2 for the 5 - 10 Mil
incrermen., etc., and hy is the fraction of ‘racking time that falls
into the ith increment of the histogram. The resulting FOM data
plotted as a function of Dutch Roll mode damping shows that a
distinct increase in precision tracking capability may be realized

by increasing the Dutch Roll mode aamping beyond the Level 1

Category A requirements of MIL-F-8785B (ASG). The curve shows that
tracking performance rapidly increases as the Dutch Roll damping
ratio is increased up to 0.4, at which time 90% of the realizable
return is reached. Above a damping ratio of 1.0 there is essentially
no change in tracking accurecy and the pilots indicated that such
high damping ratios made the aircraft "sluggish" and therefore diffi-
cult to acquire a target.

To achieve good damping and minimize sideslip excursions, a combi-
nation of yaw rate and lateral acceleration feedback is enployed

in the directional axis. The high lateral loop gain alone prevents
the roll to sideslip coupling in the Dutch Roll mode from exceeding
maximums allowable. Yaw rate to rudder feedback augments the air-
frame Dutch Roll damping. A washout network in this feedback loop
prevents opposing rudder deflectior during steady state turn man-
euvers. Lateral acceleration aids in reducing sideslip and provides
turn coordination, especially at high dynamic pressure flight con-
ditions. Turn coordination at low and mid dynamic pressure flight
conditions is augmented by the roll to yaw crossfeed network. Details
of this network are presented in Paragraph e.

The increase in turn ccordination provided by lateral accelerometer
feedback is obtained at the expense of a higher rms g environment
experienced by the pilot during gusts, and possible feedback of
structural modes. In consideration of these factors, the lateral
accelerometer gain was set at the rather low value of 0.01l4 radians
per foot per seccnd squared. Appendix V includes an analysis of
structural mode vickup through the lateral accelerometer.
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To some extent, the yaw rate to rudder feedback causes adverse yaw
which can produce considerable sideslip. This effect results from
roll rate being coupled into the yaw axis, and is especially
noticeable at high angle~of-attack flight conditions where consider-
able amounts of roll way be detected by the yaw rate gyro. The re-
sulting rudder deflection produces additional adverse sideslip.
Therefoze, it is desirable to maintain the yaw rate feedback gain low
at low q flight conditions but retain sufficient gain for damping
considerations. The rudder flexibility gain reduces the directional
loop gain at high q by a factor of 4 over that at low q and thus
adds the requirement for high yaw rate feedback gain to achieve
acceptable damping at high q flight conditions.

Root loci for the yaw rate loop closure, with the roll rate loop
and the lateral acceleration loop closed at their fixed gain values,
are shown in Figures 48 through 55 . These data show that the yaw
rate feedback gain must be variable to maintain both low yaw rate
feedback at low q flight conditions and sufficient Dutch Roll damping
at medium and high q flight conditions. A three value variable

gain is therefore included in the yaw rate feedback loop. This gain
is both pilot selectable and controllable by the adaptive gain
changer as a function of the longitudinal My parameter. The three
geins of 0.75, 1.5 and 3.0 radians per radian per second, as shown
in Figures 48 through 55, provide for higher Dutch Roll mode damping
at some flight conditions than desired. This higher damping result-
ed from a requirement to relocate the lateral accelerometer to
reduce structural pickup after the yaw rate gains had been selected.
The structural mode considerations which led to relocation of the
lateral accelerometer are presented in Appendix V. At the new
location (F.S.186.3) the lateral accelerometer causes less degrad-
ation in Dutch Roll damping than previously. Provisions are in-
cluded in the SFCS to reduce the yaw rate gain by 3 dB.

The directional axis EBU mode is utilized during Normal mode opera-
tion with overall gains selected to provide full rudder suthority

at maximum rudder pedal force. The Normal mode command gain is
selected to offset the feedback signals at low q where full rudder
deflection may be desired. A three radian filter is included in
this command path to reduce the initiel command gradiant and prevent
oversensitivity of the rudder pedals due to the added gain.

Roll to Yaw Crossfeed

The directional exis yaw rate and lateral acceleration feedback
provide satisfactory Dutch Roll mode damping, but do not provide for
sufficient improvement in turn coordination. Severe sideslip
excursion resulting from rolling maneuvers can exist at several
flight conditions. Since incremsing lateral acceleration feedback
is not feasible due to its degrading effect on Dutch Roll damping,
the higher rms g environment experienced by the pilot during random
gusts, and structursl mode feedback, another method needed to be
found.
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Of the methods considered for pio: <ivy lgtrags o tgy mrawmiliazlo..
the use of & crossfeed from the lateral axi. - .« & = #% %}

axis seems the most straightforward. The features o1 o« -'.. "85
aetwork are to reduce the roll induced sideslip resulting from
aileron induced (}g) and roll rate induced (HN,} yawing mcments. Two
methods of roll to yaw crossfeed, one from the aileron secondary
actuator position, and one from the roll rate command signal were
invectigated. Since neither scheme directly senses sideslip {the
parameter that is to be controlled) the effectiveness of both schemzs
depends totally on the ability to predict the sideslip which will
result from a rolling maneuver at each flight condition of interest.
Roll to yaw crossfeed from the roll rate cormand signal was selected
for the SFCS since it does not affect loop dynanmics.

An analysis of the F-L's roll induced sideslip shows that sideslip
varies from highly adverse at high angle of attack to proverse at
low angle of attack flight conditions. A fixed network crossfeed
would, therefore , not be sufficient. A crossfeed with ideal character-
istics would command a rudder induced sideslip that varied in time
with equal magnitude and opposite phase to the roll maneuver induceid
sideslip. This ideai crossfeed for the SF(CS lateral-directional
mechanization is a complex sixth order over sixth order transfer
function, which would require both extensive gain and network
parameter scheduling as a function of flight condition.

The SFCS roll to yaw crossfeed represents a compronise betweer iac
ideal and a network that is relatively uncomplicated and adequate
to provide a significant reduction in sideslip. The network in-
corporates two variable gains which are changed automatically as a
function of Mg by the adaptive gain changer, or manually by the
directional axis manual gain select switch. Four sets of gains,
varying from high gains at low Mg to zero gain at high 3, are pro-
vided through the adaptive gain changer. A fifth set of gains is
used with gear down. A 5 second washout is included in the cross-
feed network to provide aircraft "de-crabd" ability. A capability ¢
"de-crab" the airplane during landing approach is essertial.

The roll to yaw crossfeed signal limiter is set equal to the crcss-
feed signal developed at 14% of maximum roll rate command. This
value is the breakpoint between the roll rate to stick force low and
high gradients. The effect of the limiter is to avoid excessive
crossfeed commands at low roll power flight conditions.

Structural Modes

Three structurali modes have been identified as factors to be con-
sidered in the design of the lateral-directional control system.
The three modes are:

o the fuselage first torsion mode,

o the wing first asymmetric bending mode, and

o the fuselage first lateral bending mode.
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The grounds fo: selecting trese modes, the development of the
equrtions describing them snd the ::omputetional methods employed in
cbleining the equalion ncefficients are preserted in TR-T1-2C,
Section TII. Appendix ¥V prouents the anslysis of the structural
modes performed to assess their pessible influence cn the S¥CS
performance and to develop means of minimizing this intiuence.

The Appeo’Y ¥ u.aiyeis snovss Lhed s ~fece excited ctruntursl mocss
will be present ai cixnifizuc: levels ju toth tle latersl epd
directional loops. The lateiai '..& "5 primerily sens.tive tc the
fuselage first torsion mode. The low tregurney oszd whe hign seu-
sitivity of this mode to aileron deflection, coupicl #;i% “he uigh
SFCS lateral loop gain, required that a 10 dB L0 radian notcu £°:c-r
be provided in the lateral loop. The directional uxic is primarily
sensitive to the fuselage 7irst lateral bending mode through the
lateral accelerometer pickup. This mode frequency varies between 80
and 103 radians per seconi and its magnitude can limit the upper
value of accelerometer gain or require filtering. Sufficient
attenuation of this structural mode in the SFCS is provided by the
0.01% radian per foot per second gain and the 40 radian lag filter
in the lateral acceleration feedback loop. HNo filter for structural
modes is required in the yaw rate loop.

Table VI shows the attenmuation of the structural modes in both the
SFCS lateral and directional loops.

TN

3. SYSTEM PERFORMANCE

a. Introduction

E Performance of the lateral-directional axes of the SFCS has been
verified throughout the F-I flight envelope using a three-degree-of-
] freedom small perturbation simulation and a six-degree-of-freedom

[ man-in-the~-loop simulation. The manned simulation is described in
Section V.

T

The small perturbation evaluation employed digital computer com-
putation of gains and phase margins, Dutch Roll mode frequency and
damping, roll to sideslip coupling, and spiral mode stability. Analog
computer and digital computer time history prcgrams were employed

in obtaining time responses to pilot step inputs of lateral stick
and rudder pedal force and steps of lateral wind gust.

Six small perturbation equations were used with analog and digital
computer programs when calculating phase margins, gain margins and
structural mode attenuation. Three of these equations are required
to describe rigid vody motion. The additional three equations were
needed to describe the structural modes that are presented in
Appendix V. The results from the structural mode analysis are
sumerized in Table VI,

Table VI shiows that adequate phase margins, gain margins, and
structural mode attenvation have been achieved using the proposed
lateral-djirectional SFCS. The minimum lateral axis stability margins
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I,

b.

Ce

are 61 degrees of phase and 15 dB of gain. The minimm directional
axis stability margins are 54 degrees of phase and 12 dB of gain.
These data are for the most critical flight condition, Mach 0.8l at
sea level. All structural mode amplitudes are less than -10 dB at
the structural mode resonant frequency.

Lateral Axis

The salient features of the SFCS lateral axis are the improved roll
rate time constant and rcll rate to stick force gradient, lower roll
rate overshoot and a reduction in roll oscillation.

Figure 56 shows a comparison between the roll mode time constant of

. the besic F-I and the F-4 with the SFCS. The SFCS values are the

time to reach 63% of the average roll rate in response to a step of
stick force as measured from time historv responses. The SFCS time
cvonstants vary between G.35 and 0.7 seconds with the more typical
values being 0.5 seconds. Although the response does not follow the
0.33 second prefilter time constant exactly, the improvement over
the unaugmented F-4 is substantial.

The roll rate to stick force ratio is shown in Figure 57. At

15,000 feet altitude, the variation in roll rate to stick force with
Mach pumber is about 3 to 1 for the F-U with yaw SAS. The F-k with
SFCS has about & 1.35 to 1 variation under the same conditions. In
addition, the SFCS provides a lower sensitivity for small roll man-
euvers for precise tracking, and higher sensitivity for more rapid
roll maneuvers.

Figure 58 shows that the relatively high SFCS roll rate feedback
gain effectively suppresses the Dutch Roll oscillations in the roll
rate response to a step of stick force. The parameter, Ppgc/Pays

is a measure of the ratio of the oscillatory component of the roll
rate to the average component of roll rate following a rudder-pedals-
free step of lateral stick force. Figure 58 shows this parameter

to be well below the MIL-F-8785B (ASG) level 1 requirements and near
zero for most flight conditions. Ppge/Ppy was calculated as per
MIL-F-8785B (ASG).

An evaluation of lateral response in terms of the normalized roll
rate response criteria is presented in Figures 59 through 62. The
flight conditions shown represent the slowest and the fastest re-
sponding conditions at both subsonic and supersonic velocities.

These curves show the improvement in the F-lI SFCS lateral response
over that of the F~4 with yaw SAS. Additional time history responses
to stick force are presented in Appendix IV.

Directional Axis
The basic directional axis performance is measured in terms of

Dutch Roll frequency and damping, spiral stability, and turn
coordination. Turn coordination is discussed in Paragraph d below.
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r-k SFCS
in

Boll frequency and damping characteristics are
63 and 6k at the proper adaptive value of ys#
fesdback . Figures 65 and 66 show the varistion in Dutch
frequency dsmping as a function of all three adaptive or
selectable gain values. At the proper sdaptive gain setting,
conditions are within MIL-F-8785B (ASG) requirements.

the Mg flight conditions, the SFCS generally has a damping
ratio between 0.3 and 0.5. At the low Mg flight conditiocs, damping
ranges between 0.3 and O.k. The mid range Mg flight conditions
show & 0.75 to 0.95 damping ratio for subsonic flight and 0.2 to
0.35 for supersonic flight. These data were ottained from a
digital computer analysis of the Dutch Roll root only. However, in
a highly augmented system there are generally other complex roots

which may reduce overall damping slightly at the highly damped flight
conditious.

EEE:’:E
1y

x
§

Figures 63 and 6k also shov the roll to sideslip courling (|¢/3]|) in
the Dutch Roll mode. The MIL-F-8785B (ASG) ement is that

this parameter have a value less than the |¢/8] curve corresponding
to its particular frequency and damping. The relatively Ligh lateral
axis loop guin reduces the coupling to well within the requirements.

The SFCS spiral stability characteristics are shown in Figure67

in terms of the inverse of time to double amplitude for an unstable
spiral mode and the inverse of time to half amplitude for a stable
spiral mode. These data shov that the SFCS hes both slightly stable
and slightly unstable spiral mode characteristics depemding on flight
condition. However, the spiral stability characteristics are well
wvithin the requirements for all flight conditions.

Turn Coordination

The turn coordination performance for the F-i SFCS with the adaptive
roll to yaw crossfeed gains is summarized in Figure 68 in terms of
the MIL-F~-8785B(ASG)sideslip requirement. For many flight con-
ditions the system Dutch Roll damping does not allow for the cal-
culation of the angle Yg as defined in the military specification.
The ¥, values used are based on values of the unaugmented airframe
and on the general nature of the sideslip angle time Listory response.
Generally, flight conditions with all adverse sideslip have a ¥
between =180 and -280 degrees; flight conditions with both adverse
and proverse sideslip have ¥g values between =140 and -180 degrees
or =280 and -340 degrees; and flight conditions exhibiting all
proverse sideslip heve ¥, values less than -140 and greater than
-340 degrees. This scae ¥Yg was used in the pgge/ppy curves in
Figure 58. Figure 68 shows sideslip to be within the requirements
except at the very low q and very high q flight conditions.

An evaluation of the SFCS with respect to the laveral-directional

DY criteria is presented in Figures 63 and 70 for three subsonic
and supersonic flight conditions.
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The D parameter recorded in Figures 69 and 70 is in response to a
step or lateral stick force and is a combination of sideslip and
lateral acceleration at the pilot seat as expressed by the following
equation.

=8 - .513 o (deg)

vhere: B8 (sideslip) in degrees

{lateral acceleration at the pilot seat)
P in feet/second?

The development and discussion of the D1 criteria is presented in
TR-71-20, Supplement 1. Additional D1 data are presented in Appendix
IV. The SFCS meets the Dl criteria at all flight conditions except
some low q and some very high q and high Mach number flight condi-
tions. At thesc flight conditions, the aircraft response will
slightly exceed the boundary value for a short period of time. The
effect of failure to exactly comply with the D®* and H* criteria at
the edge of the envelope flight conditions will probably not be
noticeable to the pilots and is not expected to degrade system per-
formance.

Figure T1 shows the sideslip for the F-I with yaw SAS for many of
the same flight conditions. A comparison between Figures 68 and T1
shows the improvement obtained with the SFCS.

Figure 72 shows the time history response of the D;_ parameter for
the Mach 0.9 at 35,000 feet altitude flight conditioz for the pilot
selectable roll to yaw crossfeed gain values. The figure shows that
gain settings which provide crossfeed gains less than the proper
adaptive gain value result in excess adverse sideslip, and those
gain settings providing crossfeed gains in excess of the proper
adaptive gain value result in excessive proverse sideslip.
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SECTION V
CONTROL SYSTEM EVALUATION SIMULATION
1. INTRODUCTION

A fixed base flight simuiator program was conducted to evaluate the
selected SFCS in order to reveal any design problems or necessary
modifications. A complete three axis single channel SFCS math model

wvas programmed on the hybrid computer along with aircraft flight dynamics
representing the F-LE. The entire flight envelope could be flown
including power approach, stall entry, and post stall recovery. The
simulator crew station was equipped with all necessary controls for the
pilot to fly the aircraft and change the SFCS cperating mode during
flight. The following paragraphs describe the simulator set-up, the
evaluation approach and the resulting SFCS modifications.

. ——

2. OBJECTIVES
i The following objJectives for the subject simulation were established:
a. SFCS handling qualities and operating characteristics

The simulator pilot shall be able to fliy the SFCS throughout the

: entire F-LE flight envelope so as to evaluate the SFCS operating
¥ characteristics.

b. In-flight psrameter and gain variastions

The effect of SFCS parameter and gain variations on system per-
formance will be determined.

c. In-flight failure simulation

The effect of failures inserted during simulated flight with the
SFCS will be determined.

d. SFCS mode transitions

The controllability of the F-LE when switching between the available
modes will be established.

e. Establish flight test procedures

Test procedures for use during thes Phase II flight test program will
be developed. )

3. HYBRID FACILITY

The SFCS manned simulator program utilized the MCAUTO simulation
facility which has been assembled expressly for hybrid simulation. Use
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of digital computing techniques on the CDC 6600 permitted large
variaticns in flight parameters while retaining the precision required
for simulution accuracy. An analog computer served as a buffer to Lhe
cockpit equipment, visual display equipment and time history recorders.
Peripheral equipment, consisting of closed circuit TV, terrain map,
gimballed target model and horizon generator, provided a more realistic
environment in which to evaluate the selected SFCS. A description of

! " this computing and display equipment is presented in Appendix VI.

Lk, SOFTWARE DESCRIPTION

A math model representing the complete SFCS (single channel) was pro-
grammed on the hybrid computer. The SSAP mechanization was not in-
cluded in the subject simulation due to the incomplete state of the
available mathematical models of the actuator. The SSAP will be
evaluated during future simulations.

Aerodynamic derivatives for the entire flight envelope were included

so that the SFCS could be evaluated at all flight conditions including
landing and stall. Operating logic for the SFCS was controlled from the
crewstation providing for pilot selection of parameter and gain
variations and SFCS modes during flight. Close coordination was main-
tained with the control law development studies so that any system
modification would be reviewed by both. A complete description of the
selected SFCS evaluated during this simulation is presented in Sections
IIT and IV. Special operating characteristics not discussed in Sections
IIT and IV are presented in Appendix VII.

5. EVALUATION APPROACH
a. General Flight Maneuvering

3 A detailed run schedule was prepared so that the simulation objectlives
3 would be accomplished in ar orderly manner. The pilots were provided
’ with a briefing sheet as shown in Figure 73 for use in evaluaiing

the SFCS. This form listed the SFCS modes to be evaluated and recom-
mended maneuvers which would test the full SFCS capability. Follow-
ing the simulator flight, each pilot completed a questionnaire to
obtain a qualitative measure of the system performance. The questions
related to the responsiveness of the SFCS to control inputs, phugoid
stability, feel--trim characteristics, ARI operation, PIO tendencics
and mode transitions. A Cooper rating was assigned and comments were
solicited for each mode of operation.

b. Performance Tasks

The pilots performed special tasks to obtain a quantitative measure
of the SFCS performance. An air-to-air tracking problem demonstrated
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L  Objectives - The following objectives for the subject simulation are designated in the SFCS statement of work.
® Evaluate the controllability, tracking, opersting characteristics, and gensral pilot acceptance of the SFCS
over the entire F-4E flight erwelope.
©® Evaluste the effects of in-flight parameter variations on the SFCS. The manner of adsptive gsin changing
is of primary interest,
©® Evaluate the failure transients as applied to the quad-redundant SFCS.
@ Evaluate transitions between mechanical backup and FBW modes.
©® Establish flight test procedures which will later be used to generate comparative data between the 680-J
flight test program and this simulation.
I Man-in-the-Loop Evaluation Procedure - A detailed run schedule will be used during the selected control system
evaluation to assure that the simutation objectives are met. The following tasks will be performed.
@ General maneuvering throughout the F-4E (clean configuration) flight envelope. The following modes
and functions will be examined.

Mechanical Back-Up Normal Adaptive Gain
Electrical Back-Up Normal Fixed Gain (Lo) with TOL selected
Normal Fixed Gain (Lo)
@ General maneuvering throughout the entire F-4E flight envelope to inzlude the following flight conditions:
0.5 M at 25,000 ft (g Low) 1.5 M at 15,000 ft
0.9 M at 15,000 ft 2.15M at 36,000 ft (V Max.)
1.2 M at 5,000 ft (G Max.) 1.8 M at 55,000 ft
0.9 M at 35,000 ft (Cruise)

I  Include the maneuvers when applicable:
@ Accels and decels at sea level, 20,000 ft, and 40,000 ft,
® Maximum power climbs and dives from 0.9 M at sea level to 1.2 M at 30,000 ft and back to 0.9 M at sea
level using split S to return.
From trim 0.7 M at 35,000 ft perform split S and observe lateral/directional handling in comparison with
the high q split S performed above.
Snap aileron rolls and barrel rolls at high and low g flight conditions,
Pull-up and push-over cycling at high and low G flight conditions.
Terrain following task at end of run.,
Cycle MIM while in SFCS normal fixed (Lo} and in eiectrical back-up going to mechanical back-up.
Select 0.7 M at 16,000 ft and cycle during:
(a) Level flight
{t) Normal maneuvering
{c} High "g"; 3 axes maneuvering
Aerial tracking pursuing a target aircraft which-performs a set of programmed maneuvers,
Landing approach and takeoff using the high lift F-4E configuration,
Stall entry and recovery with the SFCS operating using special high alpha and beta aerodynamic data.

estionaire will be filled out following each flight concerning:
Short period handling qualities '
Phugoid stability
Feel/trim characteristics
AR operation
PI1O tendencies
MIM operation (when applicable)

Iy A

00000l 00o

FIGURE 73
PILOT BRIEFING SHEET
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the relative effectiveness of the SFCS modes while pursuing a target
performing evasive maneuvers. The tracking error between the pursuit
aircraft's fixed reticle and the target aircraft was tabulated for
the duration of the run. Following each -un a cumulative distribution
plot of the error signal was formulated to show per cent tracking
accuracy. A terrair following task was performed as another perfor-
mance measurement oxr the SFCS. Similar cumulative distribution data
of the command needle error were tabulated for this task.

The SFCS was evaluated in the power approach configuration by the
pilots while performing a landing approach. An out-the-window
terrain display, described in Appendix VI, provided visual cues to
the pilot for maintaining the aircraft on glide slope and centerline
of the runway. The gear and flaps could be retracted to perform a
missed approach. The pilots completed a questionnaire evaluating the
PA handling qualities at the end of this evaluation task.

c. Stall entry and post stall recovery

Special aerodynamic data describing the F-UE in the stall and post
stall region were programmed for the subject simulation. This
provided a means of evaluating the SFCS recoverability from a stall
and the effectiveness of the stall warning system. The pilots were
asked to enter both one g and accelerated stalls. All SFCS modes
were evaluated for the stall recovery task including reversion to
the back-up modes at stall entry. Pilot comment on the SFCE operation
during the stall entry and post stall condition added to the system
evaluation.

d. Failure Analysis

Wave forms representing worse case single channel failures were applied
to the pitch, roll and yaw channels. The pilot's ability to control
the resultant transient was determined. The nature of these wave

forms is presented in Appendix VII. Further discussion of the

failure analysis is given in TR-T1-2C, Section III.

EVALUATICN OF SELECTED SFCS

The various modes of the selected SFCS were evaluasted in accordance with
the test plan outlined in Paragraph 5 above, The resulting hybrid data
and pilot comments obtained from this evaluation were analyzed in order
to reveal problem areas in system design. Scheduled inputs were applied
to the SFCS simulation .o generate data which could be compared to the
control law small perturbation study results to assure no differences in
system response existed between the various simulations. Figures T4 and
75 present airframe responses to force inputs which compare with those
found in Sections III and IV above. The results of the subject simula-
tion are discussed in the following parsgraphs.
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SFCS Modes
(1) Mechanical Back-Up (MBU)

(2)

(3)

No control problems were found with the pitch and yaw MBU
mode. The F-LE damper mode was operative with MBU selected,
providing handling qualities quite similar to the F-LE.

The slight differences resulted from the use of the SFCS
feel system in place of the g bellows system found in the
production F-4E. The roll channel operated in electrical
back-up mode since no lateral mechanical back-up exists. The
lateral feel system did receive unfavorable pilot comment
due to the original design having a +20 pound maximum lateral
center stick force. This high force level led to pilot
fatigue while flying. Reduced forces were evaluated and
maximum force levels of +12 pounds were found to be more
desirable by the pilots.

Electrical Back-Up (EBU)

Control harmony between the pitch and roll axes was found

to be a problem in the EBU mode. Pitch sensitivity is high at
high Mg flight conditions due to the use of a direct electri-
cal 1link to the stabilator. Methods are currently being
evaluated to eliminate the high pitch axis sensitivity

through the use of a dual gradient in the EBU signal path.

The roll axis has an apparent low roll response to small stick
inputs caused by the dual gradient used in the lateral axis.
The low responsiveness becomes more apparent in the PA con-
figuration. The pilots considered these roll axis character-
istics acceptable for the EBU mode.

A longitudinal stick lightening was seen by the pilots when
a constant load factor was commanded. The high passed
stabilator feedback signal in the EBU mode was removed to
eliminate this problem. No apparent problems were found with
the directional channel in the EBU mode.

Normal (NSS) Mode

The handling qualities of the Normal mode were found to be
quite satisfactory by all pilots evaluating the SFCS

simulator and received an average Cooper rating of 2. The
Normal mode SFCS responded well to pilot commands and showed
good damping throughout the flight envelope. The neutral
speed stability (NSS) function performed satisfactorily

during accelerations and decelerations. Essentially no effort
wvas required by the pilots to maintain speed or altitude thus
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indicating acceptable phugoid characteristics. The effective-~
ness of the Normal mode in performing tasks such as air-to-air
tracking of a maneuvering target and terrain following is
discussed in subseguent paragravhs. Formation flying and
aerial refueling were nct investigated since the pilct efter
required for these did not differ significan.ly from the chosen
tasks. The purpose of the NSE8 function is to eliminate the
need for the pilot to retrim for a change in airspeed.

This characteristic may be desirable in reducing pilot work
load during in-flight refueling. The stabiletr position change,
which accompanies the weight increase and CG shift during in-
flight refueling, will be automatically provided in the Normal
mode. Judgement as to the total acceptability of neutral speea
stability must ultimately be based upon fiight experience.

(4) Adaptive Gain Select

The pilots found no apparent change in aircraft response between
adaptive and fixed gain operation except for low q and landing
flight conditions. The geain changer operated with sufficient
accuracy with the pitch adaptive function selected, provided tn
pilot generated inputs sufficient to excite the airframe in the
4 Hz frequency range. Without the pitch adaptive switch engaged,
the computed M, did not agree or track the actual stabilator
effectiveness. The gain changer did not compute M, accurately
enough to select the correct gain levels for the roll to yaw
crossfeed. The results obtained through use of the original
parameter identifier design programmed for the subject simula-
tion indicated that & redesign was required. Further discussion
on the gain changer design development is presented in TR-71-20,
Section III. .

(5) Normal (TOL) Mode

The selection of TOL operation with the Normal SFCS mode
engaged caused no apparent change in aircraft response. The
similarity between the characteristics obtained with the

TOL function selected and the normal (NSS) function selected
is due to the inherent neutral speed stability characteristics
of the basic airframe at mid and high g flight conditions.

The positive speed stability characteristics of the TOL
function were noticeable at low q flight conditions.

Trim

Pitch and roll trim changes were made for each mode of the SFCS.
Pilots inadvertently used the mechanical trim switch located at
the top of the center stick when in the Normal and EBU modes.
Operation of this switch has no effect on aireraft trim but does
change stick position. Inadvertent operation of the trim switch
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caused a mismatch between stick and surface position and caused
an undesirable transient on reversion to the MBU mode. To remove
this problem, the center stick trim button was disable? during
Normal and EBU mode operation.

The longitudinal electrical trim authority was found to be
excessive.At high Mg flight conditions maximum load factor could
be commanded with partial movement of the trim thumbwheel. A

reduction of the EBU trim authority from a range of -14° to 3¢
of stabilator to #1° for clean and #5° for PA was found necessary.
The amount of longitudinal trim available in the Normal mode was
reduced by one half. The pilots felt that the capability to

trim into a 60° banked level turn at 360 Knots-sea level was not
necessary. Tne roll trim authority was also reduced by one half
for Normal and EBU. The original 33 1/3% lateral surface
authority was too sensitive for small roll rate corrections.

No problem was found with the directional trim.

c¢. Mode Transitions

The possibility existed for a catastrophic transient when changing
modes before the modifications to the longitudinal trim circuits
were made. A mistrimmed stabilator could occur for the MBU mode
due to the inadvertent trimming of the center stick while in FBW
operation. Disengagements from Normal to EBU with full longitudinal
trim applied caused an uncontrollable transient at high g flight
conditions. This transition was made acceptable by the reduction
of the Normal and EBU trim authorities and by doubling the time
constant of the longitudinal easy-on easy-off network from 2.5
- seconds to 5.0 seconds. FigureT76 presents time histories of

‘ " transitions from Normal to EBU modes with one half the original
! trim authority (-T7° 63) applied. Transition from Normal to

EBU with the final +1° stabilator trim authority is showm in

Figure TT. It can be seen from these figures that less pilot
action is needed with the final electrical trim definition.
Figure 78 presents transitions from EBU to MBU with an aft center
\ stick position obtained prior to the disablement of the mechanical
A trim in FBW modes. Reversion to MBU from either Normal or EBU
caused no control prcblem after the mechanical trim switch was
disabled. A slight change of stick force was needed tc maintain
the same load factor maneuver due to the difference of stick force
per g between modes. Figures 79 and 80 present time history
traces obtained for transition between Normel and MBU and between
EBU modes with no trim applied.
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In-Flight Failure Simulation

Wave forms(described in Appendix VII)representing single channel
fajlures were applied to the forward loops of the SFCS with and with-
out the pilot's knowledge. Figures 81, 82, and 83 show the resulting
aircraft response to the applied failures with no pilot action taken.
The pilots found no difficulty in correcting for the small effect
caused by these failures. The failure signels were first individually
applied to the SFCS with the pilot observing the resultant transient.
The transients caused by these failures were insignificant relative
to the mode transition transients prior to the trim system modifica-
tions. Quantitative data were then taken during the air-to-air
tracking and terrain following tasks and the resultant cumulative
distribution date with and without failures applied showed no signi-
ficant deterioration in performance due to the simulated single
channel failures.

Performance Data
(1) Air-To-Air Tracking

Quantitative and qualitative date were obtained for the air-to-
air tracking task for all SFCS modes. Pilot comment indicated
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(2)

(3)

i

tracking was easiest to perform in the Normal mode followed by
the MBU then EBU. The adaptive gain operation, even though
selecting the proper gains, did not appreciably improve the
pilot's tracking ability. Figure 8l presents cumulative distri-
bution plots of the angular tracking error measured relative to
a fixed reticle for the SFCS modes evaluated. The curves in
Figure 84 show the percentage of time that the tracking error
when firing is within a specified value. This figure shows that
for T percent of the firing time the error was zerc milliradians
for the Normal mode and at no time was the error less than 2.5
milliradians for the EBU mode. This cumulative distribution
plot also shows that for 81.5 percent of the firing time the
error was 20 milliraedians or less for the Normel mode while the
EBU mode error when firing was 20 milliradians or less for 46
percent of the time. The higher percentage of firing time with
a smaller tracking error for the Normal mode shows the Normal
mode to be best.

Terrain Following (TF)

Results of the terrain following task led to similar pilot
comment on the relative performance of the SFCSE modes. This
task requires less high g maneuvering than the air-to-air
tracking. However, more precise inputs were required to null
the needle commands. Cumulative distribution plots of the pitch
needle signal are presented in Figure 85 for the SFCS

modes. These cumulative distribution plots show that the pilot
was eble to maintein tracking errors, represented by the needle
signal, smallest for the greatest percent of time with the
Normal mode selected.

Landing Approach

The SFCS modes were evaluated for the power approach (PA) con-
figuration. The Normal mode again was found to be the most
desirable mode of operation. As previously mentioned,

EBU showed poor lateral control due to the dual force gradient.
The pitch axis was poorly damped in EBU due to the absence of
rate damping. MBU was similar to the production F-4E in this
configuration. Time history traces of aircraft parameters
recorded during the approach using the Normal mode are presented
in Figure 86 for the high, medium, and low gains. It can be
seen that the pilot was able to maintain the aircraft on glide
slope best with the medium gain selected, which reflected the
pilot's comment that the medium gain was easiest to fly in the
PA configuration. Evaluation of the Normal mode was accomplish-
ed using the three fixed gain levels in the pitch channel and
adaptive gains. FPFurther discussion of the selectable gains for
PA configuration is found in TR-T1-20, Section III.
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Mode transitions were performed during final approach to landing.
The resulte of these runs led to modifications in the trim net-
works and actuator control loops. A large negative pitch rate
developed during transitions from Normal to EBU mode as a result
of sutomatic synchronization to the takeoff trim (TOT) position.
This control problem was corrected by disabling the circuit in
the secondary actuator feedback loop which returns the integra-
tor to the TOT po.ition or engagement of the EBU mode when the
landing gear are extended.

Stall Entry and Post Stali Recovery

Results of the stall evaluation showea the aircraft was recoverable
in all SFCS modes. The pilois found recovery easiest ané stall

entry most difficult in the Rormal mode. The action of the stzll
warning network, to increase the stick force gradient as high angles
of attack were reached, received favorable comments from the pilots.
The SFCS stall warning did not warn the pilot of an imminent one g
stall. The lack of one g stall warning was not considered to be

a problem by the evaluation pilots. The audio tone generator will
provide adequate warning for the one g stall. The aircraft was
alloved to enter a fully developed spin during the stall evaluation.
Even under the worse case conditions the pilots had no problem recover-
ing the aircraft in the Normal mode. Figure 87 presents time history
traces of aircraft parameters recorded during a stall ertry and post
stall recovery with the EBU and the Normal modes selected.

Side Stick Evaluation

A mockup of the ISI side stick controller was evaluated during the
subject simulation. It was used to perform the various tasks and
found to be an acceptable flight controller. The pilots felt the
breakout forces of +2.5 pounds were too high. A reduction to +#1.75
pounds was found more desirable. More time for familiasrization with
the actual side stick hardware during flight tests will be required
before valid comparisons between the controllers can be made. A
time history of a landing approach using the side stick controller

in the Normal mode is presented in Figure B88. Cumulative distribution
plots indicating a slight variation in performance with the center
and side stick controllers are presented in Figure 89. This plot
shows that the side stick is an effective flight controller for
landing approach. The pilots used the side stick for the other tasks
and found it useable in all cases. Only during the rapid attitude
changes required during the air-to-air tracking did the pilots tend
to over control with the side stick.

SFCS MODIFICATIONS

Eight modifications to the SFCS resulted from the subject siiulation.
These modifications reduced pilot workload, improved SFCS effectiveness,
and reduced the possibility of catastrophic transients caused by
inadvertant pilot action. The required modifications were as follows:
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LANDING APPROACH USING SIDE STICK CONTROLLER
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o Disable mechanical trim switch on the center stick grip when the
fly-by-wire modes are engaged.

0 Reduce the maximum lateral roll force from + 20 pounds to + 12 pounds.

o Eliminate the high passed stebilator position feedback for the EBU
mode.

o Disable the circuit in the secondary actuator feedback loop which
returns the integrator to the take-off trim position on the engage-
ment of electrical back-up mode when the landing gear are =xtended.

o Keduce the roll electrical trim authority from #33 1/3% of full
lateral surface to #16 2/3% of full authority.

0 Reduce the pitch electrical trim authority in the EBU mode to +1°
8g with an additional +4° of stabilator with gear dowri. The +1°
portion is also used as the fly~by-wire trim authority and allows
trimming into a 45° banked level turn at 360 Knots-sea level.

o Reduce the side stick breakout forces from #2.5 pounds to +1.75
pounds.

o Increase the easy-on easy-off switching time in the pitch axis from
2.5 seconds to 5.0 seconds.

All the modifications listed above have been incorporated in the SFCS
design.
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SECTION VI

CONCLUSIONS

As a result of the studies and simulation reported herein; the following con-
clusions can be drawn:

The SFCS will provide adequate stability and good performance charac-
teristics in the Normal mode.

The electrical back-up mode will provide for safe return and landing
in the event of inaccessibility of the Normal mode.

The longitudinal SFCS, operating in the Normal mode throughout the
F-LE flight envelope, provides airframe responses which compare favor-
ably with the C* and C* criteria.

The phugoid mode, although not convergent at all flight conditions,
does not present control problems with the Normal mode selected since
the time to double amplitude is large.

The side stick is an effective controller for the tasks performed.
However, additional flight test evaluation of the hardware SSC is
required before valid comparisons between the controllers can be made.

The longitudinal stick force per g provides improved handling quali-
ties and meets the applicable criteria.

The lateral SFCS, while operating in the Normal mode throughout the
F-LE flight envelope, provides improved airframe roll response which
meets applicable requirements at most flight conditions.

The directional SFCS, while operating in the Normal mode throughout
the F-LE flight envelope, provides Dutch Roll damping which meets the
applicable requirements at most flight conditions.

The spiral mode, although not convergent at all flight conditions,
does not present control problems with the Normal mode selected,
since the time to double amplitude is large.

The Roll to Yaw Crossfeed provides improved turn coordination which
meets the applicable requirements except for some very low q and very
high Mach number flight conditions.

An adsptive gain changer functior is provided for the SFCS which
allows automatic in-flight gain variations based upon the proper iden-
tification of the stabilator effectiveness, Mg.

The pitch axis control law provides a selectable neutral speed stab-
ility function which allows the pilot to change flight condition
without having to apply trim commands. This characteristic could
prove helpful in reducing pilot workload during in-flight refueling
by automatically compensating for the substantial trim stabilator
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change which accumpanies the weight increase aad eg shift during in-~
flight refueling. The inherent lack of stick force cues during air-
speed changes was not objectionable to any of the pilots for the
missions evaluated in the man-in-the-loop simulation program. Judg-
ment as tc the total acceptibility of neutral speed stability for all
missions and flight modes must ultimately be based upon flight
experience.

No detericration in SFCS performance is caused by gear reaction while
landing with the Normal mode selected.

The stall warning mechanization provides good indication of the
approach to stall. The aircraft is recoverable using the SFC3 follow-

ing stall, even in the event of a fully developed spin. :

Adequate structural mode stability margins for stable operation are
provided by the three axis SFCS through the correct placement of feed-
back sensors and utilization of structural filters.

The results of the studies and simulations indicate that the SFCS will provide
improvement over the production F-LE when both are evaluated relative to the
following criteria:

o

o

o]

C* and C* criteria
D* and D¥ criteria

MIL-F-8785B (ASG) level 1 requirement for longitudinal short period
damping ratio

MIL-F-8785B (ASG) level 1 requirement for phugoid mode stability
MIL-F-8785B (ASG) level 1 requirement for maneuvering force gradient
MIL-F-8785B (ASG) level 1 requirement for roll response time constant
MIL-F-8785B (ASG) level 1 reguirement for Dutch Roll damping ratio

MIL-F-8785B (ASG) level 1 requirement for turn coordination
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APPENDIX I
PHYSICAL PARAMETERS AND AERODYNAMIC CHARACTERISTICS

The physical and aerodynamic characteristics describing the F-LE airplane
are contained in the following paragraphs. These data were used during the
control law development studies. The linearized (small perturbation) three-
degree-of-freedom longitudinal and lateral-directicnal equations appear in
Figure 90. The axis system shown in Figure 91 describes the coordinates
aprlicable to these equations and tne aerodynamic coefticients.

The flight conditions chosen for analyses are shown superimposed on the F-LE
flight envelope in Figure 92. Aircraft weights corresponding to a maximum
internal fuel load configuration and a combat configuration are also shown
in Figure 92. Aircraft weight and inertia data and motion sensor locations
are presented in Figure 93.

The longitudinal and lateral-directional coefficients of the equations of
motion for selected flight conditions measured about the stability axis are
presented in Tables VII and VIII respectively. These coefficients apply to
the small perturbation equations and were dimensionalized using the physical
data of the F-LE shown in Figure 93. Due tc the hinge moment limits imposed
on the lateral and directional control surfaces and the rudder flexure char-
acteristics, the data shown in Tables IX and ¥ were needed along with the
aerodynamic coefficients to analyze the small perturbaticn laterai-directional
aircraft response.

AT ey -
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Three-Degrees-of-Freedom Longitudinal Equations

Gom f A .4 Ah
0—Mq0+Mu(—‘)‘—)+Maa+MO‘Aa+Mh(_v)+M8A6

= {g/v) A0+xu (%) + XaAa+Xh(-AVh*)

’
u
v

&=(1+zq)é+zu (_ATU—H 2,8a+2, (AVL) + ZsAS

'., v L1
2 - A0-Aa N =<k N = N +
v ch g Z Z

6 = q cos ¢ —r sin @, since @ = o for this representation, 6 = q

Two-Degrees-of-Freedom Longitudinal Equations

The three-degree-of freedom equations given above can be modified to provide two-
degree-of-freedom representation by equating to zero the terms My, Mp, 2, and Zy,
and deleting the U/v equation.

Three-Degrees-of-Freedom Lateral-Directional Equations

p=LPp+er+LBB+L6A5A+L8R5R
}=Npp+Nrr+NGB+N5A6A+N5R8R

[3: YPp+Yrr+YBﬁ+Y85+Y8R6R+Y¢¢

FIGURE 90
SMALL PERTURBATION EQUATIONS OF MOTION

emtians akndal n e s
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o

g

Roll Rate Gyro Sensing Axis

Wing Chord
Water Line and inertia Axis
Aerodynamic Derivatives,

Equation of Mction,
Velocity Vector Axis

Horizontal

o
G

Yaw Rate Gyro Sensing Axis
§
ANl angles are shown in the positive sense.

FIGURE 91
DEFINITION OF AXIS SYSTEMS FOR SMALL PERTURBATION EQUATIONS
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Clean {43,720 Lb) . i I I
70} (2)Clean (38,732 Lb)* ———t— —— = i
A Takeoff (43,720 Lb) S { or Limit
V¥ Landing (32,500 Lt) Iy
60— O Clean (4 Sparrows) ——
Flight Conditions 2 S
*Combat Gross Weight "1
) .
o Moderate Buffet \ Q o o
& 40 / _
4
3 /' oY1) o T o /°
= 4
<30 /4 !
\— Military Power -
o |o o (o]
20— 4 \LBuffet Onset 8 \_
o o o o Afterburner Power
10 f
o o o
9 O
0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 18 20 2.2
1 Mach Number
FIGURE 92

YF-4E (A.F. SN 62-12200) OPERATIONAL FLIGHT ENVELOPE
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WEIGHT, INERTIA AND CENTER OF GRAVITY LOCATION

Takeoff Configuration - Gesr Down

Landing Configuration - Geer Cown

Weight = 43,720 Lb CG = UM% Weight = 32,500 Lb CG = 304%
CG {FS) = 326.55 In. CG (FS) = 319.62In.
1, = 31002 SwugF? CGWL) = 276In. | = 2375  SwgFi CG(WL) = 25.2In.
|, = 166651 SwgF I, = 135859 SlugFi2
I, = 185801 SkgFe? ), = 152735 SigFr?
I, = 7.083  SugF? I, = 3532  SgF?
Clean Configuration
100% internal Fuel 60% Internai Fuel
t = 43,720Lb CG - 4% Weight = 38,732Lb° CG = 306%
CG(FS) = 326.55 In. CG(FS) = 320.00 in.
1} = 28478 SweFZ  CGWLI= 290Mn. I, = 24873 SwgF?  CGIWL)= 27.65In.
), = 164258 SlgF I, = 152495 SwugF :
I, = 164,136 SgF I, = 169824 SwgFe
I, = 6899  SugFd I, = 4820  SugFr?
*Combat gross weight
SFCS Sensor Locations
Fuselage Water Butt . i .
Sensor Stati Line Line Direction of Sensing Axis
Pitch Rate Gyro 383 6 47.5L Parallel to the y-axis, positive
aircraft nose up
Rol! Rate Gyro 77 15 00 Forward in the X-Z plane and
1.5 degrees below water line
Yaw Rate Gyro 383 6 47.5R Down, parallel to X-Z plane and
perpendicular to the roll rate
gyro sensing axis
Lateral Accelerometer 186.3 19.8 00 Perpendicular to X-Z plane,
positive to pilot’s right
Normal Accelerometer 77 225 00 Perpendicular to the water
line, positive up
FIGURE 93
F-4E PHYSICAL DATA
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TABLEVIIL

LATERAL-DIRECTIONAL RIGID EQUATIONS OF MOTION COEFFICIENTS

Takeoff Configuration Landing Configuration
CG=34%¢ CG=304%¢
CG (FS) = 326.55 In. CG (FS) = 319.62n.
CG (WL) = 27.6 In. CG (WL) = 25.2 In.
W=43720Lb W=32500Lb )
Ix = 31,002 (Shug - Ft2) Iy = 23,756 (Slug - F19)
Iz = 186,801 (Slug - Ft2) I, = 152,735 (Slug - Ft2)
Ix, = 7.043 (Siug - F19) Ix, = 3,532 (Slug - Ft?)
Mach Number 0.214 0.318 0.206 0.318
Altitude (Ft) 0.0 0.0 0.0 0.0
Velocity (Ft/Sec) 2 2388 354.90 229.00 3545
Dynamic Pressure (Lb/Ft%) 67.70 156.59 62.326 156.59
o\t (Deg) 18.0 7.000 12.90 0.9800
Lp -0.9773 -1.350 -1.177 -1.888
Lr x 10! 9.884 6.795 11.29 13.10
Lp x 10~1 -1.190 -~1.163 —-0.9863 ~0.8307
Ls 1.600 4.740 2.969 7.027
iLsg —-0.4013 1.783 0.3184 1.945
Np x 102 23.80 10.75 17.95 1.333
N, x 10! -4.347 -3523 -4.184 -3.079
Ng 4.102 3.267 3.410 3.138
NS x 10} -4.458 ~3.205 -5.321 1.203
NSR ~0.4691 -1.348 —0.6790 ~1.503
Yp x 10° 10.40 6.891 14.91 6.905
Y, x 10 ~8.935 -9.049 -9.915 -9.946
g x 10! ~0.7729 -1.282 -6.9206 -1.583
Y§ x 103 ~3538 -6.023 —5.062 —7.250
Y5 x 102 1.371 2.134 1.775 2.860
\7 x 102 13.47 9.066 14.05 9.076
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LATERAL-DIRECTIONAL RIGID EQUAT!ONS OF MOTION COEFFICIENTS

TABLE VHI (CONTINUED)

Clean Configuration

100% Internal Fuel W :=43720 Lb

CG = 3% ¢ I, = 28,478 Slug Ft

CG (FS) = 326.55 In. 1, = 184,136 Slug Ft

CG (WL) =290 In. I, = 6899 Slug Ft
Mach Number 04 0.5 0.5 0.7 0.7 0.7 0.7 0.84 0.85
Altitude (Ft) 15,000 | 5000 2¢£ 000 5000 15,000 | 25,000 35000 | O 5000
Velocity (Ft/Sec) 423.09 | 548.76 | 508.19 768.27 740 41 711.47 681.29 | 937.75 932.51
Dynamic Pressure (Lb/Ft2) 133.75 | 308.36 137.43 603.92 | 409.60 ; 269 37 170.80 | 104.51 890.47
de (Deg) 9.369 3.660 9,240 1.456 261 4540 7574 0.3300 1.410
I‘P -0.9928 | —1.668 | -0.8416 | —2.132 | -1.626 |-1130 -0.8021 | -2.658 | ~2.391
er'IO1 2.077 3.506 2.868 5.561 5.333 4839 4.162 6.294 6.147
LB x 1()"1 ~-0.7998 | -1.331 | --0.8637 | —1.878 | --1.598 | --1396 -1.171 ~2.668 | —-2.477
L5 3.706 9.167 3.702 14.31 11.06 7.744 4.778 16 91 15.95
Laﬂ 0.4149 1.417 0.4000 3.165 2.095 1.228 05235 5471 5523
NPx102 10.16 -0.6472| 8.235 | -4.606 | -2.305 1144 4.646 | -6.538 | —2588
er101 -1664 | -2728 | -1.538 | -3.8311 | -2.723 | -1966 —-1.488 | -5583 | —-4.866
Nﬁ 2.384 4.050 2.505 7.234 5176 | 3.855 3.080 12.43 11.04
N5 X 101 -4.803 | -2.180 | —4.734 2405 | -04589 1 -3056 -4,572 7626 4.413
N5R -1.225 | -2.659 | -1.210 | -5.213 | -3.5602 | -2.342 -1.367 -8.710 | --7.619
YP X 103 1.939 1.634 1.388 0.8962 | 088851 0.9798 09457 0 2381 0251¢
er101 —9.985 -9.977 | -9.989 | -9.977 |-9.983 | -9988 -9.992 -9.972 | -9.975
Yﬁ x‘lO1 -0.7204 | —1.381 | ~0.6268 | —2.031 | —-1.412 | -09470 | -0.6071| -2983 | -2555
Y5 x103 -1.812 | -3.221 | -1550 | -4506 |-3.171 | --2170 -1.437 —-6389 | -5.474
Y5 R X 102 1.448 2.704 1.281 3.818 2 646 1675 1.160 5315 4 567
Yo x‘lO2 7.605 5.863 6.331 4.188 4 345 4.522 4.723 3.431 3.450
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TABLE VIli (CONTINUED)
AL RIGID EQUATIONS OF MOTION COEFFICIENTS

Clean Configuration

Fuel W 43,720 Lb
I, 28.478 Stug Ft?
55 In, I, 184,136 Slug F12
.0 In I, 6899 SluyF1?
05 0.7 0.7 07 0.7 0.84 085 | 085 09 09 09 1.1
25,000 | 5000 | 15000 | 25000 | 35000 | O 5000 | 25,000 | 15,000 | 35000 | 45000 |0

508 19 76827 | 74041 | 71147 681.29 | 937.75 | 93251 | 863.57 | 951.96 | 87595 | 87162 | 12284
13743 | 60392 | 409.60 | 269 37 170.80 | 104.51 890.47 | 397.18 | 677.10 | 282.33 | 174.58 | 17924
9240 1456 2611 4540 71574 0.3300 1.410 2.090 0.7500 | 3.190 6.110 -0.2807

-08416 1 -2.132 | -1626 |--1180 | -0.8021{ —2.658 |-2.391 | -1.374 | -1.920 | -0.9949 | —0.5909 {—2.770

2.868 5 561 5333 4 839 4.162 6.294 6.147 4.391 5.023 4.065 3.562 6.207

-0.8637 | -1878 |-1598 | -1.396 1n -2668 | -2.477 | -1534 | -2.029 |-1354 | -1.206 |-4.237
3.702 14.31 1106 7744 4.778 16 91 15.95 10.31 13.38 7.976 4.725 8.933

04000 | 3.165 2095 1228 0.5235 5.471 5.523 2.123 3.595 1.345 0.5500 | 6.770

8.235 | -4.606 | -2305 1.144 4646 | -6.538 | -2.588 | —2.469 | —4.798 | -1.007 1.851 |-0.2406

-2728 | 1538 | -381% |-2723 |-1966 | -1.488 | 5583 |-4.866 | -2.330 | -3.623 | -1.707 | —1.199 | —7.566
4050 2.505 7.234 5176 | 3865 3080 12.43 11.04 5.192 8.522 4.019 3.075 | 26.07
-2.180 | -4734 2493 | -0.4589 | -3056 | --4.572 7.626 4.413 0.7457 | 4.821 |[-0.9675| -3.157 | 14.95

-2659 | -1.210 | -5.213 | -3.502 |-2.342 ; -1.367 | -8.710 | -7.519 | -3.016 | —5.741 | -2.249 | -1.119 [-6.186

1634 1.388 0.€952 1 08885| 09798 | 09457 ; 02381] 02516 05400 0.2746| 0.5438| 0.5643 | -0.1736
-9977 | -9.989 | -9.977 | -9983 | -9988 | ~9.992 | -9.972 | -9975 | -9.987 | -9.982 |-9.991 | -9.995 |-9.969
-1.381 | -06258 | -2.031 | -1412 | -09470 | -0.6071 ) ~2.983 | -2555 | ~1.210 | -1.900 | -0.8403 | —0.5043 | —4.180
3221 | -15650 | -4506 |-3171 | -2170 | -1437 | -6.389 | -5.474 | -2.636 | ~4.077 |-1.848 | -1.148 | -8.370

2704 1281 3.818 2646 1.675 1160 5.315 4 567 2.128 3.147 1.383 0.6446 | 2.967

5863 6 331 4.188 4.345 4522 4.723 3.43 3.450 3.726 3.380 3.673 3.691 2.619
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TABLE VIIT (CONTINUED)
LATERAL-DIRECTIONAL RiGID EQUATIONS OF MOTION COEFFICIENTS

Ctean Configuration
100% internal Fue!

CG=34%c

CG (FS) = 326.55 In.

W=43720Lb

I, = 28,478 Slug F1?

I, = 184,136 Slug F1?

CG (WL) =29.0 In. l,., = 6899 Sug F12

Mach Number 1.2 12 |12 1.2 1.5 15 1.5 15 1.8 1.8
Attitude (Ft) 5000 | 15,000 | 35,000 | 45000 | 15000 | 25000 | 35000 | 45000 | 25,000 | 35,000
Velocity {Ft/Sec) 1317.0 | 1269.3 | 1167.9 | 11620 | 1586.6 | 1524.6 | 1450.9 | 14527 | 18295 | 17519
Dynamic Pressure (Lb/Ft2) | 1774.8 | 12037 | 501.93 | 31037 | 1880.8 | 12369 | 784.26 | 484.96 | 1781.1 | 11293
ay, (Deg) 00500 | 0.3700 | 1.780 | 3380 | 0.4000 | 0.8300 | 1450 | 2760 | 0.9093 | 1.552
Lp ~2413 |-1.993 |-1.193 | -08092 [ —1.977 | —1.605 | —1.236 | —0.880 |-1.571 |-1.232
L,x 10! 6024 | 4692 | 2808 | 2126 | 634 | 5235 | 4002 | 2910 | 5412 | 4.200
Lgx 107! -2857 |-2.157 |-1.183 | -0.9407 | 2918 | -1.776 | -1.100 | —0.7685 [ ~1.711 [—1.197
Ls 7956 [10.13 | 8681 | 6452 | 6.154 | 7.323 | 6701 | 5536 | 4551 | 5315
Ls 5402 | 5168 | 1792 | 1093 | 3555 | 3472 | 2391 | 1371 | 3551 | 2649
Np x 102 -2997 |-3919 |-2641 | -1590 | -1.106 | -1.718 | —1.467 | -0.5111| 159 | 0.262¢
N, x 10! -9.191 |-6.833 |-2966 |-1.889 | -7.941 | 5616 | -3.740 | 2373 | —:.867 | -3.405
Ng 2085 | 2166 | 9952 | 6422 | 2412 | 1843 | 1212 | 8509 | 1495 | 11.06
Ng x 10! 1327 | 9851 | 2983 |-0097 | 7.450 | 5068 | 2663 | 00205| 2659 | 1.192
N5, ~4.907 |-4370 | -2.437 | -1.634 | -2662 | -2.857 | —2.230 | -1.554 | -2279 | -1.961
Ypx 108 " | -0.1341 | -0.0420| 0.1916 | 0.2659 | -0.1147| —0.0249 | 0.0661| 0.1145 | —0.0642 | 0.013
Y, x 10! -9.968 |-9.976 |-9.987 |-9.992 | -9.978 | -9.983 | —9.988 | -9.992 | -0.986 |-9.990
Yg x 10! ~3980 |-2929 |-1.343 | -0.8260 | 3495 | -2465 | —1.663 | —1.033 | —2.654 | -1.747
Vg x 108 -7.726 | -5.437 | -2.464 |-1.531 | 4670 | -3.196 | -2.116 | -1.315 |-2195 | -1.453
Vo g 102 2349 | 2082 | 1190 | 07822 | 1452 | 1547 | 1207 | 0.8346| 1.394 | 1.182
Y x 102 2443 | 2535 | 2755 | 2768 | 2028 | 2110 | 2204 | 2215 | 1.750 | 1837
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TABLE VIII (CONTINUED)
AL RIGID EQUATIONS OF MOTION COEFFICIENTS

Clean Configuration

Internal ruel W-43720:b

34% ¢ 28,478 Slug Ft?
S) = 326.55 In I, = 184,136 Slug F1?
L) = 29.0 In. I, = 6899 Slug Ft

1.2 1.2 1.2 1.5 15 1.5 15 18 18 1.8 18 2.15 2.15
15,000 { 35,000 | 45,000 | 15,000 | 25000 { 35000 | 45,000 | 25,000 | 35,000 | 45000 | 55,000 | 36,000 } 45,000
1269.3 | 11679 | 11620 | 15866 | 1524.6 | 1459.9 | 14527 | 18295 | 17519 | 17439 17432 | 2081.3 | 2081.3
1203.7 | 50193 | 310.37 1880.8 | 12369 | 784.26 | 484.96 | 1781.1 | 1129.3 | 698.3 4320 15384 | 996.32
0.3700 | 1.780 3.380 0.4000 | 0.8306 | 1.450 2.760 0.9093 | 1.552 2622 3.770 0.9300 | 1.660
-1.993 | -1.193 | -0.8092 | -1.977 | —-1.605 | —1.236 | -0.880 | —1.571 | -1.232 | —0.8902 | ~0.5500 | —1.194 | —0.9084
4.692 2.808 2126 6.34 5.235 4.002 2910 5.412 4.200 2.959 2.037 2.799 2.085
-2.157 | -1.183 | —0.9407 | -2.918 | —1.775 | -1.109 | -0.7685 | —1.711 | ~1.197 | —0.7658 | —0.4999 | —0.5278 | —0.4226
10.13 8.681 6.452 6.154 7.323 6.701 5.536 4.551 5.315 4.768 3.845 4.623 4.369
5.168 1.792 1.093 3.555 3.472 239 1.371 3.551 2.649 1.607 0.8971) 3.278 2.159
| ~3.919 | —2.641 | -1.590 | -1.106 | —1.718 | -1.467 | -0.5111 | 1.596 02625 | 0.7625 | 1.049 0.3592 | 0.5273
~6.833 | -2.966 | —1.888 | -7.941 | -5.616 | —3.740 | -2.373 | -4.867 | -3.405 | -2.223 | -1.417 | -3.100 |-2.023
21.66 9.952 6.422 | 24.12 18.13 12.12 8.509 | 14.95 11.06 7.463 5.352 | 10.37 7.644
9.851 2983 | ~0.097 7.459 5.068 2.653 0.0295 | 2.659 1.192 | -0.3811 | -1.273 2.637 0.5953
-4.370 | -2.437 | -1634 | -2.662 | —2.857 | —2.230 | —1.554 | -2.279 |-1961 | -1.413 | —1.034 | -1.8561 | -1.470
~0.0420 | 0.1916] 0.2659 | -0.1147] -0.0249 | 0.0661| 0.1145 | —0.0642 | —-0.0138 | 0.0237 | 0.0655 | ~0.0775 | —-0.0407
--9.976 | -9.987 | -9.992 | -9.978 | ~9.983 | —-9.988 | -9.992 | -9.986 | -9.990 | —9.994 | —9.996 | —9.992 |-9.995
1 -2.929 | -1.343 | -0.8260 | -3.495 | -2.465 | -1.663 | —1.033 | —2.654 | -1.747 | —1.082 | —0.6703 | -1.793 | —1.172
~5,637 | -2.464 | -1531 | -4670 | -3.196 | —2.116 | -1.315 | —2.195 | -1.4563 | —0.9028 | —0.5626 | —1.023 | —0.6628
2.082 1.180 0.7822 1.452 1.547 1.207 0.8346 ] 1.394 1.182 G.8325 | 05674 1.058 0.7972
2.635 2.755 2,768 2.028 2.110 2.204 2,215 1.759 1.837 1.845 1.846 1.546 1.546
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TABLE VIII (CONTINUED)
LATERAL-DIRECTIONAL RiIGID EQUATIONS OF MOTION COEFFICIENTS
Clean Configuration

60% Internal Fuel
CG=306%c

CG (FS) = 320.0 in.
CG (WL) = 27.65 In.

W=38,732 Lb

I, = 24,873 Slug Ft?
1, = 169,824 Slug Ft?

- 2
'xz = 4820 Slug Ft

Mach Number 0.4 05 05 0.7 0.7 0.7 0.7
Altitude (Ft) 15000 | 5000 25000 | 5000 15000 | 25000 | 35000
Velocity (Ft/Sec) 42309 | 54876 | 50819 | 76827 | 74041 | 71147 | 681.29
Dynamic Pressure (Lb/Ft) | 13375 | 30836 | 13743 | 60392 | 40960 | 26937 | 170.80
Gy, (deg) 8.524 3.298 8.168 1.207 2.242 4010 6791
Lp -1.142 | _1800 | -09793 | -2426 | -1849 | -1338 | 09377
L, x 10! 2.121 4,076 3.034 6209 | 5846 5376 |  4.661
Lg x10”"! —09495 | -1480 | -1020 | -2107 | -1765 | -1526 | -1.343
L 4.456 1051 4522 16.27 12.55 8.928 5.664
Lsp 0.6129 1.845 06117 | 4009 | 2695 1633 | 07802
Np x 102 10.11 ~0.1574 | 7837 | -3596 | ~-1.569 1.369 4,694
N, x 10" ~1825 | -3043 | -1676 | -4254 | -3042 | -2196 | —1.646
Ng ' 2828° | 4785 2.950 8618 | 5126 4503 3.594
Ng x 101 5391 | —2714 | -5.184 2214 | -07411 | -3412 | -5042
Ng o -1.370 | -29063 | -1384 | 579 | -3900 | -2605 | -1.532
Ypx 103 2.261 1.726 1.504 0685 | 08874 | 1.020 1.064
Y, x 10! —9983 | -9974 | -9987 | -9974 | -ve81 | -9986 | -9.991
Yg x 10! -08191 | -1565 | -07134 | -2208 | -1.600 | -1.075 | -0.6909
Yg x 103 -2046 | -3636 | -1750 | -5.085 | -3580 | -2450 | —1.622
Yg  x 107 1.635 3.053 1.446 4.310 2.986 1.891 1.309
Y x 102 7.605 5.863 6.331 4.188 4.345 4,522 4.723
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Vi
JION COEFFICIENTS
2
Fi?
2
0.7 07 0.7 0.84 085 0.85 05 09 09 11
15,000 25,000 35,000 0 5000 25,000 15,000 35,000 45000 | 0
740.41 711.47 681.29 9378 932.51 863.57 951.96 875.95 8762 | 12286
409.60 269.37 170.80 1045 1 890.47 397.18 677.1 282.33 17458 | 17924
2242 4010 6.791 0.261 0.4330 1.980 0.662 2725 4959 -0.3662
~1.849 1338 | 09377 | -3033 | -2725 | -1566 2192 | -1142 | 06993 | -3.164
E. 5.376 4,66 7.407 6.820 5.063 5.838 4436 3716 7.441
-1.765 -1526 | -1.343 ~3.081 2768 | -1.759 2338 | 1482 | -1.249 -4923
12.55 8.928 5.664 19.26 18.19 11.74 1524 9.127 5.673 10.09
2695 1633 0.7802 6.833 5.942 2658 4509 1.762 0.8336 8277
-1.569 1.369 4694 | -5060 | —4616 | —1599 -3.741 -0.7081 1.596 1.196
-3042 2196 | -1646 | -6216 | -5342 | -2616 4044 | -1906 | -1299 -8.39
18 6.126 4503 3504 14.88 12.86 6.215 10.18 4719 3.400 30.79
14 | —07am1 | -3412 | -5042 7.341 6.108 0.0868 4.451 -1118 | -3033 14.44
~3.900 2605 | -1532 | -9689 | -8316 | -337 6377 | -2500 | -1244 -6.619
0.8874 1.020 1.064 0.2319 0.2918 0.5841 0.2829 0.5399 05437 | --0.2309
4 | -9981 -9986 | -9.991 9968 | -9972 | -9.986 9980 | -9990 | -9994 -9.965
-1600 | -i075 | -06909 | -3370 | -2883 | -1.368 —2.147 09540 | -05778 | -4.708
-3580 | -2450 | -1.622 —7.211 -6179 | -2976 -4.602 -208 | -1.29 -9.440
10 2.986 1.891 1.309 6.000 5.155 2.402 3553 1.561 0.7276 3.346
88 4345 4522 4723 3.431 3.450 3726 3.380 3673 3.691 2.619
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TABLE VIII (CONTINUED)

LATERAL-DIRECTIONAL RIGID EQUATIONS OF MOTION COEFFIC!ENTS

Clean Configuration

60% internal Fuel
CG=306%c

CG (FS} = 320.0 In.
CG (WL) = 27.65 In.

W=38,732 Lb

I, = 24,873 Slug F1?
I, = 160,824 Slug F1?

- 2
e 4820 Slug Ft

Mach Number 1.2 12 12 12 15 15 15
Ahtitude (F1) 5000 15000 | 35000 | 45000 | 15000 | 25000 | 35000
Velocity (Ft/Sec) 13170 | 12693 11679 | 11622 | 15866 | 15246 | 14599
Dynamic Pressure (Lb/Fi2) | 17748 | 12037 50193 | 31037 | 18se8 | 12369 | 78426
ay, (Deg -0198 | 00890 1.349 2610 -0083 | 02610 | 0834
Lp -2754 | 22713 | 1360 | 09231 | 2285 | —1838 | -1.410
L, x 10! 6.963 5.593 3.247 2.408 7.627 5.982 4.564
Lg x 107! 3284 | 2535 | —1358 | 1038 | -3261 | —2000 | 1267
Ly 9040 | 1153 9.894 7.355 7.005 83501 | 7.640
Lo, 6.387 5.299 2443 1.292 4.081 4.046 2.758
Np x 10 2084 | -3421 | —2349 | 1605 | -10s8 | -7.115 | —1.653
N, x 10! -1008 | 7005 | -3265 | 2065 | -8971 | —6.146 | —4.092
Ng 3365 24.42 11.19 272 | 2744 26.41 13.23
Ng x 10! 14.41 10.45 3.149 0.1158 7892 5.765 3031
N5 -5407 | —480 | —2679 | -1.794 | 2045 | 3147 | 2455
Ypx 103 -0.1730 | 00632 | 01991 | 02798 | 01327 | -0.0337 | 007778
Y, x 10! —9964 | 9973 | 9986 | -9991 | —sg75 | -9981 | —098
vg x 10! —4557 | -3277 | -1517 | -09359 | -3946 | -2782 | —1.883
Y5 x 103 -8722 | 6137 | -2781 | -1728 | -s271 | -3608 | -2.389
Y5 o X 102 2,652 2.351 1.343 08830 | 1439 1.747 1362
Yo x 102 2.443 2535 2.755 2.768 2,028 2.110 2.204

L T
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FION COEFFICIENTS
Fi?
£l
) Fe?
15 15 15 15 1.8 18 1.8 18 215 215
15,000 25,000 35,000 45,000 25,000 35,000 45,000 55,006 36,000 45,000
2 1586.6 15246 14599 1452.7 1829.5 17519 17439 1743.2 2081.3 20813
1880.8 12359 784.26 484.96 1781.1 11293 698.3 432.01 15384 996.3
0 -0.083 0.2610 0834 1.98 0.7902 1.367 2.364 3o 0318 1.063
1 -2.255 -1.838 -1.410 ~-1.0903 -1.794 —1.406 -1.016 -0.6272 -1.361 -1.036
71.627 5.982 4564 3.263 6.422 4945 3.461 2324 3.196 2.365
-3.261 —2.000 -1.267 ~-0.8624 -2.005 —1.400 -0.8939 —0.5544 -0.6494 —-0.4700
7.005 8.3501 7.640 6.31 51n 6.087 5425 4381 5.289 4.991
4081 4046 2.755 1.583 4275 3235 2.040 1.106 4098 2543
-1.058 -7.115 -1.653 ~-0.6824 2980 1.204 1.566 1.168 0.3032 0.5972
-8971 —6.146 —4.092 ~-2.591 —-5.412 —-3.790 —2.476 —1555 -3.411 -2.228
’72 2744 20.41 13.23 9534 18.32 13.40 8927 5.991 12.11 8.772
1158 7.892 5.765 3.031 05077 2.900 1.183 —0.5561 -1.201 4.108 1.854
m —2.945 -3.147 =2.45¢ -1.709 —-2571 —-2.206 -1.551 —-1.144 —-2.042 —-1.690
-0.1327 —0.0337 0.07778 0.1224 -0.0792 —0.0230 0.0184 0.09736 —0.08798 -0.0511
1 -9.975 —9.981 —9.986 -9.991 -9.985 -9.989 —9.993 -9.99% -9.991 -9.994
359 -3.946 -2.782 -1.882 -1.170 -2.923 -1.987 -1.234 -0.7627 -2.034 -1.328
128 -5.271 -3.608 -2.389 ~1.484 -2.477 -1.640 -1.019 —0.6350 -1.155 -0.7482
1.639 1.747 1.362 0.9421 i.573 1.334 0.9400 0.6405 1.194 0.9000
2,028 2.110 2,204 2.215 1.759 1.837 1.845 1.846 1.546 1.546
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TABLE IX_
AILERON AND RUDDER DEFLECTION LIMITATIONS DUE TO

POSITION AND HINGE MOMENT LIMITS

Mach No."_ "("F“’"” Aileron Limit® Rudder Limit
0.206 SL 30° 30°
0318 SL 30° 30°
0.400 15,000 30° 30°
0.500 5,000 30° 15°
0.500 25,000 30° 30°
0.700 5,000 30° 8°
0.700 15,000 30° 11.6°
0.700 25,000 30° 16.6°
0.700 35,000 30° 243°
0.840 St 29.2° 49°
0.850 5,000 30° 5.9°
0.850 25,000 30° 119°
0.900 15,000 30° 7.2°
0.900 35,000 o° 16.1°
0.900 45,000 30° 23.8°
1.100 St 20.8° 1.6°
1.200 5,000 2.7° 1.0°
1.200 15,000 24.6° 1.5°
1.200 35,000 0° 3s8°
1.200 45,000 30° 5.6°
1.500 15,000 25.1° 1.0°
1.590 25,000 24.7° 1.9°
1.500 35,000 30° 2.9°
1.500 45,000 30° 45°
1.800 25,000 24.6° 1.5°
1.800 35,000 26.7° 25°
1.800 45,000 30° 3.9°

.~ 1.800 55,000 30° 5.5°
2.5 36,000 25.1° 2.0°
2.15 45,000 30° 35°

*Includes effect of ailerons and spoilers
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TABLEX
RUDDER FLEXURE EFFECTS

Flight Conditions Rudder Flexure (Kf) Flight Conditions Rudder Flexure (K¢
Mach - Alt {Ft) Gain d8 Mach - At (Ft) Gain d8

0.206 — SL 09680 - 0.2825 1.100 — SL 03675 - 8695
0313 ~ SL 0.9270 - 0.6584 1.200 — 5,000 02721 - 11305
0.400 —~ 15,000 0.9340 — 05931 1.200 — 15,900 03551 - 8.993
0500 — 5000 08600 - 1.31 1.200 ~ 35,000 05692 - 4.895
0.500 — 25,000 09323 —06089 || 1200 — 45,000 05810 - 3.337
0.700 — 5,000 0.758¢ — 2.407 1.500 — 15,000 0.2874 - 10.830
0.700 — 15,000 08220 ~ 1.703 1.500 ~ 25,000 03802 - 8.400
0.700 — 25,000 08760 — 1.150 1.500 ~ 35,000 04914 ~ 6.171
0.700 — 35,000 09170 — 0.753 1.500 ~ 45,000 06095 -~ 4.301
0.840 — SL 0.6444 - 3817 'l 1.800 — 25,000 03670 - 8707
0.850 — 5,000 06800 - 3.350 1.800 — 35.000 04770 - 6°30
0.85¢ — 25,000 08265 — 1.655 1.800 — 45,000 05960 -~ 4.49
0.900 — 15,000 07367 - 2.654 1.800 — 55,000 0.7009 - 3985
0.900 — 35,000 08700 - 1.210 2.150 - 36,000 05037 — 5.957
0.900 — 45,000 09160 - 0.7621 2.150 — 45,000 06105 — 4.286
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APPENDIX II )

LONGITUDINAL RESFONSE AND ROOT LOCUS ANALYSIS

Longitudinal axis stability characteristics were investigated using
S . frequency response, time history, and root locus data. These data are
presented in this appendix.

FREQUEFCY RESPONSE

Bode plcts were oblained for the SKFCS longitudinal control system in the
fixed gain mode, K,=.25. A linearized Secondary Actuator model with an
actuator gain Kyp= 63 and a high pass network in the feedback was .used
to provide the NSS function. The eir.raft was represented by the smali
perturbation, tiro-degree-of-freedom equations-of-motion of Appendix I
for thirteen flight conditions and two aircraft weight configurations.
These frequency recwonses are shown in Figures 94 through 119. 1In
addition, frequency responses were computed for four take-cff and land-
ing configurations. These data ere shown in Figures 120 tkrough 123.
Gain and phase margins for the longitudinal SFCS control system were
obtained from these data.

ROOT LOCUS PLOTS

Root locus date were computed in order to determine the damping and
frequency for the SFCS short period and phugoid modes. The frequency
and damping ratio of the closed loop rocts which eminate from the basic
aircraft short period poles were compiled for the adaptive gain at each
flight condition. A typical root locus for these roots and cthers with-
in its vicinity are shown in Figure 124. Figure 125 presents a typical
root locus of the phugoid roots. It should be roted that while all the
SFCS open loop poles and zeros are not shown on these plots, all the
poles and zeros which significantly affect the locus of the roots are
included in ccmputation of the loci presented.

TIME HISTORIES

The short period small perturbation longitudinal equations of motion

and the SFCS control system with a nonlinear actuator model were
programmed on an analog computer. Time histories for a simulated step
of pilot applied stick force were obtained for thirteen clean configur-
ation flight conditions and four take-off and landing flight conditions
for two weight configurations. For each flight condition and weight
configuration considered, time histories were obtained for all values of
forward loop gain, Kﬁ='25’ +5, anéd 1.0. The time histories for the
adaptive gain cases are shown in Figures 126 through 128.

Figures 129 and 130 present time history responses for cases where the
accelerometer lag break fregquency, w3, was varied from 1 to 20 rad/sec.

167




Gain - dB

Aircraft Weight = 38,732 Lb
Mach =05
Altitude = 5000 Ft
20 —600
0 \ -500
~20 N —a00 ,,
3
2
[a)
2
2
-40 ~300 ™
-60 -200
-80 h \ ~100
Phase —
~100 L1 L1l L L i1ttt 1 111t LAl LG
0.1 1 10 100 1000
Frequency - Rad/Sec
FIGURE 94
OPEN LOOP FREQUENCY RESPONSE (PHASE TIA, B)
NSS, KF =0.25

168




ST

Gain - dB

Frequency - Rad/Sec

FIGURE 95

OPEN LOOP FREQUENCY RESPONSE (PHASEIIA, B)

NSS, Kg = 0.25
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FIGURE 96

OPEN LOOP FREQUENCY RESPONSE (PHASE TIA, B)
NSS, Kg = 0.25
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OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)

NSS, KF =
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OPEN LOOP FREQUENCY RESPONSE (PHASE IIA. B)
NSS, KF =0.25
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OPEN LOOP FREQUENCY RESPONSE (PHASEIIA, 8)

NSS, KF = 025
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FIGURE 101
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA B)
NSS, KF =0.25
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FIGURE 102

OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)

NSS, Kg = 0.25
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FIGURE 103

OPEN LOOP FREQUENCY RESPONSE (PHASE TIA, B)
NSS, K¢ = 0.25
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FIGURE 104

OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)

NSS, KF = 0.25
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FIGURE 105
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA B)
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FIGURE 106
OPEN LOOP FREQUENCY RESPONSE (PHASE ITA B)
NSS, KF =0.25
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OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
NSS, Kg = 0.25
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FIGURE 108

OPEN LOCP FREQUENCY RESPONSE (PHASE IIA, B)
NSS, K¢ = 0.25

182

Phase - Deg




Gain - JB

60 T -800
Aircraft Weight =43,720Lb
Mach =0.84
Altitude = Sea Level

40 S 700

Gain

N/

S
8
Phase - Degrees

—40 -300
-60 \ —200
-80 100

Phase

—100 LA Ll iy L LLLitlt L Ll L illilo
0.01 0.1 1 10 100 1000

frequency - Rad/Sec

FIGURE 109
* OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
NSS, K = 0.25
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FIGURE 110
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)

NSS, Kg = 0.25
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FIGURE 111

OPEN LOOP FREQUENCY RESPONSE (PHASE IIA 8)
NSS, Kg = 0.25
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FIGURE 112

OPEN LOOP FREQUENCY RESPONSE (PHASE ITA,B)
NSS, K¢ = 0.25
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FIGURE 113
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
NSS, Kg = 0.25
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FIGURE 114

OPEN LOOP FREQUENCY RESPONSE (PHASE IIA B)

NSS, K¢ = 0.25
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FIGURE 115

OPEN LOOP FREQUENCY RESPONSE (PHASE TIA, B)

NSS, Kg = 0.25

189

Phase - Degrees




-

60 —T 800
Aucraft Weight = 43,720 Lb
Mach =15
Altitude = 35,000 Ft
4 700
ZOT 600
Gain
0 A 500
\ /
S \ j
©
c —20 -400
[}
(&)
-40 -300
—-60 200
—-80 Phase Ve -100
——
-100 LAl Ui o erud gty Lt 0
0.01 0.1 1 10 100 1000

Frequency - Rad/Sec

FIGURE 116
OPEN LOOP FREQUENCY RESPONSE (PHASE TIA, B)
NSS, Kg = 0.25
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FIGURE 117
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
NSS, KF =0.25
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NSS, Kg = 0.25
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OPEN LONP FREQUENCY RESPONSE (PHASE IIA,B)
NSS, Kg=0.25
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FIGURE 121

OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
TOL,Kf=0.25
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FIGURE 123
OPEN LOOP FREQUENCY RESPONSE (PHASE IIA, B)
TOL, K = 0.25
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1.

APPENDIX IIXI
LONGITUDINAL STRUCTURAL STABILITY ANALYSIS
AEROELASTIC EQUATIONS OF MOTION

The Aeroelastic Equations of Motion are presented in Figure 131. The
equations describe aircraft pitch axis motion and the significant
structural body bending for small perturbation of the aircraft from
straight and level flight. Equations (1) and (2) represent the two-
degree-of-freedom, short period dynamic characteristics and include
aeroelastic coupling. Equations (3), (L) and (5) are the structural
body bending equations. Equations (6) and (7) provide for computation
of aircraft pitch rate and normal acceleration that will be sensed at
the locations of the pitch rate gyro and normal accelerometer. The
coefficients for the equations of motion are presented in Table XI.

Since the motion of the aircraft with respect to its body axis is sensed
by the pitch rate gyro and normal accelerometer, structural coupling

with the rigid airframe exists when these devices detect structural modes

at frequencies below the cut-off frequency of the aircraft control
system. The effects of aeroelastic coupling due to the intermingling
of the structural frequencies wich the rigid body control frequencies
could produce extraneous control signals which degrade aircraft handling
qualities and controllability if these effects were not considered in
the system design.

From equations (6) and (7), it is seen that the adverse effects of
structural coupling may be reduced by careful selection of the control
system's gensor locations; that is, selection of locations which tend
to reduce the variables ¢;, ¢2, and ¢3 for normal acceleration and the
derivatives 3¢;, 3¢, and 3¢3 for pitch rate. The variables ¢;, ¢2,
ox 3x )

are the mode shapes of the :ignificant structural modes of the aircraft
and _a_ﬁ, _3_2;_, 73 represent rate of change of ¢;, ¢;, and ¢3. A plot

Ix 9x I
of normalized ¢;, ¢2, and ¢3 versus fuselage station is shown in Figure
132. It the assumption is made that the structural mode shapes may be
represented by simple harmonic motion, then a reduction of structural
mode coupling may be obtained by locating the accelerometers on nodal
points, and the rete gyros on antinodal points. Based on this con-~
sideration and space available on the test aircraft, three locations
for the pitch rate gyro, F.S. (Fuselage Station, in inches) 179, 313,
and 383, were selected for study. The locations chosen for the accel-
ercmeter were F.S. 77 and F.S. 2L,

Tue derivatives 3¢;/3x, 3¢2/9x, 9¢3/9x and the variables ¢1, ¢, and

é3 are presented in Figure 133. From these data, F.S. 383 appears to
be the best location for the pitch rate gyro since the slope, 3¢;/3x,
is zero at this location. This means that the lowest frequency struc-
tural mode, Stabilator Bending, should not add appreciably to the rigid
body pitch rate signal. Similarly, F.S. 77 appears to be the better
location for the normal accelerometer since the variables ¢;, ¢, and
¢3 are less than their respective values at F.S. 2. The data in
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163 -1649 | ~2005x10% | -2343 -ams | 18030t 0 3204

163 -1643 | -2005x10% | -2343 315 | 1803n0° 0 ! 3269

ne -1644 | -2032a10% | -2343 -2489 | 1115030° 0 3204

ne -1648 | -2032a10' | -7343 —2489 | 111sx10° 0 3269

-5268 1122 | -asseaact | -2343 -1943 | -5536x10° 0 3204

-5268 -2z | -2558a00 | -2343 .1943 | -5536x10° 0 3269

4268 v | -zsemaet | 2343 <1849 | ~4562x10% 0 3204

4268 -1 250308 | -2343 8e3 | ~aseaaa0® 0 3269

-179 -1686 | -2258x10% 2343 -ngs | -190mi0t ) 3204

-9 1686 | -2254a0% | -2343 -9 | -1902a10° 0 3269

-no0 2673 | 21800t | 2343 -9368 | -1 v6x10 0 | 3204

-100 -1 g0 | 2343 -9368 160t 0 { 3209

-8 -1668 | -215808 | 2343 328 | -79830° ¢ ‘ 3204

-8 1668 | -2188c10® | -2343 g2 | 7983} 0 3 3269

178 ves | 230t | -2343 1464 2 13110% 0 ; 304

1878 1708 23300t | -2343 1es | -2130° 0 | %8

i
|
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Figure 133, along with the Aeroelastic Aerodynemic Data in Table XI
vere used to compute transfer functions and frequency responses of

0 é 6 8 é
M3l3/ 8, M179/ 8, Nz / 8, and Nz /6s for two aircraft weight

configurations at elevll flight con%&tions. Representative frequency

response plots, one high q and one low q flight condition, for each of
these sensor locations are shown in Figures 134 through 139. Table XII
presents a summary of these data. The results, in terms of structural
peak magnitudes for the three locations show that F.S 383 is the best

location for pitch rate gyro and F.S. 77 is the best location for the
normeal accelegameter.

STRUCTURAL FILTER

Prior to the completion of the analysis of the aerocelastic math model,
the exact amplitudes of the structural modes were not known. It was
assumed that proper placement of the sensors would not entirely
eliminate the structural peaking and that a structural filter would be
needed to provide further structural peek attenuation. A filter was
designed for inclusion in the earliest control law studies in order
that its effect upon system stability could be taken into considera-
tion. The design of this filter was based upon the following ground
rules:

o The filter would consist of a second order notch and first order lag.
o The filter would provide 20 dB attenuation at 80 radians per second.

o The damping ratios for the notch numerator and denuminator would be
greater than .l.

Use of a notch filter for mode reduction required a trade-off between
the relative width, notch depth, and phase lag. A notch filter has
the form:

s2/%n° + o(%N/N)s + 1

s2/“p% + 2(*p/¥D)s + 1

The notch_depth and relative width are primarily controlled by the
ratio ;N/CD. As this ratio becomes smaller, the depth of the notch
increases while its width narrows. Conversely, an increase in the
ratio produces the opposite effect, less depth and wider notch. The
tuned frequency is governed by the frequency wy and wp. If the notch
filter is symmetrical, then the tuned frequency is wy = Wy If the
notch filter is asymmetrical, uwy # wp, then the tuneg frequency is
determined by wy if gy < fp. A ratio of L /t. = 1/7 gives the filter
an attenuation of approximately -17 dB at its tuned frequency of

80 rad/sec. An 80 rad/sec first order lag was added to the notch
filter to provide roll-off at the high frequencies and an additional
-3 dB attenuation at 80 rad/sec. The transfer function for the filter
is
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TABLE XII
COMPARISON OF SENSED PITCH RATE AMPLITUDE
j fi
’nm’ss 6'313
Stabiloter Dending | First Vortical Bonding | Stabitator Retstion |  Sisbiletor Bending | First Vertical
Mach | Attitde | woight Rsd ) Rad Rad _ Rad _ Rad
W(—) | Magnituds | W(—1] | Magnitude | W{—)| Magnitude | o(—) | Memitude | Ol —) | M
Sc | up) Sec we) Sec | 4pm) Sec | us) Sec
05 | s000{38732] n -6 88 17 139 7 7 -3 88
05 | 5000|4370 7 -6 88 17 139 7 7 -3 88
' 05 |[25000|38732] 68 -6 87 18 142 10 a8 18 87
05 |25000]43720| 68 -6 87 18 142 10 68 18 87
k 09 |15000|38732| 76 1 80 5 138 -3 76 2% %
09 |15000|43720] 76 12 90 5 138 -3 76 2% 2
09 |3so0u0|38732] 70 -6 88 17 140 7 70 -5 88
09 |35000i43720] 70 -6 88 17 140 7 70 -5 88
09 |45000|38732) 69 -7 87 18 141 9 69 19 87
09 |4s000]|43720] 69 -7 87 18 141 9 69 19 87
12 | 500038732 81 2 98 26 160 14 81 2 98
12 | 500043720 81 25 98 2% 160 14 81 2% a8
15 | 1500038732 80 23 g5 2 160 1 80 2 95
15 | 1500043720 80 2 95 22 160 1 80 2 95
15 | 3500038732 74 6 20 1 148 0.4 74 22 89
15 [35000/43720) 75 6 90 11 148 04 75 2 89
15 | 4500038732} 73 -6 88 16 146 5 73 12 88
15 | 45000} 43720] 73 -6 88 16 146 5 73 12 88
‘ 18 |55000]38732] 70 -6 g8 17 144 8 70 1 88
18 |s5000/43720] 70 -6 88 17 144 8 70 1 88
215 | 36000 | 38,732 76 10 90 12 148 3 76 23 )
2.15 | 36,000 | 43,720] 76 10 90 12 148 3 76 23 90
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PLITUDE

by 1 Oy |
M313 5 Mg %
Rotation | Subilator Bending | First Vertical Bending | Stabitator Rotation |  Stabilstor Bending | First Vertical Bending |  Stabitator Rotation
Rad Rad Rad Rad ]
)| Magnitude | ol —) | Magnitude | w( —) | Magnitude | o (—) | Magnitude § o( —) | Magnitude | o( —) | Magnitude | !l ;’ Magnitude
(48) B} Sec | 48 Sec | 48) (a8) Sec | (4B) «@8)
7 -3 88 1 139 10 n -4 88 20 139 14
4] -3 88 1 139 10 7 —4 88 2 139 14
10 68 18 87 1 142 9 68 16 87 21 142 12
10 68 18 87 1 142 9 68 16 87 21 142 12
-3 76 2 90 138 17 76 2 90 9 138 17
-3 76 2% 90 9 138 17 76 28 90 9 138 17
76 -5 88 1 140 9 70 14 88 20 140 14
7 70 -5 88 1 140 9 70 14 g8 20 140 14
9 69 19 87 1 141 5 69 13 87 21 141 12
9 69 19 87 1 141 6 69 13 87 21 141 12
14 81 2 98 27 160 25 81 34 98 23 160 21
14 81 2 98 27 160 25 81 34 58 23 160 21
11 80 2 95 22 160 23 80 33 95 22 160 20
1 80 2 95 22 160 23 80 33 95 22 160 20
04 74 22 89 148 15 74 23 90 14 148 16
04 75 2 89 148 15 75 23 9 14 148 16
73 12 88 1 146 12 73 12 88 19 146 14
73 12 88 1 146 12 73 12 88 10 146 14
8 70 1 88 1 144 9 70 88 20 144 13
8 70 1 88 1" 144 0 70 88 20 144 13
76 23 90 10 148 14 76 2 90 14 148 17
76 23 90 10 148 14 76 25 90 14 148 17




Fraeame

52/(80)2 + (2(.1)/80)s + 1
[s2/(80)% + (2(.7)/80)s+1] (5/80 + 1)

As seen in Table XII strategic placement of the sensors is not
sufficient to reduce the possibility of structural mode feedback;
therefore, the basic assumption that structual filtering would be
needed is justified.

Analysis revealed that the originally assumed filter was unacceptable
for three reasons: (1) the notch was not deep enough to provide
sufficient structural mode attenustion at high § flight conditions;

(2) the restriction that the damping ratios be greater than .1 proved
to be unjustified, causing excessive phase lag at the short period
airframe frequencies; and (3) the tuned frequency was low by 6 rad/sec.

The data in Table XII for a pitch rate gyro placement at F.S. 383

show that the most likely structural modes that might affect the
aircraft control system are the first two (Stabilator Bending and First
Vertical Bending). %he frequency of the first mode ranges from 71
red/sec to 81 rad/sec, and the frequency of the second mode ranges
from 87 rad/sec to 98 rad/sec. Open loop frequency responses of the
longitudinal SFCS were computed with the original structural filter
deleted so that the attenuation from other system components and the
structure modes passed through the normal accelerometer would be
included. Figure 1LO presents a composite plot cf these frequency
respon3es for eleven flight conditions. Although individual responses
for each flight condition are not readily distinguishable on this
plot, the frequencies at which structural mode peaks occur and the
amplitudes of the peaks are easily seen. The largest peak is 13 4B
and occurs at 88 rad/sec.

Using these data, the filter was redesigned. The transfer function
for the redesigned filter is:

s2/(86)% + (.1/86)s + 1
[s2/(84)2 + (1.2/84)s + 1] [(5/120) + 1]

Open loop frequency responses for eleven flight conditions and two
aircraft weights were computed and are presented in Figures 1kl
through 146. These frequency responses are representative for low
fixed gain operation (KF = .25). For adaptive gains, the gain curve
is shifted up by 6 or 12 dB for those flight conditions where the
adaptive gain is .5 or 1.0 respectively. From these plots the atten-
uation of each structural mode for the adaptive gains was obtained
and tabulated in Table XIII.
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TABLEXII
STRUCTURAL MODE ATTENUATION

(Adaptive Gains)
Stabilator Bending | First Vertical Bending| Stabilator Rotation
Ahitude | Weight | Function |

Machl r) | (o) {(NssToLr| F| Freq |Atenustion| Freq |Attenuation| Freq |Attenuation

(Rad/Sec)]  (dB) |(Raa/sec)| (98) |Rad/Sec)l  (08)
05 $.000 |38,732 NSS 1.0 " -22 88 -1 139 -11
05 5.000 143.720 NSS 1.0 n ~22 88 -1 139 -10
05 | 25,000 | 38,732 NSS 1.0 68 -9 87 -10 142 -7
05 | 25,000 |43.720 NSS 10 68 -9 87 -10 142 -8
09 | 15.000 {38,732 NSS 05 76 -17 90 -28 139 —-26
09 | 15,000 ;43,720 NSS 05 76 -17 90 -28 139 =27
09 | 35.000 |38.,732 NSS 1.0 70 -20 87 -12 139 -10
09 | 35,000 |43.720 NSS 1.0 70 -20 87 -12 139 -10

:

09 | 45,000 |38,732 NSS 10 69 -10 88 -1 140 -8
09 | 45,000 |43,720 NSS 1.0 69 -10 88 -1 140 -8
1.2 5.000 |38,732 NSS 0.25 81 -16 98 -8 160 -15
1.2 5,000 | 43,720 NSS 0.25 81 -14 98 -6 160 -16
15 15,000 } 38,732 NSS 025 80 -16 96 -n 160 -18
15 15.000 {43,726 NSS 0.25] 80 -16 96 -1 160 ~-19
15 { 35,000 |38,732 NSS 05 74 -20 90 -22 149 -30
15 35,000 |43.720 NSS 05 75 =21 90 -22 149 -29
15 45,000 {38,732 NSS 05 73 -24 88 -18 145 -19
15 45,000 | 43,720 NSS 05 73 =24 88 -18 145 -18
1.8 | 55,000 |38,732 NSS 1.0 70 -18 83 -1 144 -16
18 55,000 | 43,720 NSS 10 70 -18 88 -n 144 -16
2.15 | 36,000 | 38,732 NSS 0.25 76 =27 90 -20 148 -25
2.15| 36.000 {43,720 NSS 05 76 =21 90 -20 148 -24
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Root locus plots were obia_2er for b £iight conditfons and ar
presented for reference purposes in Figures 1" “hrough 1S52.
%

The aercelastic math model was included in a small perturbation anulcos
simulation and representative time history response recordings obtaineco

for 5 flight conditions. These data are presented in Figures 152
through 1°57. .
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APPEXDIX IV
LATERAL~DIRECTIONAL TIME HISTORY RESPONSES

Time history responses showing systez performance with the adaptive yaw

rate and roll to yaw crcssfeed gains are presented in this sppendix for 12
clean configuration flight conditions and one each landing and takeoff flizht
corditions. FPigures 158 through 172 show the response to a pilot step inmput
of lateral stick force. Figures 173 through 186 show the responses %o & pilot
step input of rudder pedal force, and Figures 137 through 200 shov latersal-
directional system response to a step of lateral wind gust.

The lateral stick force responses have the DY criteria boundary superimposed
on the D¥ trace.
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APPENDIX V
LATERAL-DIRECTIONAL STRUCTURAL MODE ANALYSIS

Three structural modes have been identified as factors to be considered in
the design of the lateral-directional control system. The three modes are:

o the fuselage first torsion mode (n)),
o the wing first asymmetric bending mode (ns),and
0 theAfuselage first lateral bending mode (n6).

The grounds for selecting these modes, the development of the equations des-
cribing them, and the computational methods employed in obtaining their
equations are presented in AFFDL-TR-T1~20, Section III. The result-

ing linearized set of six lateral-directional equations of motion are pre-
sented in Figure 201. Coefficients of the structural mode equations, for

12 flight conditions, are presented in Table XIV. The rigid equation co=-
efficients are included in Appendix I.

This set ¢® six equations includes no coupling from the structural dynamic
modes into che rigid body equations. Coupling is therefore provided only
through the control locps by means of the lateral-directional sensors.
Equations representing the rigid and flexible body motions sensed by the rate
gyros and lateral accelerometer are shown in Figure 201.

An initial analysis of the possible significance of the structural mocdes in
the closed loop lateral-directional control system was obtained by analyzing
each mode independently for its frequency, damping and sensitivity to control
surface deflection av each of the 12 flight conditions. Upcn reducing each
structural equation to the characteristic equaticn of a single mode,

i, = Kj

. N, + Ko
i ni Ny nj "

i

the frequency and damping of that mode at each flight condition are found as
shown in Table XV. The maximum sensitivity of that mode to control surface
deflection was then approximated by considering the peak amplitude of the
mode's steady state response to 8 forced control surface oscillation at the
mode's resonant frequency. Table XVI presents this sensitivity rati., for those
modes included in the sensor math models.

Results of this initial analysis coupled with a review of the sensor math
model equations revealed the following:

o the roll rate gyro is sensitive to all three modes directly,

o the yaw rate gyro and lateral accelerometer are sensitive mainly to the
lateral bending mode,

o the n, mode has a frequency of 40 radians per second,
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TABLEXY
STRUCTURAL MOD< FREQUENCIES AND DAMPING

Given the structural mode characteristic equation

ﬂﬁKmﬂ*Kmﬂ,
(anf' —Kn ¢ =._:fii_
Flight Condition Structural Mode
N4 s M6
Altitude
Mach | (o | “ng | ¢ “ns | ¢ “ng | ¢
RadsSec | % | Radisec| ° | Rodssec| O
05 5,000 39.71 | 0.01)3 | 67.65 0.0165 | 8081 0.0332
05 25,000 3964 | 00108 | 67.42 0.0163 | 79.56 ©.0322
0.84 SL 4007 | 00133 | 6885 0.0168 96.94 0.0349
09 15,000 39.90 | 00112 | 68.29 0.0167 84.08 0.0344
09 35,000 39.71 00110 | 67.69 0.0165 30.89 0.0332
09 45,000 3966 | 0.0109 | 6751 0.0164 80.01 0.0326
1.2 5,000 4056 | 0.0116 | 70.90 0.0168 | 103.00 0.0326
1.5 15,000 40.42 0.0116 | 7063 0.0168 | 101.54 0.0328
1.5 35,000 39.94 0.0113 | 68.67 0.0167 88.85 0.0334
15 45,000 39.80 0.0111 | 68.12 0.0166 85.06 0.0332
18 55,000 39.74 0.0110 | 67.85 0.0165 83.14 0.0330
2.15 36,000 40.05 00113 | 69.14 0.0167 92.11 0.0335
the ng mode frequency veries from 67 radians per second at low § to 71

radians per

the ng mode
radians per

the structural mode sensitivity to surface deflection increases with

second at high q flight conditions,

frequency varies from 79 radian- per second at low g to 103

second at high g flight conditions,

increasing q,

the n, mode will be the most significant mode in the lateral axis design
due to both its low frequency and high sensitivity to aileron deflscticn,

and,

the ng mode will be the important mode consideration in the directional
loop design.
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TABLE XVI

STRUCTURAL MODE SENSITIVITY TO CONTROL SURFACE DEFLECTION

AT THE MODE RESONANT FREQUENCIES

Guen the ungle deger of freedom structura! mode evjuation

T S A K"‘ n, Kb’ b

—

Y
U]
with g stnusoidal surface deflection
b b s et
(I n,

where w2, 18 the mode sesonant frequency (y K, s, the

m, l

J) mode <teady state sensitivities e, b)) the peak sensitity ratios are

K ..
n b {)' 1, ",
) - - €os W, 1 — = .
{ Kol K, n, K
1, \ 3, ] bl { hm} \/ K'?.
. Kh b; ;II Kf;,
T — sn wy t 5 K
K3, ' v,
K& (‘l|
0 I ;K cos W, t .ﬁ Kb
o . Y O, n, o b
n & -Ke m
] n,
Peak Sensitivity Ratio
Ftaht Condition - - - - zr
QR g g LS T’G_
M, | Altitude 5 b o oR bg
‘ (Fo (Rad Sec) (Rad Seci” ! (Rad Sec) ! (Rad Sec) ™! (Rad ! Sec ™)
050 5,000 3.322 96 145 1,052 84,998
050 25009 1,502 43 068 491 39,070
084 SL 10,3690 155 814 2,696 234418
090 15.000 6.807 101 535 1,831 153,965
090 35.000 2,908 43 248 822 66,502
040 45 006 1,816 27 158 524 41,937
120 5,000 15,773 1,092 2586 3,874 399,084
150 15,000 10,412 928 2069 3,520 357 3182
160 35,000 4528 401 967 1,646 146,233
i 50 45,000 2.848 252 628 1,068 90,857
180 55,000 2,310 217 544 930 77,278
25 36 000 7,924 754 1733 2,440 224,792
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Minimization of the structural mode feedback through the control system can
be achieved by proper sensor location and/or filtering networks. The effects
of sensor location on structural mode pickup are presented in Figures 202 and
203. Employinz the above data along with other practical consid rations such
as engine heat, fuel tank location, structural supports, etec., ihe selected
laterai-directional sensor fuselage locations are:

o roll rate gyro ~ F.S. 17
c Yyaw rate gyro ~ F.S. 383
o lateral accelerometer ~ F.S. 186

Initially the lateral accelerometer was located at F.S. 68. However, after
review of the structural mode data it was relocated tc its present positisn.
At F.S. 186 the ng mode pickup is reduced by a factor of seven or greater
from that present at F.S. 68.

The gain of the airframe structural mode response to control surface deflec-
tion is the product of tae mode sensitivity ratio and the mode shape ordinate
at the sensor location. These data are presented in Table XVII and show that:

o The highest aileron induced structural mode gains are at flight condition
1.2 Mach at 5,000 feet and have values cof 18.77 dB, -3.25 @B and 17.50 aB
at the nk, n5 a»d n¢ mode resonant frequencies respectively,

o The yaw rate airframe structural mode gains are all less than -12 4B, and

o The airframe lateral acceleration gain in feet per second squared per
redian at the lateral accelerometer location for the ng mode is greater
than 35 dB at all flight conditions.

The criteria adpoted for the sitructural mode analysis required that the locp
gain at all structural mode frequencies be -10 dB or less. The frequency
responses of the lateral axis feedback loop including the 0.5 feedback gain
are presented in Figure 204 and show an attenuation of -18 dB at 40 rad/sec
and -27 dB at 103 rad/sec. Employing the above structural mode attenuation
criteria, it is necessary to add a 10 dB 40 radian notch filter in the lat-
eral loop for adequate loop attenuation of -10 @B at the structural modes of
the 1.2 Mach at 5,000 feet flight condition. PFigure 205 shows the gain and
phase response of the 10 dB notch filter used in the lateral loop.

The yaw rate loop requires no structural filtering, due to the low airframe
structural mode gain. The lateral acceleration loop structural mode attenua-
tion requirements were found by foiming a product of the airframe ng mode
lateral acceleration gain, the lateral acceleration control loop gain at the
ng mode frequency, and the rudder flexibility gain for that flight condition.
Figure 206 presents the gain of the lateral acceleration loop dynamics. Table
XVIII shows each of these gains along with the maximum lateral acceleration
gain (Kn ) allowed at each Flight conditinn, if the loop is to meet the
criteria’of a ~10 dB gain at the n6 mode frequency. Maximum values of the

K. gain are shown for no structural filter and for a first order 40 rad/sec
stguctural filter in the lateral acceleration loop. These data show that the
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FREQUENCY RESPONSE CF THE LATERAL ACCELERATION
LOOP & R/ay s WITH UNITY GAIN AND NO STRUCTURAL FILTER

Phase - Degrees

TABLE XVIll
MAXIMUM LATERAL ACCELEROMETER GAIN
Firght Condition Gan at “ng
Wng ] Control®* | Rudder®** Maximum Kny Gam"'.'
Mach AI:;t:de Pad/Sec A":dr:;‘e D:;::,:.cs Flex:)fumy No Fitter 40:“a:|ran ‘
(dB) {dB) (dB) }(Mag) ) (dB) |(Mag.)
05 5,000 | 808 43.0 -134 -13 | -38.3] 0.012]-31.25} 0.027
05 | 25,000 796 363 -133 -06 -32.4 | 0.024 | -25.45| 0.053
084 SL 669 518 -141 -38 -439 | 0.006 | -36.33| C.015
09 15.000 841 8.2 -138 =27 -41.7 | 0.008 { -34.36 | 0.019
09 35,000 809 407 -134 -12 -36.1 ] 0.015 | -29 03| 0.035
09 45,000 800 369 -134 -08 -32710023] 25.71] 0.051
12 5,000 | 1030 565 -16.0 13 -39.6 | 0.010| 30.38] 0.030
15 15,000 | 101& 555 -159 -108 ~392] 0011} 3008} 0031
15 35,000 889 477 -172 -62 ~373) 0.013] 29.56| 0033
15 45,000 851 436 -140 -43 ~35.3] 0.017 | 27.88) 0.040
18 55,000 831 422 -137 -31 ~35.4| 0017 | 2814] 0.039
215 | 36,000 921 515 -146 -60 -40.9 | 0.0097 3291} 0.022

* Data from Table XVIL
** Data from Figure 206
*** Datafrom Table X

¢ ***Maximum Kny gain for which the open lateral acceleration toop gain will be —-10 dB or less
at the ng mode resonant frequency
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most critical flight condition is 0.84 Mach at sea level, which limits the
maximum Kp. gain to 0.015 radians per foot per second squared when the L0
radian structural filter is included in the lateral acceleration feedback
loop. The SFCS employs a slightly lower gain of 0.0l4 radians per foot per
second squared along with the 40 radian structural filter.

The results ¢. the above analysis were compared with the frequency response
data formed by using the six lateral-directional equations, sensor math
models and control loop dynamics. Table XIX summarizes the final system gain
margins, phase margins and structural mode attenuation as determined from
these frequency responses. There is good correlation between the structural
mode attenuation at the high q flight conditions as shown in Table XIX and
the -10 dB or less predicted from the analysis. Figures 207 through 215 pre-
sent unaugmented airframe frequency responses for three flight conditions.

The structural mode amplitudes present compare favorably with those predicted
in Table XVII. Figures 216 through 221 present open lateral loop and direc-
tional loop frequency responses with the SFCS. Data from these responses were
used in forming Table XIX. Figures 222 through 233 time history responses
show that the structural modes as defined will not interfere with the lateral-
directional SFCS perfcrmance.

Figures 234 through 236 when compared with Figures 209, 212, and 215 show the
increase in structural mode pickup by the lateral accelerometer when located
at F.S. 68 as initially planned.
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FIGURE 208
UNAUGMENTED AIRFRAME rI&R FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 209

UNAUGMENTED AIRFRAME a,_,5186/6R FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 210
UNAUGMENTED AIRFRAME p/5 FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 211

UNAUGMENTED AIRFRAME r/6 o FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 212
UNAUGMENTED AIRFRAME avs /5 R FREQUENCY RESPONSE
186
SHOWING STRUCTURAL MODES
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FIGURE 213

UNAUGMENTED AIRFRAME p/s FREQUENCY RESPONSE

SHOWING STRUCTURAL MODES
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FIGURE 214
UNAUGMENTED AIRFRAME r/6 R FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 215

UNAUGMENTED AIRFRAME ay5186 /6g FREQUENCY RESPONSE
SHOWING STRUCTURAL MODES
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FIGURE 216
OPEN LATERAL LOOP FREQUENCY RESPONSE
WITH DIRECTIONAL LOOP CLOSED (KR = 0.5)
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FIGURE 217

OPEN DIRECTIONAL LOOP FREQUENCY RESPONSE
WITH LATERAL LOOP CLOSED (KR = 0.75)
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FIGURE 218

OPEN LATERAL LOOP FREQUENCY RESPONSE
WITH DIRECTIONAL LOOP CLOSED (KR = 1.50)
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FIGURE 219
OPEN DIRECTIONAL LOOP FREQUENCY RESPONSE
WITH LATERAL LOOP CLOSED (KR = 1.50)
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FIGURE 221

OPEN DIRECTIONAL LOOP FREQUENCY RESPONSE

WITH LATERAL LOOP CLOSED (KR = 3.00)
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FIGURE 220
OPEN LATERAL LOOP FREQUENCY RESPONSE
WITH DIRECTIONAL LOOP CLOSED (KR = 3.00}
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DYNAMIC RESPONSE TO LATERAL STICK FORCE
(Structural Dynamics included)
(No Roll to Yaw Crossfeed)

Clean Configuration © Weight 38,732 Lb Altitude 5000 Ft
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FIGURE 224
DYNAMIC RESPONSE TO SHARP EDGE GUST
{Structural Dynamics Included)
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FIGURE 225
DYNAMIC RESPONSE TO LATERAL STICK FORCE
(Structural Dynamics included)
{No Roil to Yaw Crossfeed)
Ciean Configuration Weight 38,732 Lb Altitude 25,000 Ft
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FIGURE 226
DYNAMIC RESPONSE TO RUDDER PEDAL FORCE
(Structural Dynamics Included)

Clean Configuration Weight 38,732 Lb Altitude 25,000 Ft
Mach 0.5 KR 0.75
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FIGURE 227
DYNAMIC RESPONSE TO SHARP EDGE GUST
{Structural Dynamics Included)
Weight 38,732 Lb
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FIGURE 228
DYNAMIC RESPONSE TO LATERAL STICK FORCE
(Structural Dynamics Included)
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FIGURE 229

DYNAMIC RESPONSE TO RUDDER PEDAL FORCE
(Structural Dynamics Included)

Clean Configuration Weight 38,732 Lb Altitude Sea Level
Mach 0.84 KR 1.5
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DYNAMIC RESPONSE TO SHARP EDGE GUST
{Structural Dynamics Included)

(Ft/Sec?)
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FIGURE 231
DYNAMIC RESPONSE TO LATERAL STICK FORCE

(Structural Dynamics Included)

(No Roll to Yaw Crossfeed)
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38,732 Lb
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Mach 1.2

Clean Configuration

KR 3.0
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FIGURE 232

DYNAMIC RESPONSE TO RUDDER PEDAL FORCE
(Structural Dynamics Included)

Mach 1.2

Weight

38,732 Lb

Altitude 5000 Ft
KR 3.0
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DYNAMIC RESPONSE TO SHARP EDGE GUST
(Structural Dynamics included)

Weight 38,732 Lb

KR 3.0

Altitude 5000 Ft
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APPENDIX VI
SIMULATION HARDWARE
1. INTRODUCTIOHN

Simulation hardware for the selected contrcl system evaluation included
a fixed base flight simulator crew station and *the hybrid computing
facility assembled by MCAUTO. Peripheral equipment generated an
artificial horizon and special displays for szir-to-air combat and lend-
ing approach . .sks.

2. HYBRID COMPUTING FACILITY

The hybrid facility consisted cf a Control Data Corporation €600 digital
computer, a PACE 231R analog computer and an Adage T8k digitzl-to-analog
and analog-to-digital converter. Basic airframe equations ¢f motion
vere programmed on the digital computer. Table look-up routines were
utilized to obtain aerodynamic coefficients, thrust data, ané otner non-
linear effects. Control of logic switching and gair changing functions
was performed using the dizitai computer. The analcg computer served

as an interface between the crew station ani the digital program. Siric
chart recorders, display facilities, and instrumentation fcr the crew
station were driven from the analog computer. Analog-to-digital and
digital-to-analog conversion was accomplished by the Adage 78k which ziso
managed the logical discretes initiated in the crew station.

3. CREW STATION
The fixed base flight simulator crew station was equipped with conven-

tional F-ME flight controls and panel instruments. The simulator also
included a side stick controller and special SFCS panels.

a, Conventional Flight Controls

Conventional flight controls built into the crew station included
the throttle, center stick control column, rudder pedals, and
switches to extend jianding gear, flaps, and speed brakes. In
addition, switches were provided on the left console to disengage
the pitch or yaw stability augmentation system (SAS).

.

RE R S LT 2O PN

t (1) Throttles

The throttles were mounted in the left consclie of the crew
station cockpit. A throttle angle of 20° ic 120° could ke
selected. Mechanical stops also permitted discrete throttle
settings of idle, military, or afterburner power to be applied.
An electrical signal representing throttle position was con-
verted to a digital parameter which represented the throtile
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(=)

(3)

(%)

(6)

command to a twin-engine power plant delivering symectrical
thrust.

Speed Brakes

A switch on the inboard thiottle provided & capability tc
extend or retract the speed brakes in the aircraft simulation.
The drag effects of the speed brakes vere programmed in the
six~-degree-of-f{reedom eguations of motion.

Center Stick

Displacement and forces applied to the center column in the
crew station generated command signals to the longitudinal cr
lateral channels of the digitally programmed flight contrcl
system. The modified longitudinal and lateral mechanical feel
systems cof the SFCS configuration were programmed on the digital
computer to provide stick centering properties, force gradients,
and stick dynamics to the simulator center stick. Command
signals from the digital computer drove electrical torque
motors which positioned the ceuter stick in accordance with the
mathematical models of the feel system. Mechanical trim inputs
to the longitudinal channel were generated from a "coolie hat"
trim switch on the center stick grip.

Rudder Pedals

Rudder pedal displacement generated a command input to the
directional channel of the flight control system. A mechanical
linkage and springs provided feel system reaction forces and
pedal return corresponding to the rudder feel system of the
SFCS configuration.

Flaps

Flap control was accomplished from the crew station by means of
a switch located in the normal position under the left sill of
the cockpit. Three switch positions commanded full flaps,

half flap, or clean configuration. The flap position signal
was applied to the digital program for use in selecting the
proper aerodynamic data.

Landing Gear
Landing gear extension or retraction was commanded using =
switch located at the left edge of the main instrument panel.

The gear position signal was applied to the digital program
for use in selecting the proper gains.
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b.

e.

Cockpit Instruments

Conventional cockpit instruments for the fixed base simulator crew
station included: attitude director indicator (ADI), calibrated
airspeed/Mach meter, angle-of-attack indicator, barometric alti-
meter, rate-of-climb indicator, normal accelerometer indicator, and
engine tachometers. These instrumenis were continuously driven

by the analog cocmputer using the solutions to the equations of
motion being solved by the digital computer as the simulation pro-
ceeded.

Miscellan2ous Conventional Cockpit Hardware

Additional conventional hardware included a trigger on the center
stick grip to control gun-firing in the simulated aircraft during
air-to-air ccmbat tasks, a gunsight consisting of a fixed centerline
reticle, a speed brake warning light to indicate speed brake
extension, and a microphone switch to allow communication by inter-
com.

Special SFCS Hardware

Several items of hardware were installed in the crew station
specifically for the SFCS selected control system evaluation. A
side stick controller was located on the right console of the crew
station cockpit. Deflection of the side stick controller grip
generated inputs to the flight control system's longitudinal and
lateral channels in parallel to the center stick. A trigger switch
on the side stick controller -rip engaged the electricai back-up
mode in all three axes. An emergency disconnect switch located on
the center control column engaged the electrical back-up mode in the
roll axis and the mechanical back-up mode in pitch and yaw axes.

SFCS Panels

Special panel hardware was installed specifically for the SFCS
selected system evaluation. These panels included functional
switches and display lights.

(1) Master Control and Display Panel

The master control and display panels consisted of switches

and indicator lights used to select and indicate the SFCS
modes. Three pushbutton switches with indicator lights
selected and indicated the Normal or back~up mode in the pitch,
roll, and yaw axes. Three solenoid-held toggle switches selec-
ted fixed gain or adaptive gain operation in the pi“ch, roll
and yaw axes., A three-~position switch for each axis provided
high, medium, or low gain selection. The solenoid held ADAPTIVE/
FIXED gain switches would not permit adaptive operation to be
selected for an axis unless the gain~select switch was set for
low gain in that axis.
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(2)

(3)

(4)

SFCS Trim Panel

The SFCS trim panel was located on the left console. It
consisted of trin controls and an additional mode selection
switch. The trim conirols included three potentiometers for
adjusting the electrical trim signals for the pitch, roll,
and yaw channels. Also, a yaw vernier thumowheel generated
command inputs to the directional channel when an SFCS Normal
or elecirical back-up mode had been selected. Finally a two-
pesition toggle switch permitted selection of Normal or TOL
functions. The Normal mode provided neutral speed stability
(NSS) except when the landing gear were extended. With the
landing gear extended, selection of the Normal mode resulted
in positive speed stability for take-off and landing.

Phase IIA Panel

The Phase IIA panel consisted of the two solenoid-held switches
for controlling the operation of the mechanical isolation

mechanism (MIM). These switches permitted selection of the
mechanical back-up or SFCS Normal modes in the pitch and yaw

axes. Two switches for engaging pitch and yaw stability aug-
mentation cystems (SAS) during mechanical back-up operation
were also located on this panel.

DFG Input Panel

Functional switches were located on the left console of the
crew station cockpit to command discrete function inputs to
the pitch, roll, and yaw channels of the flight control system.
These inputs are utilized to obtain discrete inputs for data
correlation between simulation and flight test results.

PERIPHERAL EQUIPMENT

Peripheral equipment was utilized to provide visual displeys required
for several of the simulsated tasks.

a.

(1)

Display Generation Area

Visual displays were generated by equipment in the simulation area
of the hybrid computer facility and transmitted to the crew station
by closed circuit television.

Artificial Horizon

An artificial horizon was generated for use during mancuvering
flight. The image depicted a cloud-covered earth with a
distincet horizon. The motion of the image was correlated with
the simulated aircraft's motion.
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(2) Target Aircraft

An image of a target aircraft was utilized during air-tc-air
combat tasks. The image was generated in a model tunnel area
where a gimballed aircraft model and a non-rotating television
camera simulsted the relative geometry of the two aircraft in
combat. The television camera was driven along a track tc
sinulate the range to the target aircraft. A subroutine tc
the main digital program generated the evasive maneuver of
the target. The geometry and range were computed according

to the relative motion between the simulated aircraft and the
target in order to command the display.

(3) Terrain Map

Simulation of a landing approach involved use of a large-scaie
terrain model. The model measured 10 feet by 40 feet and

wvas scaled 1000:1. This allowed translations of 10,000 feet
laterally, 40,000 feet longitudinally, and 9600 feet vertically.
The image of the landing strip as the simulated aircraft
approached the runway was obtained from the motion of a
television camera across the terrain map. The camera was
driven in accordance with the attitude, position, and velccity
of the aircraft.

Crew Station Area

The display equipment in the crew station area included a
television reverse projection device and a large viewing screen.
The visual displays were projected onto the viewing screen in front
of the crew station cockpit. During air-to-air combat tasks the
image of the target aircraft was superimposed on the image of the
artificial horizon.

323




e

T AT gy

S

- Degrees

Surface Deflection,

APPENDIX VII

SIMULATION SOFTWARE

INTRODUCTION

Software for the selected control system evaluation wes mainly programmed
for the digital computer, while an analog computer performed the master
control functions and interfacing with the crew station.

ANALOG SOFTWARE

During this simulation the analog computer served as a buffer between the
main digital program, cockpit instruments, strip chart recorders, and as

a coordination device to generate the command voltages driving the display
hardware. During studies of system response to failures, the failure in-
puts were generated from the analog computer. These failure insertions
consisted of inputs up to ten percent of surface authority on a five
second time constant. The failure waveform is shown in Figure 237.

/

]

Time - Sec

FIGURE 237
WAVEFORM OF FAILURE INSERTION
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)
.

DIGITAL SOFTWARE

Digital programs were written in FORTRAN IV and submitted to a Control
Data Corporation (CDC) 6600 Computer. The digital software included
mechanization of: basic airframe characteristics, electronic flight
control system components, secondary and surface actuators, switching
logic, feel system components, and generation of command signals to
peripheral equipment display generators. Nonlinear data and time-varying
parameters were updated at 20 millisecond intervals.

a.

Basic Airframe

The basic airframe mechanization was achieved using a set of non-
linear differential equations in six~degrees~of-freedom representing
the motion of a rigid aircraft subject to large angle perturbations.
The three force equations and the moment equations were derived using
& body axis coordinate system with the longitudinal axis aligned

with the waterline. Additional equations deseribed atmospheric prop-
erties, body acceleration, and Euler angular rates as well as velocity

relative to an inertial reference frame. The set of equations
describing motion of the simulated aircraft appears in Figure 238.

(1) Aerodynamic derivatives required by the equations of motion were
obtained from tables of data as functions of Mach number, alti-
tude, and angle of attack. Additional tables were used by the
program to compute full flap or half flap aerodynamic coeffi-
cients or to simulate spin-stall aerodynaemics. Flight during
extension or retraction of flaps was simulated by programming
transitions between full or half flep aerodynamics and the clean
configuration,

(2) Propulsion date were obtained from similar tables as required by
the equations of motion.

Flight Control System

The longitudinal and lateral-directional channels of the SFCS were
programmed digitally. Block diasgrams of these systems were presented
in Sections III and IV.

Surface Actuators

The surface actuators were represented by mathematical models pro~
grammed for the digital computer. A block diagram of the surface
actuator for the stabilator was presented in Section III,

SFCS Switching Logic

Switching logic pertaining to the SFCS modes was included in the
digital software. Switching functions included the mechanical isola-

tion mechanism (MIM), gain setting and changing operations, and the
SFCS mode logic.
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EQUATIONS OF MOTION

327




q '.pV2
Veal 12127 p VvV M- 06
VCAL 60M -361+ 12127 pV M > 06

@ Acceleration Equations

as T
“ snt)  — CD + 09958 —
cg mg mg

qS| b
a —|—tc_ prc_nrgC, prcC, b
Yeg mg [2\, vy v, vp" 7S CyéstSP ' Cyéﬂ‘sa]

«

s T
az cosOcosf) ¢ — C 100915 —
g mg mg
1112 G 065 0 ,
a a, +-- - Artpa) - rq
Yace Yog g q
20 25 ¥ \
d - a + - Q-
Zace ch g

163 . .
dy Ay bt tr v pglcos(ar 0014) + {p rg)siniat 0014)

2] cq 9
163 .
a a v oo = g - opr}
ZD Z(,q 9

NLF a, *cosgcost
b

® Euler Body Rate Equations
o dasnQtrcos @) ‘cos
o oac 9 rsng
o pt L.)sm {

@ Inertial Frame Velocity Equations

Vi cos 0 cos v snosnflcosy  €osOSIN Y osOsnflcos o

Vel = cos fHan o snosinflan g + cos@cos v cosGsin f)sin

h L sin b sn¢cos ) cos O cos t
FIGURE 238

EQUATIONS OF MOTION (CONTINUED)

328

SO SN Y

sin ¢ cos U




-

B e e T I

%

e,

f.

(1) operation of the MIM switches selected mechanical back-up or a

Normal SFCS mode. MIM switches were available in the pitch and
yav axes. When a mechanical back~up mode was selected, stability
augmentation systems (SAS) could be turned on for the pitch and
yav channels.

(2) Gain setting and changing operations involved the fixed gain and

adaptive gain selection and the landing gear gain settings. 1In
fixed gain operation, the simulator pilot manually selected High,
Medium or Low gains. An adaptive gain changing operation could
be selected when the gain select switch for that channel was set
to Low. The pitch adaptive switch could not engage when the
flight mode switch had been set to the 'fOL function. When adap-
tive gain operation was selected, the parameter identifier
selected the proper gain levels for the flight control system.

A block diagram of the parameter identifier and schedules of the
adaptive and fixed gains are as previously shown. Simulated
extension of the landing gear resulted in the selection of
another set of gainsf

(3) SFCS mode selection logic involved the NORMAL/BACK~UP pushbutton

indicator lights, the emergency disconnect paddle switch on the
center column or the sidestick trigger and the panel mounted
NORMAL/TOL flight mode switch at the left console of the crew
station. Selection of the Normal mode engaged the SFCS closed
loop cperation. Actuation of the emergency disconnect switch
on the center stick engaged the mechanical back-up systen-in the
pitch and yaw axes and the electrical back-up in the roll axis.
The sidestick trigger engaged electrical back-up modes in all
three axes. The flight mode switch selected the NORMAL or TOL
functions. With electrical back-up selected or the landing gear
extended, TOL became the normal function. In other conditions
while neutral speed stability (NSS) was the normal function, the
switch enabled the TOL function to be manually selected.

Trim

Electrical trim command signals for all three axes were generated

at the trim control panel. Trim authority was originally estsblish~
ed at +3° to -14° stabilator deflection in pi‘ch, and 33 1/3% full
surface travel in roll and yaw. The pitch, roll and yaw trim sig-
nals entered the flight control system at points identified on the
respective block diagrams.

Feel System
The longitudinal feel system was mechanized as shown in the block
diagram in Figure 239. Both the longitudinal and lateral feel

systems functioned through torque motors which positioned the
simulator stick.
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Stall Warning

A stall wvarning system was programmed as shown on the block dia-
gram in Figure 2k0. Outputs of the stali warning system changed
SPCS gains. A warning tore was delivered to the simulator pilot's
neadset during stall entry, simulating the normal F-4 audio tone
generator.

1.412s

+ 1.0
i 5.09-a /5.7 K
09 —a /3. SW,
+ (s+6) {s+ 50)2 P a
1/3
=5/3 agp - 10°
1.0
= f(a,, Mach) tables for clean configuration.
7.14-q /38 | Kswp
= 0.89 a,, + 0.59 for power approach. 0

FIGURE 240
STALL WARNING BLOCK DIAGRAM

Display Command Generation

Digital software also provided display command signals required to
simulate terrain following, air-to-air combat, and landing approach
tasks. For the terrain following task, a digital program generated
pitch and roll commands which were displayed to the pilot by needles
on the attitude-director indicator. The needles were deflected
upwards when climb was directed, down for dive, to the right when

331




2 right turn was required and left for a left turn. The needles
were nulled when the correct attitude or attitude rate had been
achieved. Air-to-air combat simulation made use of a programmed
evasive maneuver by the terget requiring decreasing airspeed and
altitude. The landing approach task also required digital soft-
ware to represent the motion of the simulated aircraft as it
aporoached the runway in order to coordinate the motion of the
television camera with respect to the terrain map.

Discrete Function Iaputs

Switches in the crew station cockpit commanded discrete function
inputs to each axis of the flight control system. The input to the
pitch axis correspouded to .5g of normal acceleration; the roll
input represented 10°/sec roll rate; and the yaw axis channel input
was equivalent to .25g of lateral acceleration.

Scoring

A scoring subroutine was established to evaluate performance
during terrain following and air-to-air combat tasks. Samples
taken during a scoring interval represented the time that angular
errors fell within prescrited ranges. During the air-to-air
combat task, total angular errors from the simulated aircraft'’s
actual direction was computed for the pitch and roll axes. Cumu-
lative distribution information was prepared from this data during
each scoring run.
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