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ABSTRACT

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

With the introduction of highly augmented flight control systems and fly-by-
wire systems such as the SFCS, increased concern over the adequacy of exist-
ing handling qualities specifications and performance criteria have been
expregsed. As a result, a control performance investigation has hbeen con-
ducted in an attempt to define both the longitudinal and lateral-directional
short period performance criteria requirements, and determine if the control
laws should be based on mission medes or tasks rather than the traditional
short period handling qualities and contrcl technigues.

Based on an extensive literature survey and a preliminary anslysis, three
candidate time history performance criteria were proposed. These were a
normalized blend of pitch rate and normal acceleration, or C*, for the pitch
axis; a blend of roll rate and roll acceleration for the roll axis; and s
blend of lateral acceleration and sideslip, or D¥, for the directional axis.

In order to verify the above candidate criteria, a six degree-of-freedom,
fixed base, large amplitude piloted simulation was conducted. The basic
approach was to define the minimum level of acceptable handling qualities by
systematically evaluating varicus flight contrcl system configurations and
mission modes. BSpecifically, the follewing parameters were varied: time
delays, time constants, nonlinearities, higher order effects, adverse or
proverse yaw, and decoupled lateral-directional dynamics. In addition, the
mission modes inciluded low altitude high speed instrument tracking, weapon
delivery (bomb run), reconnaissance, ground attack {strafing run) and air-to-
air combat. The performance indicators and system effectiveness metrics in-
cluded pilot comments, Cooper-Harper ratings, pilot effort index, time
histories, and statistical data in the form of figures of merit, histograms
and cumulative distributicns.

Documentation data from the control performance analysis and simulation
studies resulted in slight modifications to the candidate criteria boundaries,
Mereover, the results ¢f this study indicate that performance critferia, ex-
cept possibly for sgpecialized tasks such as air-to-air refueling and landing,
need not be based on mission modes, but rather on the short period handling
qualities presented in this report.
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SECTION I
INTRODUCTION AND SUMMARY

The Survivable Flight Contrel System (SFCS) Program is a flight control
advanced development program being conducted primarily by MCAIR under contract
to the Air Force Flight Dynamics Laberatory. The principal objective of this
program is the development and flight test demonstraticn on an F-L aircraft

of a Survivable Flight Control System utilizing fiy-by-wire and power-by-wire
techniques.

Recent combat experience has shown that relatively minor demage, in the form
of small arms fire, can result in alrcraft 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 vul-
nerability through elimination of dependence on long exposed runs of hydrau-
lic plumbing. The fly-by-wire concept of redundant and physically dispersed
electrical control channels improves survivability by eliminating the single-
failure points of the conventional mechanical control linksges.

The SFCS Program is being performed in two phases. Phase I, which included
fiight test eveluation of a Simplex integrated actuator package, has heen
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-bty-wire and power-
by-wire concepts.

Establish Confidence
by Demonstrating
Safety and
Reliability

Studies and
Analyses

F-4 Aircraft Flight
Modifications Testing
Provide Data and
Criteria for Future
Laboratory Flight Control
Tests Systems
FIGURE 1

PHASE 11 - PROGRAM AND OBJECTIVES
F-4 WITH SURVIVABLE FLIGHT CONTROL SYSTEM



Fly-by-wire (FBW) is a primary flight control system which uses an electrical
gsignalling path to provide the desired aireraft response to pilot commands,
without a mechanical connection between the cockpit controller and the control
surface actuater. It can incorporate aircraft moticn sensors such that air-
craft motion, rather than contrel surface position, is the controlled varisble.
To bte accepted by the aerospace industry as more than a research tool, the
reliability of the F}BW system must meet or exceed the reliability 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
¢ Reduced pilect workload

¢ Flight control design and installetion savings
¢ Decreasged cost of owhership

o More airframe design freedom

Power-by-wire (PBW) is the transmission of power from the aircraft engines to
the flight control surface actuators by electrical rather than hydraulic
means. Hydraulic power 1s generated by electric motor driven hydraulic
pump(s) integral to the actustors. 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 capability 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-% Simplex Actuator Package with this emergency-
only PEW capability was successfully flight tested in Phase I cf 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
F-4 flight envelope. The SSAP will be controlled by the fly-ty-wire system
installed and flight tested in Phases IIA and ITB of the program.

The location of the fly-by-wire system components, the SSAP, and the other
SFCS equipment in the F-4 test aircraft is shown in Figure 2.

The results of the SFCS studies and analyses to date, and the definition of
the SFCS approach are presented in the basic report. The details of the
Control Criteria Studies are presented in this supplement. The details of
the Control Law Development, and Hydraulic Power and Actuation Studies are
presented in report supplements 2 and 3, respectively.
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SECTION IT

GENERAL

Past programs for development of longitudinal and lateral-directional handling
qualities have been directed toward egtablishing limiting values of tradi-
tional performance parameters (frequency, damping, time constants, etc.)
which pilots feel are consistent with desired levels of precision and control
during maneuvering flight. The work performed to date, which has been used
tec update applicable military specifications has heen directed mainly toward
the specification of handling qualities for esircraft which did not include
the use of aircraft motion feedbacks in the primary flight control mode.

With the introduction of highly sugmented flight control systems and fly-by-
wire systems such as the SFCS, increased concern over the adeguacy of exist-
ing specifications and performance criteris has been expressed. As a result,
a control performance investigation has been conducted in an attempt to
define short period performance criteria requirements for the SFCS. Perfor-
mance criteria which are expressed in the time domain and functionally com-
bine the high and low speed transient characteristics desired by the pilot
were investigated and resuits of the associated effort are presented in this
report. Applicability to future FBW designs was one of the objectives of

the study effort and it was determined that if the formulated criteria is

not explicitly dependent on traditional airframe parameters, its use could
be applicable to advanced designs. Multi-loop systems of this type will
cauge significant masking of the basic airframe characteristics and further
divorce the fighter aircraft transient response characteristics desired by
the pilot for specific inputs, from conventional contreol surface usage.

Since candidate criteria developed during this investigation are an expres-
sion of fighter pilots' desired handling quality requirements, and are not
dependent on airframe characteristice or flight control system mechanization,
they are applicable to future SFCS designs. The specific goals and objec-
tives of the investigation were to:

1. DEFINE SFCS HANDLING QUALITY REQUIREMENTS BY INVESTIGATING:

a. to what degree C¥ handling qualities criteria is compatible with the
required mission loop closures

b. how higher order and nonlinear characteristics affect application
of C* criteria

c. if lateral-directional handling and flying qualities can be incor-
porated into a new criterion

d. if control laws should be based upon mission modeg or tasks rather
than the traditionsl short period handling qualities and control
techniques

e. 1if interaxis coupling is desirable and if so to what degree.

2. EBTABLISH A BASIS OF MINIMUM PERFORMANCE REQUIREMENTS FOR PILOT ORIENTED
CLOSED LOOP STABILITY AND CONTROL.



ESTABLISH THREE AXTS FLIGHT PATH CONTROL PERFORMANCE REQUIREMENTS FOR
GUNNERY AND BOMBING ATMING ACCURACIES BY:

a. analytically defining, formulating and studying the parameters which
significantly affect tracking stability and weapon delivery precision.

b. evaluating compatibility of C¥ criterisa and latersl-directional
criterlisa with mission tasks.



SECTION ITT
BACKGROUND
MISSION MODE FUNDAMENTALS

Misgion mode dynamics can be considered in terms of an equivalent block
disgram in which three serial elements consisting of the wesaspon platform
(airframe and SFCS), the mission mode outside geometry with inside dis~
plays, and the pilot, form a "closed loop” which functionally performs
the mission mode tasks such as tracking, terrain fellowing, precision
flying, ete. Successful accomplishment of these tasks invelves adegquate
stability and speed of response of the closed loop dynamics which in turn
places individual requirements on each of the three serial elements. 1In
the past, some weapon systems which did not have adequate displays and/or
weapon platform dynamics, have relied heavily on pilot adeptibility and
skill for closed loop compensation and accomplishment of the stated
mission c¢bjectives. This technique has a tendency to increase pilot work
and also requires extensive training of pilots to perform specific tasks
to required accuracy. Current interest in mission mode concepts is re-
lated to the relaxation of superior pilot skill requirement with more em-
phagis on improvement of remaining two elements in the closed loop. The
subject of this report addresses itself to this closed lcop problem and
utilizes analysis tools such as the Improved Model for Aerial Gunnery
Effectiveness {IMAGE) computer program and hybrid man-in-the-loop simule-
tion for investigation of platform dynamics to estaklish candidate cri-
teria in the time history domain.

LITERATURE SURVEY

The performance criteria investigation was initiated with a literature
survey of available information to determine the applicability of subject
results toward the accomplishment of the outlined objectives. It was
found that fighter aircraft handling quality characteristics as provided
by standard flight control systems were adegquately covered in the liter-
ature. In comparison, a noticeable absence was evident of information
pertaining to highly augmented aircraft flight control systems and their
handling and flying characteristics. Only a few articles discussed non-
traditional types of criteria such as those formulated in frequency
response or time history response domains,

Appendix I presents a bitliography of articles which were reviewed during
the course of this study and a few are presented in summary form. A
number of articles were especially helpful in the area of statistical
approaches and test procedure to employ in order to obtain valid results.

In order to establish a tasis of minimum performance requirements for
pilot oriented closed loop stability and control, MII-F-8785B, Reference
{2), and the associated USERS REFERENCE GUIDE, Reference (3}, were re-
viewed to determine applicability to highly augmented sircraft flight
control systems such as the 3¥FCS. It was found that the informational
content of this gpecification is applicable as a guide towards SFCS de-
sign and development but the classical terminology as pregented in



Reference (2) is somewhat esmbiguous. It is felt that system response
characteristics (response to specific inputs or multiple input combina-
tions expressed in the frequency or time domain) could be an additional
means of specifying effective requirements and should be considered for
use during the SFCS program.



SECTION IV

SUPPLIER MEETINGS

A series of meetings was held with industry personnel and comments were ob-
tained during discussions with Avionic suppliers prior to SFCES procurement.
The main purpose of these meetings was to benefit from experience gasined by
the suppliers in the area of handling qualities during past programs in which
new concepts of control were mechanized and investigated. Ttems discussed
included:

1.

C* CRITERIA

Supplier experience with the applicability of the C¥ criterion was ex-
plored to determine results cobtained and the degree to which mission
mode tasks can be accomplished with a mechanization that provides a re-
sponse which meets C* criteria. Areas of discussion included the C¥
envelopes of acceptability in terms of delsy time, initial transient,
and frequency/damping characteristics. Inquiries were made to determine
if the suppliers had performed studies to show the effect of higher
order terms and nconlinearities on the pilct feel and the precision fly-
ing capability.

LATERAL-DIRECTIONAL CRITERTA

Concepts of inter-axis decoupling and the desired lateral-directional
handling quality characteristics were discussed with the suppliers. It
was indicated that an attempt was to be made to formulate a critericn
in the time domain which is useable throughout the flight envelope.

SUFPPLIER CCMMENT SUMMARY

Discussions with 15 individual representatives from five leading
suppliers helped generate the following list of comments and general
conelusion relative to the sublect matter involved:

a. At least one supplier felt that the C¥ criterion concept is of very
little value, The main objecticn stated was that the criterion is
inherently not unique. Some adverse characteristics in one C* term
can be averaged out by another term through additicn, to yield an
apparently acceptable C¥ response that does not provide acceptable
handling qualities.

This conclusion was based in large part on theory and had not been
substantiated through either simulation or flight test.

b. Three out of five suppliers felt that the C* criterion complements the
SFCS concept of design and as such is very applicable to this type
of control. One supplier had successfully used the criterion for
development of a high authority flight control system which is
currently being flight tested. In this case, the criterion was
applicable with the added constraint that specified minimum values



of short pericd frequency and damping were met or excesded with the
sugmented system. In genheral, these suppliers all felt that the C¥*
criterion shollld be congtrained in some manner to meke it more useful
for general application to fighter aircraft flight controls.

From available infeormation, past development programs depended
hegvily on pilot satisfaction of handling gqualities in the roll and
yaw axes. At least one supplier indicated that the feasibility of
use of a roll axis time history criterion has been established.

Most suppliers felt that a need exists for an equivalent directional
time history criterion. Current practice indicates that pilots de-
sire zero "ball" movement during turning masneuvers.

One supplier felt that there is some trade-off benefit to mechanizing
a separate configuration for air-to-air and another configuration for
air-to~-ground. This could be accomplished by automatic or manual
switching of the feedback gain parameters to achieve the desired
flight path characteristics for a particular mode.

In general, the discussions with suppliers indicated some reserva-
tions of routine application of C¥ criterion. These are due in
large part to the unknown effect on pilot ratings of a number of re-
sponse abnormalities which would not violate the C* criterion. In
addition, no lateral-directional counterpart of the longitudinal C¥
criterion is presently in use by the suppliers. All discussions and
information presented by suppliers was helpful in formulation of
candidate criteria used during man-in-the-loop testing with pilots
during six-degree-of-freedom fixed base simulation.

10



SECTION V
STUDIES AND ANALYSIS

The problem of generating meaningful performance criteria is one of deter-
mining whet levels and ftypes of handling qualities are required by pilots
and how they help accomplish his mission mode tagks. The pilot determines
if a particular flight control system provides the desired performance im-
provement, by assesament of asircraft dynemic motion resulting from command
and disturbance inputs. It can be shown that pilots are quite sensitive to °
three axis motion cues and utilize these, in lsrge part, to fly the aircraft.
Studies conducted during the course of the SFCS program and described in
these sections are based on the assimilation of the appropriate motion cues
into meeningful criteria which provide that the trensient flight dynamics
are acceptable to the pllot. The C* criterion is an example of specifying
short period handling gqualities in terms of aircraft parameters familiar to
the pilot. The concept implicitly inecludes the traditional short period
frequency and damping requirements and is more general in its application.
Current design philosophy for fly-by-wire and highly augmented flight control
systems inherently includes sensor feedback and electronic compensation to
provide a response which will meet the C* criterion. MCAIR pilots have en-
dorsed the general concept of fly~by~-wire and feel that the studies des-
cribed here will help in the development of a superior weapon system.

1. LONGITUDINAL

The definition of the C* expression es used during the SFCS analysis and
studies is shown in Table I. This equation is equivalent to Equaetion 1,
page 12, Reference (4}, which can be written as,

c* N, ._..é _6_
. et T, YR T

where the symbols Kg, Ky, and K, are dimensional constants. The 8 term
in sbove equation represents normal acceleration increment at the pilot
station caused by the moment arm from vehicle center-of-gravity. In the
C* equation of Table I, the contributions due to Ny and 8 are lumped into
one term (Anz.) which represents the total normal acceleration sensed at
the pilot station. On page 1h of this reference, it is stated that "The
lower portion of the C*/8. envelopes have been modified for the first few
tenths of a second to account for the effect of forward transmission
dynemics (actuators, mechanical linkages, shaping networks, etc.)." 1In
order to establish a quantitative interpretation of this statement,
Equation 9 of this reference,

o% wne | (x + 61.1){(x + 2.90)
A+ 2r un A+ wp©

was used to generate time history response traces for unity step inputs.
The above transfer function equation was programmed on & MCAIR analog

computer and short period damping and freguency regquirements from Refer-
ence 4, page 3, Category 1 were tabulated (Table IT and used to generate
the time history response traces shown in Figure 3 and L for unity step

11



TABLEI

DEFINITION AND UNITS FOR C* EQUATION

® Definition

c* = &nzp + Kog

ﬂnzp = Incremental Normal L.oad Factor at Pilot Station

q = Pitch Rate
Ko = C;_;V‘._:0 Pitch Rate Gain Constant
Cop = Dimensional Constant

Vco = Crossover Velocity

#® Units
Cc
* An 2
¢ Zp q Value Units
1 s - sec?
rad/sec —— M
322 ft
g!s gls
1 1 's - sec?
deg/sec ( ) ( ) g
32.2/ \57.3 tt-deg
rad/sec 1.0 Radians
ft/sec? ft/sec?
ded/ 1 rad
sec e —
e 57.3 deg
® Assumption

V. = 400 ft/sec
(8]
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FIGURE 4 ‘
C* TIME HISTORY TRACES FOR CATEGORY 1



TABLEITI
SHORT PERIOD FREQUENCY AND DAMPING VALUES

Configuration ¢ '| w ! Configuration - ¢ w
Number n n Number n n
1 0.45 5.66 1 1.45 5.66
2 0.40 5.02 12 1.50 6.28
3 0.37 440 13 1.45 6.91
4 0.40 3.77 14 1.30 7.54
5 0.50 3.27 15 1.12 7.60
6 0.60 3.14 16 0.92 7.54
7 0.88 3.45 17 0.77 7.22
8 1.00 3.77 18 0.65 6.91
9 1.20 4.40 19 053 6.28
10 1.35 5.02

inputs. As can be seen from Figure 3, the periphery of the time histery
response traces generated in this manner ig reasonably well defined with
the existing C¥ criteria in all areas except on the lower boundary. Here
there ig a significant difference, since the criteria envelcope allows a
transportation lag of as much as 0.20 seccnds. Since previous investiga-
tions have shown this amount of lag to be gignificant, it was decided to
investigate this characteristic during the simulation phase and determine
its effect on pilot performance.

Concern over the adequacy of the C¥ criterion and its routine applica-
tion has resulted in an analysis to determine the compatibility of
nonlinear dynamics and higher order effects with the C¥ concept. The
existing criterion allows a lightly damped, high frequency mcde super-
imposed on the dominant response mode which might be contained in the
acceptable region but which is otherwise unacceptable due to the low
stability margin which is causing the low damped oscillation. In a
similar manner, a highly nonlinear response might meet the C* envelope
and yet be undesirable when present in the aircraft. Tec circumvent
these difficulties, several methods were investigated and cne was
selected as having the most promise for use as a criterion. Its formu-
laticn is based on constraining the C¥* rate of change response in an
acceptable manner and is to be used in addition to the existing C¥ re-
sponse criterion.

The proposed C¥* rate of change criterion shown in Figure L4 was generated
by establishing a boundary line around the periphery of the differen-
tiated response traces resulting from,

oo

dt A/k5 + 1
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where ks = 1000 and frequency and damping values used are given in Table
II. Belection of kg = 1000 is a convenient value which results in an
acceptable approximation of the above high pass transfer function to a
pure differentiation required for generating the C* rate of change time
history respcnses as shown in Figure 4. This envelope of acceptability
is expressed in normalized C* units per second for the ordinate and in
"renl time" seconds for the abscissa.

DIRECTIONAL

The need for establishing time domain criterie for the roll/yaw axis is
baged in part on the strong correlation of pilot rating and flight sensi-
tivity to lateral-directional aircraft motion which occurs in the time
domain. Pilot comments and discussions on methodology cf providing
ratings indicates that classical terms such as frequency, demping, and
time constant parameters can be relatively abstract to pilots who,
instead, place strong emphasis on aireraft motions and row they vary
during flight. This is further evident when it is realized that pilot
unfamiliarity with engineering terminclogy aspparently does not detract
from the capability to recognize undesirable characteristics, formulate
opinions on their severity and express these in standard terminology.

Design engineers who have used the traditional handling quality parem-
eters to date, have been more constrained in recent years, in providing
adequate answers because aircraft and flight control system response
characteristics have deviated from simple representation and evaluation
data presented to show compliance with military reguirements had to be
approximated to fit the prescribed format. These shortcomings can be
allevisted if time history response data related to specific input com-
mands are used for comparison with applicaeble criteria.

Additicnal need for time history criteria is also evident in computerized
design techniques which employ optimal or modern control techniques to
establish compensation and control law definition to satisfy a prescribed
cost functicnal which contains the short pericd handling quality criteria
as function of time.

Lateral-directional studies were directed toward establishing a separaste
time history criterion for the roll axis and yaw axis. The intent was to
define the transient response characteristics in each axis due to a
lateral step command input from the pilot.

a. Directional Response to Ailercon Command Input

MIL-F-8785B requirements for maximum sideslip excursion occurring
during aileron step command inputs include a definition of limits for
ABMaAY/% as shown in Figure 5, which are not to be exceeded for various
operating levels and phases. The parameter AfMpy is defined as the
maximum sideslip excursion at the c.g. occurring within two seconds
or one-half period of the Dutch Roll, (Tgy/2), whichever is greater,
for a step aileron control command. Since preliminary SFCS designs
show that the (T4/2) = 2.0 second(constant) requirement generally
predominates, the "damped period of Dutch Roll" equation appearing on
page 68, Reference 2,

16
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was used as a means of superimposing this requirement on & pl«i gen-
erated from the minimum Dutch Roll frequency and damping data (Table
VI,page 23, Reference 2) for comparison of the assumptions inherent
in the use of a constant value for Ta/2. Figure € shows the combina-
tion plot and identifies the various areas of acceptability for level
1, categories A and B operation. Category C was not included in the
enalysis effort, and the study results discussed here are not intended
to be applicable to the landing and take-off flight conditions. Em-
phasis on selected mission modes described in this report resulted

in program software limitations that did not allow testing at the
terminal flight conditicons for which adequate data is avallable from
previous investigations. From the above figure, it can be seen that
only a smell part of the acceptable area is eliminated if it is
assumed that all values lie above the line for (Tg/2) = 2.0. This
rationalization and the fact that highly augmented systems can help
provide frequencies which fall in the upper area, makes the assump-
tion a reasonably valid one.

The above plot, Figure 5, for ABMAX/k can be made independent of the
"coordination" parasmeter (YB), if a constant value of AByay/k = 2.0
is used. A direct mapping in the time domain follows with point A of
Figure 7 reflecting these two data point values. The lines which
intersect point A and form the acceptable area for sideslip due to
aileron step command inputs were established "a priori" in the
following wsy,

2.0 is
+2 during

Line 1 ~ The somewhat pessimistic assumption of ABpay/k
offset by 2 maximum sllowable deviation of 8/k
t < 2.0 seconds.

Line 2 - An average value of one degree per second is assumed as the
average deviation for t > 2.0 seconds

In order to eliminate undesirable characteristics such as those
generated by higher order and nonlinear dynamies, it is necessary to
add an associated rate of change criterion to the above response
criterion. The resultant plot is shown in Figure 8, and together
they represent the eguivalent time histery boundaries for the
MIL-F-8785B specified sideslip excursion with aileron step command
inpute.

D* Concept

From discussions with electronic equipment suppliers during the ini-
tial phase of the SFCS program, it was learned that in at least one
development program lateral acceleration at the pilot station was
used as a criterion parameter for evaluating directional response
characteristics due to mileron inputs. This coupled with comments

18
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made by MCAIR pilots that lateral acceleration is a principal moticn
cue parameter at high speeds, resulted in the formulation of the D¥
concept. The D* expression is a functional combination into one
mathematical equation of alrcraft sideslip, which is considered the
principal low gpeed handling quality parameter, and iateral accele-
ratlon, which is & more impertant consideration during high speed
flight. D* ig defined as,

D¥ = AnYP + K3B

Where K, 1s & crossover gaein constant which is related to dynamic
pressurg as shown in Table III, In contrast to the C¥ concept where
the equivalent gain constant iz a function of velocity, the D¥*
equation employs a creossover dynamic pressure to establish when low
and high speed flying qualities are rated equally.

(1) Crossover Gain Constant

The crossover gain constant for the C¥ equation is also a di-
nmensionalizing constant relating steady state pitch rate to
normal acceleration in the following way,

(ny)ss/(qgg) = (K2)V

where the units for K, are as given in Taeble I. In a similar
way, the steady state lateral acceleration and szideslip angle
are related by the expression,

(ny)ss/(Bgg) = (X3)q

where the definition and units of K., are as given in Table III.
The crossover gain for C* is explicIitly constant whereas K. is
constant because the parameter Cy 1is reasonably invariant
throughout the Fh flight envelope@ Preliminary investigations
indicate that this parameter is relatively constant for a
number of fighter aircrafti currently in use.

(2) Crossover Dynemic Pressure

Of the references included in the literature survey and review-
ed during the program, very little flight test information was
found to be directly applicable toward assessment of a crosg-
over dynamic pressure value. Consequently, it was necessary to
estimate a representative value based on pilot experience with
the FU aircraft, and available information in Reference 3. The
final value chosen during the analysis was based on the follow-
ing considerations:

(a) The F4 primary flight control system mechenization ineludes

an Aileron Rudder Interconnect (ARI) which is activated at
230 knots Indicated Airspeed (€ Sea Level, Dynamic Pressure

22



TABLEIII
DEFINITION AND UNITS FOR D* EQUATION

# Definition

D* = Anyp + K36

Anvp = Incremental Lateral Load Factor at Pilot Station
i) = Sideslip Angle
Kg = Cg0q,, Sideslip Gain Constant
C3 = Dimensional Constant
Yoo = Crossaver Dynamic Pressure
® Units
Ca
* A
D “yp B Value Units
' 2
s- ft
rad | -981x 1073 (g )
, , b
gs gs
_4 g's- f12
deq —-1.73x 10 _—
. |b - deg
’ 2
gs-ft
rad | —3,19x 107 (————2)
9 2 . th - sec
ft/sec ft/sec
_3 f3. rad
deg —6.57 x 10 _
Ib - sec - deg

¢ Assumption

_ 2
0,0 = 350 Ib/ft
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(b)

= 180 pounds per square foot) to compensate for the ad-
verse yawing effect inherent during the landing flight
conditions. Since the ARI is principally used durlng take-
off and landing (Phase C), it is felt that the value of
dynemic pressure at Phase C initiation should be consider-
ed a lower bound for the crossover dynamic pressure used

in FPhase A and B.

From F4 aireraft fiight test dats obtained during rolling
pull-ocut maneuvers, it can be shown that the maximum
sideslip angle decreases from high adverse values at low
speeds, to low proverse values at high speeds, with the
transition point occurring in a dynamic pressure range of
about 600 to TOO pounds per square foot.

These values are indicetive of the upper bound values for
the creossover dynamic pressure.

A median value of 350 pounds per square foot was selected
as the crossover dynamic pressure for use in the SFCS
program in part because it is compatible with the ahove
limits. This choice is alsc based on data as presented in
Reference 2 and 5 for the F-84 and F-86 aircraft, 1In
both cases, data for the msximum lateral load factor during
fish tail and rolling pull~out maneuvers show that the
pilots generated constant (maximum) sideslip values at

low speeds and constant (maximum) lateral acceleration

at high speeds with transition occcurring in about the same
dynamic pressure range.

D* Criterion Candidate

Having assessed the physical importance of sideslip and
lateral acceleration as described in the above sections,
an effort wag made to combine these parameters into one
criterion. It was reasoned that the lateral ascceleration
and sideslip angle contributions should be equel at cross-
over dynamic pressure flight conditions in crder for the
criterion to represent high and low speed flight. If the
two are equal then the candidate sideslip criteris dis-
cussed in Secticn V.2.b can be considered to represent
one-half of the acceptibility level for both. The D*
equation can be expressed, in modified form, as,

*
D¥ 8+ Aan/K3

—_—

k k k

and the sideslip boundaries can be doubled to form the
new criterion as shown in Figure 9.
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¢. Directional Response to Rudder Command Input

Analysis of the yaw axis response characteristics for rudder pedsl
inputs was limited due to the unevallsbility of sufficient informa-
tion in Reference 3 for establishing criterion boundaries as was
possible for the lateral control input criterion. Consequently, no
eriteria boundary could be formulated and directional response in-
vestigations for criteria devalopment were relegated to the simula-
tion phase in which several configurations were tested. From pre-
liminary discussions with flight test personnel, it was concluded
that during yaw axie control end flight maneuvers, pilofs have
differences of opinion in terms of rudder pedal usage. Some feel
that all yawing maneuvers are generally conducted with "feet on the
floor", and they do not need s very responsive yaw axis. Others
indicate some usage of rudder pedals, for mission modes where con-
trol of velocity vector is important and small angle positioning of
aircraft heading is criticsal. 1In general, it was felt that a mini-
mum transient response level waes required to insure that adequate
meneuvering capability was provided for use by those pilots who de-
sired it.

LATERAL

Pilot comments indicate that roll axis handling qualities are principally
influenced by roll power, roll sensitivity, and roll transient dynamics.
The Reference 3 users gulde associates a number of requirements with the
roll transient dynamics in an effort to maintain adequate speed of re-
sponse with minimum coupling of Dutch Roll cscillations into the roll
axis. It was the intent of the roll axis analysis effort to combine
current specifications dealing with:

o Maximum Roll Rate Time Constant
o Pesak Roll Rate Oscillations
o Ratio Of Oscillatory Component To Average Roll Rate Component

into a time history envelope of amcceptability which reflects in composite
form the desired dynamlc properties for a fly-by-wire type aircraft.

Roll Rate Criterion Candldate - The normalized lateral-directionsl
equations of motion shown in Appendix II were mechanized on an anaslog
computer and the time history response traces for step alleron command
inputs were recorded. Coupling and modal parameters given in Appendix B
were used as a guide in selecting representative values for use during
simulation but no attempt was made to duplicate exasct values correspond-
ing to stated flight ¢onditions. Selection was also based on following
considerations:

26



a. Modal Parameters

It was assumed that randem combinaticns of acceptable Dutch Roll
frequency and damping values as specified in Reference 3 were
compatible with arbitrary selection of roll time constant values
as shown in Reference 3.

b. Coupling Parameters

These parameters were varied at random with the constraint that the
Ref'erence 3 requirements for roll rate oscillation and ratio of
Dutch Roll compeonent to average roll component were not exceeded.
For all combinations investigated, it appeared that the latter re-
guirement is the more stringent and compliance with it usually
satisfies the peak roll rate reguirement too.

The date shown in Table IV give specific values for the coupling and
modal parameters used in the normalized equations (B20 and B21,
Appendix II) to generate the time history data shown in Figure 10.
The roll rate criterion was formulated by drawing a periphery en-
velope around the outside edges of the response traces as is indi-
cated in the figure. The resultant plot constitutes the roll rate
criterion candidate to be used during the SFCS program for control
law develcpment and eguipment design.

WEAPON DELIVERY

Air-to-air and air-to-ground combat modes are the most severe flight
phases in a tactical environment since they require rapid maneuvering,
precision tracking, and precise flight path control. In order to in-
vestigate the performance characteristics encountered and to attain a
better understanding of the transient dynamics involved, a closed loop
analysis of the overall tracking loop was performed.

The elevation and traverse errors between the attacking aircraft's gun-
line and its line of sight to the target were developed and are shown in
Appendix ITI., These equations are derived in terms of the attacking air-
craft's velocity, angle of attack, sideslip and body rate, the tracking
range and the target's velocity components defined in earth coordinates.
Alsco shown in Appendix IT is the formulation of linearized block diagrams
of the elevation and lateral fire control modes for tracking both aerial
and stationary ground targets.

After formulation of tracking loop equations an analysis was performed
to identify which parameters significantly affect tracking stability
and weapon delivery precisicn. Root locus techniques were used tc sta-
bilize the tracking loop for pilcot model gain and gun angle variations,
and time responses obtained using a digital program (Reference T) for
two flight conditionsz.
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TABLEIV
COUPLING AND MODAL PARAMETERS

Col:;\::z:l;::lon To {o Wo X1 X1X2
1 0.1 0.19 1.84 0.15 0.30
2 0.1 0.58 4.00 0.16 0.30
3 0.1 0.19 3.50 0.15 0.30
4 0.1 0.19 1.84 0.10 0.20
5 0.1 Q.60 2.00 0.15 —~0.30
6 0.1 0.44 3.00 0.15 —0.30
7 0.1 0.58 4.00 0.15 —0.30
8 0.1 0.19 3.60 0.10 | -0.20
i) 0.1 0.26 5.00 -0.16 +0,30
10 0.1 0.19 5.00 —0.10 +0,20

11 0.1 0.58 4,00 -0.15 +0,30
12 0.1 0.31 5.00 -0.10 | -0.20
13 0.1 0.60 2.00 -0.10 -0.20
14 01 0.60 2.00 -0.15 0.30
15 1.0 0.19 1.84 -0.15 0.30
16 1.0 0.60 20 —-0.15 0.30
17 1.0 0.44 3.00 —-0.15 0.30
18 1.0 0.58 4.00 -0.15 0.30
19 1.0 019 3.50 -0.15 0.30
20 1.0 0.31 6.00 -0, 15 0.30
21 1.0 0.60 2.00 0.15 0.30
22 1.0 0.44 3.00 0.16 0.30
23 1.0 0.19 3.50 D.16 0.30
24 1.0 0.19 1.84 0.16 | —0.30
25 1.0 0.44 3.00 —-0.15 | —0.30
26 1.0 0.58 4.00 0.15 | ~0.30
27 1.0 0.26 5.00 —-0.15 | -0.30
28 1.0 0.19 380 0.15 | —0.30
29 1.0 0.19 3.50 0.18 -0.30
30 1.0 0.31 6.00 0.15 —0.30

Note: X1Xg= 0 for all configurations.
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Flight Path Progrem

The digital program described in Reference 7 includes a six-degree-
of-freedom airframe with flight path geometry and pilot math model.
It 1s progremmed to aim the attacking sircraft guns at a target,
stationary or moving, starting from some initial offset position, to
a final position satisfying the fire control mode requirements and
approaching zero error in elevation and traverse channels. The
pllot model representation used in the study was a pure gain which
was veried with flight condition. This representation was selected
instead of s more refined model with fregquency and phase sensitivity,
because it was previously esteblished that equivalent accuracy in
closed loop tracking stability was obtained with the simpler rep-
resentation.

Digital Computer Results

Time history traces were obtained for two flight conditions and two
gun angle positions, Ye. The effect of longitudinal feedback vari-
ations on wespon delivery precision was investigated by obtaining
time history responses for the elevation angular error for different
longitudinal configurations. TFigure 11 shows the time history re-
sponse for the elevation angular tracking error for several of the
configurstions.

The time responses were obtained for the target aircraft flying
straight and level at the velocity equal to ihe pursuer's velocity
with the attacking aircraft initially 100 feet below and 2000 feet
behind the target. The range rate was zero for all the traces ob-
teined.

From Figure 11 it can be seen that the elevation angular error is a
direct function of the configuration characteristics and that it
veries proportionally with the gun angle. The tracking performance
is measured by how fast the tracking error approaches 10 mils or less

and the length of time it stays below that value. For the configu-
rations with higher order oscillations in longitudinal response, the

angular error is very oscillatory, which would indicate that the pilot
would have a harder time in keeping the error below 10 mils.

From the studies and time history traces, the following conclusions
can be stated for weapon delivery accuracy:

o Aircraft short perlcd pitch and Dutch roll demping have signifi-
cant affects on the tracking accuracy.

0 Increased damping improves tracking markedly.

o Duteh Roll damping has a more pronounced effect on tracking than
the short period pitch damping.
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o Lateral tracking stabllity is lmproved when the gun esngle is
elevated sbove the instentaneous aircraft roll axis.

o The optimum gun elevation angle 1s from O to 2 degrees above
the waterline axis.

The effects of paremeters such as stick dead zone, backlash, pre-
load, and coulomb friction were not analyticelly studied, but the
simuletor pilots indiceted that the best control harmony, considered
necessary for precise tracking with minimum effort, is obtained
with these paremeters held as low as possible.
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SECTION VI
SIMULATION

To investigate the pileot's performance using a men-in-the-loop simulation, a
comprehensive test plan was formuliated using the analysis and study results
obtained above asz a guide. PFrom the beginning, it was realized that a very
complete hybrid mechanization was necessary to achieve high visual fidelity
and maximum crew station realism with the fixed base simulator equipment.

To satisfy this requirement, a majer portion of the software and flight con-
trol system data was programmed on & digital computer which interfaced through
an analog computer to the crew station hardware. Fach pilot was required to
fly a baseline mission with various configurations and then provide a COOFPER-~
HARPER rating for each of five scored mission phases. Non-scored intermediate
phases such as climbs and dives were included as transition modes to aid in
blending the scored phases intc one unified mission which took approximately
ten (10) minutes to complete. These transition modes also provided addition-
al opportunity te the pilot for open loop evaluations using rudder kicks and
stick raps. Pilot comments on specific tests configurations which were in-
vestigated and a large smount of associated scoring data constituted the
essential means of establishing the performance level achieved by the pilots
in each category of runs.

1. CREW STATION CONFIGURATION AND HARDWARE
A fixed base crew station was used in the SPCS flight simulator which was

equipped with both center stick and side stick controllers and instrumen-
tation for three-axis aircraft maneuvering throughout the flight envelope.

&. Primary Flight Instruments
Included in the SFCS flight simulater were the necessary instruments
for control of aircraft altitude, angular rate, and velocity
during flight. The sclution of the equations-of-motion and cocrdinate
transformations generated signals to drive the feollowing instruments:
¢ ATTITUDE/DIRECTION INDICATCR (ADI)
o ATRSPEED/MACH METER
¢ ANGLE-QF-ATTACK INDICATOR
o BAROMETRIC ALTIMETER
o RATE-QF-CLIMB INDICATOR
o NORMAL LOAD FACTOR

o ENGINE TACHOMETERS
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The following warning lights were provided to the pilots:

o FUEL LEVEL LOW - Fuel has been consumed so that weight is less
than 33,000 lbs.

o ALTITUDE WARKNING ~ Indicates that the altitude is less than 3000
feet.

o DUCT OVERHEAT ~ The high speed operationel flight envelope of the
aircraft has been exceeded when this light is illuminated.

o MASTER CAUTION - This light is activated whenever one of the three
lights above are active.

o SPEED BRAKE - Indicates that the speed brake has been extended.

o SCORING LIGHT - Flashing light indicates that the entry conditions
have been satisfied for that particular mode. Depression of the
score activation button on the center stick or side stick initiates
the scoring mode, and illuminates the light in & steady (non-
flashing) manner. During transition modes the light is extin-
guished.

Flight Controls
The flight controls instelled in the cockpit include the following:

o RUDDER PEDALS - Rudder pedal displacements caused by the pilot are
sensed and transmitted to the hybrid computer in equivalent elec-
trical form. A rudder feel system in the form of a mechanical
spring operates in parsllel with the rudder pedal linkage to pro-
vide a reasction force feel and tc recenter the rudder pedels in
the simulator.

o THROTTLE QUADRANT - A conventional throttle quadrant mounted in
the left hand console of the crew station cockpit incorporates
mechanical stops for the IDLE, MILITARY and AFTERBURMNER power
settings and provides throttle angles from 20 to 120 degrees. The
electrical signal from the throttle quadrant serves as an input to
the programmed equations-of-motion and represents a command signal
to a simulated twin engine, symmetrical thrust, power plant.

o SPEED BRAKE - A switch located on the inboard throttle extends and
retracts the speed brake in the simulated airecraft and initiates
computation of aercdynamic drag for retardation of aireraft motion
during flight.

o CENTER STICK CONTROLLER - Lateral stick displacement by the pilot
generates equivalent spoiler and aileron motions. A mechanical
feel system, similar to that used for rudder pedals, provides the
lateral stick feel sensed by the pilot. A specifically designed
force feel/hydraulic actuation system is used to generate a center-
ing force in the longitudinal axis. O8ignals proportional to out-
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c.

put displacement from this system result in stabilator deflec=-
tions. The stick grip has an operationsal trim switch used to
manually trim the stick longitudinally. The trigger button, bamb
release button, and scere activetion button are located on the
center stick grip. The trigger button is used to manually termi-
nate the ground attack scoring, while the bomb button is uged to
terminate weapon delivery mode., When the scoring light is flash-
ing, the pilot depresses the scoring button to initialize the
scoring mode.

o OSIDE STICK CONTROLLER - A side stick controller is installed in
the crew station. Lateral displacements produce spoiler and
aileron motions while the longitudinal displacements result in
stabilator deflections.

A feel system in the form of & mechanical spring is installed to
provide latersl and longitudinal feel to the pllots. The pitch
vernier thumbwheel (spring loaded) which generates input command
to the pitch axis control system is located on the side stick. A
trigger button, bomb button and score button are located on the
side stick grip. They perform the same function as those located
on the center stick which were described above.

o SFCS5 TRIM PANEL - A trim panel, mounted in the left console, con-
tains three electrical trim pots {non-spring loaded) for pitch,
roll and yaw channels and one yaw vernier thumbwheel (spring
loaded) which generates input commands to the yaw axis.

G Seat Cushion

A pneumatic seat cushion device is incorporated in the cockpit and
its inflation is regulated in proportior to the normal acceleration
at the pilot seat generated through the airframe. During its opera-
tion the pilot is pressed against a restraining seat belt harness by
the air cushion device and is subjected to the varying force levels
during the flight. A simllar device is used for generating left-and-
right motion cues. Forces proportional to the lateral acceleration
at the pilct station as genersted during flight regulate the pressure
in the twin cushion device for lateral motion.

Longitudinel Feel System for Center Stick

An artificial feel system is installed in the flight simulator to
provide realigtic stick forces to the pilot. The system consists of
the following components: (1) a transducer which senses mechanical
force inputs, (2) analog equipment used@ to compute the force output
of the longitudinal feel system, and (3) an auxiliary hydrasulic
cylinder attached to the longitudinal control cclumn of the flight
simulator.

Signals proportional to the transducer output and the desired stick

force are amplified and applied to the control valve of the auxiliary
hydraulic eylinder. The auxiliary cylinder acts as a spring with
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fixed spring constant and movement of the cylinder results in a force
which the pilot feels at the grip.

Visual Display System

The display equipment used in the simulaticn includes a large scale
terrain map (10 ft. by 40 ft.) shown in Figure 12 with a camera sys-
tem which transmits the visual target over the complete field of view
to the crew station. The map scale is 1000/1 which gives eguivalent
translations of 10,000 feet by 40,000 feet and an eguivalent eleva~
tion range of G5 feet to 9600 feet. For the air-to-grournd modes of
operation the target consists of a "bulls-eye" located on the model
landing strip. An image of this target is displayed on s wall screen
inside the crew station room using a television projecter. During
the dive bombing mode of cperation, a 81 mil depressed pipper colli-
mated at infinity is alsoc projected on the wall screen for target
tracking. In the strafing mode and air-to-air combat moce, the
pipper is automatically moved back to a waterline refererce point
ceorresponding to gunline harmonization.

The equipment employed in the target aircraft image generation is
housed in two locgtiong in the simulaticn area. The model tunnel
area consists of a 3-axis gimballed aircraft model and a fixed tele-
vision camera. The equipment located in the crew station room con-
sists of a gimballed target projector for presentation of the maneu-
vering target aircraft.

Crew Station Hardware Usage

Written instructions to pilots as summarized in Appendix VI indicates
their participation tc be grouped into two phases consisting of an
evaluation phase and a documentaticn phase. During the evaluation
phase, the hybrid simulation setup including the g seat, trim panel
and side stick controller was evaluated by MCAIR pilots who commented
on their use for the documentation phase of the study as well as sub-
sequent SFCS simulation efforts. Accordingly, all three features
remained operational in the crew station for the remainder of the study
with conditional usage based on the following reasoning:

o Limited use of the trim panel by participating pilots resulted due
to inherently geod trim characteristics of the SFCZ and emphasis

on non-trim handling quality investigations.

o Extensive use of side stick controller was relegated to later SFCS
simulation phases, as reported in Supplement 2, due to unsgvailabil-
ity of Supplier's prototype hardware. The gide stick controller
used 1in crew station was a converted design aid unit which was
functionally repregentative but not entirely equivalent to the de~
gign generated in the time period after completion of this study.
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© Use of g seat cushion was available for pilot usage and MCATR
pilot date was taken with g seat cushion operationel. Mechanical
problems limited its usage during some runs and at times pilots
elected not to use it because of the increased fatigue factor
involved,

COMPUTER SOFTWARE DESCRIPTION

Operaticn of the hybrid simulator required interfacing the software digi-
tal program with the crew station hardware and display equipment using

a PACE 131 analog computer and Adage A-D/D-A Converter. Since most of

the digital software for reel time man-in-the-loop simulation is pro-
grammed in FORTRAN IV computer language on a Control Data Corp (CDC) 6600
digital computer, the analcg computer's function is principally thai of
master control for all eguipment and buffering of time history recorders.
The digital software used in this simulation includes equations represent-
ing a six~degree-of-freedom airframe, a three axis flight control system,
displays, and scecring computations.

a. Airframe Characteristics

A set of large perturbation, six-degree-of-freedom differential
equations of motion is used to describe the nonlinear moticn of air-
craft during £light. Additional equations are utilized to desecribe
the atmospheric properties, body accelerations and velocity compo-
nents. The entire set of equations used for airframe simulation are
prssented in Appendix IV.

The aerodynamic derivstives used in the equations-of-motion are com-
puted in the digital computer every 20 milliseconds. The representa-
tion of the asercodynamic derivatives are functions of Mach number,
altitude and angle-of-attack.

Tables are developed from basic propulsion dats to simulate tne
thrust developed by two engines. These data are functions of Mach
number, altitude and throtile setting. Idle, Military and after-
burner power levels are programmed and are available to the pilot for
simulated flight maneuvers.

b. Longitudinal Flight Control System

A block diagram of the longitudinal flight control system used in the
simulation is sheown in Figure 13. As shown in the figure, the force
input signal is shaped by a prefilter mcdel before being summed with
the feedback signal. The error signal is applied to the simulated
stabilator actuator which in turn generastes the input to the esirframe.
The feedback signal, which is the sum of pitch rate and normal accel-
eration forward of the aircraft c.g., is used to provide invariant
aircraft response with changing flight conditions. The desired vari-
ations in aircraft flight path time history response are generated by
selection of the proper prefilter medel.
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¢. Lateral-Directional Flight Control System

The lateral-directional flight control system showr in Figure 14 uses
vaw rate and lateral acceleration feedback to improve the Dutch Roll
dynamiecs and turn cocordination. A canceller in the yaw rate feedback
loop washes out the yaw rate resulting from a steacy state turn. A
prefilter is included following the rudder pedal force input to shape
the yaw rate respcnse.

Roll rate feedback is used to improve speed of response, roll damping
and ¢/f ratio. A high gain prefilter model is used to mask the basic
alrframe response. Variations in roll rate response are achieved by

varying the prefilter time constant.

A rcll to yaw crossfeed 1s used in order to reduce the sideslip re-
sulting from a rolling maneuver. Variations of proverse or adverse
sideslip are obtained by varying the crossfeed gains.

d. Display BEquaticng

The equations of motion for the target model, and a coordinate trans-
foermation from the simulated earth geometry to the tracking tunnel
coordinate system were required for generating the displays used in
the crew station. The transformation equations included Euler angles
of the target and aircraft, along with relative geometry angles as
computed in an earth referenced coordinate system with its center
located in the aircraft.

SIMULATION MISSION AND TEST CONFIGURATIONS

One of the goals of the SFCS control performance study and simulation was
to investigate 1f contrcl laws should be based upon mission modes or
tasks rather than the traditional handling qualities and control tech-
nigues. In fulfillment of this reguirement, the airframe software with
flight contrcl gystem mechanization as described above was programmed to
provide a series of relatively constant aircraft response characteristics
in the flight enviromment of the sirmulated mission. Groups of configura-
tions were tested with a realistic mission profile to determine how pilot
performance in each mode is affected by simulated alrframe response char-
acteristics.

Basic aircraft configuration used during simulation testing is described
in Appendix IV; specifically airecraft physical data on gross weight, c.g.
lccation, moments of inertia, and wing characteristics. F-L aircraft
aerodynamic data used in the six-degree-of-freedom computer program is
given in Reference 1l. The data and the values for the flight control
system parameters as given below constitute the nominal configuration
(Configuration Humbter 1.01) from which flight control system variations
were made as described in the next section. 8ide stick controller testing
during evaluation phase resulted in its use for demonstration purposes and
some data taking. Acceptibility of 5SC feel system dynamics was an area
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of further investigation in the follow-on simulation effort and it was

felt a more complete investigation can be made at that time. Limited
testing of side stick controller toward criterion development was scheduled
for documentation phase but most testing was to be performed with center
stick in which feel system dynamics more familiar to the pillots were used
a8 a reference.

a. Simulation Miassion

The simulated mission starts with initial conditions corresponding

to level flight at 1000 feet altitude and 0.85 Mach number as indi-
cated in Table V. A manual terrain following system representative

of the APQ-99 was mechanized in the pitch axis and a terrsin avoidance
system with command inputs as shown in Figure 15 was mechanized in

the roll axis. This terrain following/avoidance software genersted
steering signels in the digital computer which were transmitted to

the ADI ball in the ecrew station for deflection of vertical/horizontal
indicator needles during LAHS operation.  The pilot was instructed to
"fly the needles" to minimize the pitch and roll errors and was scored
on how well he is able fto keep both needles near zero deflection. The
scoring interval was automatically terminated after 50 seconds of
flight.

In preparation for the weapon delivery (dive bombing) phase, the pilot
had to climb to 10,000 feet altitude and turn to a heading of 45 de-
grees while making throttie adjustments to reach 300 knots calibrated
airspeed. At this time a visual display was activated and a 45°

dive bombing maneuver towards a ground target was initiated. Eleva-
tion errcr, azimuth error, sideslip angle, and angle of attack were
scored during the WD mode. The specified bomb release conditions
were 3500 feet altitude at 450 knots calibrated airspeed. The scor-
ing was terminated when the pilot pressed the bomb release button.

Subsequent to pullout and heading changes as shown in the table, a
precision cruise phase was initiated in which the pilots maintain con-
stant attitude (p = ¢ = r = 0), altitude (h = 10,000 ft), airspeed
{.85M), and heading (¢ = 180 degrees) for 30 seconds. These task
parameters were also recorded and scored to determine performance
levels achieved with different configuratiocns.

After decreasing altitude, a ground attack (strafing) phase was
initiated from 5000 ft. altitude at a heading of 45 degrees East.
The pilot task included holding the pipper on the displayed ground
target and pressing the trigger when in firing range. The scoring
parameters monitored in this phase were the elevation, azimuth,
total angular errors, and the sideslip angle.

In the air-to-air (C0) combat phase, a target model was activated as
soon as the pilet maneuvered the aircraft to the specified flight
environment entry conditions with altitude above 19,800 feet, heading
North and Mach number above 1.1. The target model then performed a
canned evasive maneuver, shown in Figure 16, which resulted in de-
creasing airspeed and altitude changes with terrination of simulated
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TABLEX

SIMULATED MISSION
1.C. ¥ = —00% (W)
H =1000 X 100
M =851 05
Phase 1 LAHS Fly Pitch/Roll Needles - Scored
Phase 2 Climb and turn to:

¥ =+45° (NO45E) T 50
H = 10,000 X 1000 ft
V =300 125 KCAL

Phase 3 WD Dive Bombing - Scored
v = -45°
H = 3500 Ft
V =450 KCAL

Phase 4 Climb and turn to:

¢ = 180° () 1 15°
H = 10,000 £ 200 #

M=.8611

Phase 5 'RECON Fly Recon Mode - Scored |
Withp=q=r=0{
Y = 180°
H = 10,000 ft
M = .85

Phase 6 Dive and turn to:

Y =+48° (N045E) 50
H = 5000 X 500 ft

Phase 7 GA Dive and Strafe - Scored |

Phase 8 Ciimb and turn to:
= 0% (N) + 20°
H = 21,900 + 2100 ft
M=12+ .1

Phase 9 AIR TO AIR COMBAT - Scored
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€0 flight phase after 60 seconds of scoring. Performance parameters
processed by the digital computer included elevation and azimuth
angular errors, total angulsr error, and range to the target. The
mission was terminated automaticaily at the end of air-to-air combat
scoring.

Test Configurations

Test configurations were chosen to compliment analysis results and to
provide the simulation pilots with performance characteristics which
would aid verification of criteria boundaries established during
analysis. A total of thirty-three {33) test configurations was in-
vestigated, with 15 longitudinal cases and 18 lateral-directional
cages. Testing procedure, followed during simulaticn, included mul-
tiple runs per pilet for each configuration.

Referring to Figures 13 and 1) the nominal values for all the para-
meters are:

=0., T =20, = .05, w=25., £ = .35, = 0., w, = 0.
g =0 T % 0, K 5, = 0 0

;2 = 0., KE]4 = 0., TlL = 0., Ll = L2 = 0.

W =0.,7 =0.,T = .35, K =-.1, K

P D R o 1 $3, Tp = 035

R

function of Flight Condition with aerodynamic derivatives given
in Reference 11.

e
i

(1} Longitudinal Configurations

Compatibility of C¥ critericn with mission loop clesures and
application due to time delays, lower C* boundary, nonlinearities
and higher order terms were investigated in the pitch axis. The
step response data presented show the time history character-
istics as generated with flight control system variations in
relation to the C¥ and C¥ rate of change criteria.

o Time Delay Response Variations (Switch 2 only closed)

Variations due to time delay (AT) were determined by holding
the output of the digitally generated prefilter signal at
zerc for the specified {(AT) length of time. Time histories
for two values of delay time are shown in Figure 17T.

o Prefilter Time Constant Response Variation (SW 1 only closed)
Effects of lower boundary response variations were generated
by varying the prefilter time constant (Ty)._  Four different

values were investigated and the resulting CN and dCﬁ/dt time
history respcnses are shown in Figure 18.
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o Nonlinear Response Variations {SW L4 only closed)

Nonlinear response variations were obtained with variation of
limits {Lq and Ls) and the high pass time constart (T3 ).
Corresponding time history responses for step input are shown
in Figure 19.

o Higher Order Response Variations (SW 2 and 3 only closed)

Variations of higher effects on C* were obtained by variation
of prefilter gamping ). The normalized time history re-
sponses for Cy and dCN/dt are shown in Figure 20.

Lateral-Directicnal Configurations

Lateral-directional handling gualities were investigated with
variations in roll prefilter time constant, deccupled responses,
and adverse/proverse yaw characteristics.

o Roll Time Constant Response Variations (8W 6 only closed)

Variations in roll rate response were obtained by varying the
prefilter time constant (TR). Five different values of the
time constant were investigated and the corresponding time
history responses for aileron step command input are shown
in Figure 21 for normalized roll rate (Py) and normalized
roil acceleration (Py).

o Decoupled Responses (Switch 6 only closed)

Decoupling hbetween the lateral and directional axes was accom—
plished by modifying the airframe equations of motion and
setting the ccupling aercdynamic coefficients to zero. Tine
history traces for ailercn step command inputs are shown in
Figure 22. Similar traces for rudder step command inputs

are shown in Figure*23 fo?*sideslip angle and sideslip rate.
The corresponding Dl and D, respconses are shown in Figure 2.

Decoupled aircraft dynamics were investigated to determine

if eny improvement will result when the latersl-directional
aerodynamic coupling is reduced to a minimum. Only a token
effort was made in this area as shown in the final results,
but the basic concept was to investigate dichotcmous cperation
of the roll and yaw axis.

o Adverse/Proverse Yaw Response Variations {Switch 5 and 6 closed)

Effects of adverse/proverse yaw variations were investigated
by changing the roll to yaw crossfeed gains. Time history
traces for aileron command inputs are shown in Figures 22 and

260,
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SCORING AND DATA RECORDING

The development of the candidate performance criteria for the SFCS pro-
Ject required extensive use of man-in-the-loop simulation for evalustion
of the handiing quelity characteristics associated with the configura-
tions described in the Simulation Mission and Test Configuraticns Section.
The performance indicators used to rate each configuration inc.uded a
soclicited COOPER-HARPER rating, Table VI,with pilot comments and the
assessment of statistical data generated in the form of histograms, cum-
ulative distribution functions, figures of merit, and pilot effort
indexes. In addition, continuous time histories of certain parameters
were recorded on analog strip charts. The strip chart records were used
to monitor the runs in progress and to supplement, when necessary, the
COOPER-HARPER ratings and the statistical measurement data.

In each sgcored mission phase the pilot first had to meet the scoring
entry requirements, listed in Table V, in order to activate the scoring
light which flashes when all the initial requirements are met. Computa-
tions in the digital program were processed when the scoring button was
pressed in the crew station by the pilot. 1In the air-to-air combat mode,
the scoring was started automatically as soon as all conditions were met.

Indication to the pilot that digital performance data was being generated
was provided with the solid {non-flashing) illumination of the scoring
light. Fixed computational intervals were used for the LAHS phase,
reconnaissance phase, and the air-to-air combat phase. For these three
phases the scoring interval lengths were 50, 30 and 60 seconds, respec-
tively, and the scoring was terminated automatically at the end of the
interval.

In weapon delivery and in ground attack the scoring interval was termi-
nated by the pilot. In weapon delivery the scoring was terminated when
the pilot pressed the bomb button and in ground attack the scoring was
stopped when the pilot pressed the trigger.

a. Histograms

Histrograms were generated by programming the CDC 6600 Digital Com-
puter to count the number of times a varying parameter was within a
given range. Histogram plots in Appendix V show the number of counts
per interval versus the number of intervals for Configuration 1.01
which corresponds to the NOMINAL case values as shown on Page U5,

The sampling of parameter values, sorting into bins (intervals), and
counting of the number of values in each bin were performed in the
main digital program while scoring was in progress. During weapon
delivery and ground attack phases, the sampling was performed on every
pass through the main digitsal progrem (0.02 seconds); in LAHS and
air-to-air combeat phases the sempling was performed on every fifth
pass (0.1 seconds); and in reconnaissance on every tenth pass {0.20
seconds). The upper and lower histogram limits are specified as
computer input data for each scored parameter.
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After each scoring interval {five times during each run) all the bin
count data are buffered cut from the main digital computer memory to
a disc storage. After one run is completed, or after a series of
runs, the disc data are reprocessed by the computer and the printouts
containing the histograms, cumulative distribution functions, pilot
effort indexes, and figures of merit are generated.

Cumulative Distribution

A cumulative distribution plot uses the same abscissa as the histo-
gram but has & modified ordinate, expregssed in percentages, represent-
ing the summatior of counts over all previcus intervals plus the
number cf values falling helow the lower histogram limit. When the
varying parameter is between its two extreme limits, the cumulative
distribution plot renges between 0 percent and 100 percent. When any
parameter values fall below the lower histogram limit, the cumulative
distribution function starts on the left at the appropriate value
greater than zero, and when any parameter values fzll above the upper
histogram limit the cumulative distributicn reaches less than 100
percent on the right.

Figure of Merit

A figure of merit (FOM) is the weighted average of the histogram.
The intervals used for computation of FOM were the same as the
intervals used for histograms and for cumulative distribution
functions. The FOM concept as defined below is a mathematical
technique used for transforming time varying data over a given
interval into a single number which should be maximized. Selection
of this method was based on its single value relationship to specific
SFCS design parameters to which performance sensitivity was to be
established, and alsoc cn its usefulness as & qualitative measure of
system effectiveness. Ag such it is not a final system effectiveness
metric such as hit/kill probability parameters for which detailed
subsystem descriptions and large amounts of data would have bheen
needed for representative computations. Preliminary estimetes indi-
cate that these combat performance parameters can be significantly
influenced by:

o Target
1) Vulnerability
2) Maneuvering capability
3) Manned or unmanned

o Gun System
1) Dispersion error
2} Bias error
3) Caliber and firing rate
4) Bullet dynamics

¢ Optical sight
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Due to this complexity, the above factors are only included when ab-
solute system effectiveness is to be determined with a specific

weapon system against a specific threat. One disadvantage of the FOM
approach in applicaticn to the present study, is that use of more com-
vlex imprecise or simplified math model representation of the above
systems could hide the sensitivity characteristics and complicate con-
templated testing of selected configurations. QGeneralization of
results to other mission mode tasks is also more difficult if absolute
values are used.

FOMs for Azimuth error, elevaticn error, total anguler errcr, and
range were used to establish quality of tracking performance in the
CO mode of operation. Mode initiation during simulated mission and
pilot familiarity with canned target maneuvers were such —hat rela-
tively constant range values resulted during target tracklng maneuvers
and no significant sensitivity trends were evident from thae FOM range
data. Total angular error is defined as the square root of the
summaticn of elevation error squared and Azimuth errcr sguared which
in turn are defined as the aim error of the aircraft in elevation and
Azimuth direction respectively. As longitudinal and lateral-direc-
ticnal configurations were tested, maximum sensitivity was realized
in these two key parameters, therefore they were used for final data
documentation., Variations in these parameters represents variations
in "time in desired envelope" characteristics which are gaalitatively
related to the absolute system effectiveness because improvement

in FOM valuesg will improve absclute effectiveness but no specific
amount car be quoted unless a detasiled hit/kill probability model is
fermulated and used.

moM = . 21-1 h

where hy s the fracticn of the total ocecurrences during which a
parsmeter's magnitude falls into the 1-th interval. The welghting
coerfficients used for all other parameters resulted in a FOM defined
as:

11 21
WOM = Y, i-l hy 4+ p.  21=i hy
i=1 10 i=12 10

where the meaning of 1 and h; is the same as for the first FOM.

Pilot Effort Index

A measure of the pilot effort required to accomplish the given task
in each mode is defined as the product of pilot applied stick force
in each axis times the corresponding stick deflection. The multipli-
wntion iz performed separately for the longitudinal and lateral
~harneis and the absolute values of the two products obtained are
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TABLE ¥II
SCORING PARAMETERS APPEARING ON PRINTOUT PLOTS

, . {_ongitudinal
. Cumulative Figure and Lateral
Phase Histogram Parameters Distribution of Eff
{Mode) Parameters Merit | dort
ndex
1 N 3 4 (CD) {(FOM)
LAHS | Pitch Roll — —
Error Error One
Needle Needle Value of
WD Efevation | Azimuth | Sideslip Angle One Longitudinal
Angle Angle Angle of Value of PEI| and
Error Error Attack Same as
FOM | ateral-
RECON | Pitch Roll Yaw Altitude Histogram tor Each Directional
Angle Angle Angle Parameters or Eac irectiona
GA Elevation | Azimuth | Total Sideslip Histogram PEI for
Angle Angle Angle Angle Parameter Each
Error Error Error Phase
Cco Elevation | Azimuth | Total Range {Mode}
Angle Angle Angle
Error Error Error

integrated over each scoring interval. The results are ildentified
ags longitudinal and lateral Pileot Effort Indexes and are ghown in
the top right corner of the printout plots.

Printout Plots

The above described scoring techniques were correlated to the pilot
tesk parameters for each mission mode and a selected set of parameters
to be scored was chosen. A summary of the mission medes with scored
parameters is shown in TableVII. The corresponding examples of digiw-
tel computer printout plots which were generated on-line for each
simulation flight are presented in Appendix V., A separate set of
these plots was generated for esach pilot and for every configuraticn
flown in the simulator.

Strip Chart Records

Strip chart records were made of all phases of the simulated mission.
The recorder data were used in initial checkout of the hybrid simu-
lation and in the real-time monitering of the simulaticn runs. The
strip chart format provided the capability for continuocus recording
cf a relatively large number of parameters, combined with the advan-
tage of flexibility when changing the parameters to be recorded. The
strip chart time history data were alsc useful for correlation with
COOPER-HARPER ratings and helpful in assessment of pilot performance
as documented on the digitel printout.
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Three Brush reccrders were used to generate the strip chart records.
Longitudinal, lateral-directional, and general Ilight environment
data were recorded cn eight channels, as shown in Table VIII. In
addition, two recorders show discrete ON-OFF data spaced between the
continuous channels. Four of the signals, representing longitudinal
and lateral stick forces, the rudder pedal force, and the throttle
angle, were available as DC voltages in the crew station and were
recorded without having to pass through the digital computer. All
the other continuous and discrete parameters were transmitted from
the digital computer to the analog recorders using an Adage converter.
Additional information, including & sample set cof analog records for
all five scored phases in one run, is presented in Appendix V.

g. Tape Recorded Pilot Comments

After each simulation run the pilots were asked to rate separately
each scored phase of the run and to comment cn their ratings as well
as on the general handling qualities of the configuration flowm. All
the pilot ratings and the associated comments were recorded on tape
and transcribed after the study was completed. A summary of repre-
sentative remarks made by pilets during various test runs is presented
in Appendix VIT.

PILOT PARTICIPATICH

Each pilot was given an opportunity to familiarize himself with the
hybrid simulation setup after which pilot ratings, comments, and perfor-
mance data were obtained for the tested configurations. Each pilot was
given a set of written and orsl instructions describing the pileting
tasks as well as the general objectives of the simulation prcgram. The
pilots were asked to rate the scored mission phases, and provide comments
on the handling qualities simulated in each test configuration.

a. Pilot Experience

Participation in the Control Performance Criteria simulation included
three pilots from MCAIR Flight Operation Department and two pilots
from the Flight Test Division, USAF, Wright-Palterscn Air Force Base,
Dayton, Ohio. A summary of the flight time and aircraft type flown
by each pilot is presented in Table IX. ZFach pilot had previcus
hybrid simulation experience during handling qualities studies.

b, Testing Prccedure

The fixed base crew station was located in & separate room adjacent
to a larger area where the analeg and digital computers are lccated.
While the simulaticn runs were in progress the pilots were generally

alone in the darkened crew station room and an intercom system was
used for communication.
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TABLEMII
PARAMETERS RECORDED ON ANALOG STRIP CHARTS

Longitudinal Parameters General Parameters Lateral - Directional
{Recorder No. 1} {Recorder No. 2) (Recorder No., 3}
Channel Longitudinal Pitch Error L ateral
1" Stick Needle Stick
Force (*) {LAHS Phase Only) Force
Discrete 1 Score Button Light Mode Number {Bit 1) —
Channel Pitch Roll Error Roll
2 Rate Needle Rate ("}
{LAHS Phase Only)
Discrete 2 Longitudinal Trim Activation| Mode Number {Bit 2) -
Channe} Pitch Ranae Roll
3 Angle g Angle
Discrete 3 - Mode Number {Bit 3} -
Longitudinal
Channe! Normal P?II;T Eu 5 f:}n; Laterat
4 Acceleration and Lateral (*) Acceleration
at Pilot Station Pilot Effort at Pilot Station
Discrete 4 Bomb/Trigger Button Mode Number (Bit 4) -
Channei Angle Bobweight Sidestip
5 of Attack Force Angle
Discrete 5 Pilot Number (Bit 1} Lateral Trim Activation -
Channe! Elevation Throttle Rudder
] Anguiar Angle Pedal
Error (¥} Force
Discrete 6 Pilot Number (Bit 2) Directional Trim Activation -
Azimuth
Cha7nnel Angular Altitude Yaw*
Error {*) Rate ()
Discrete 7 Pilot Numnber {Bit 3} Speed Brake Activation -
Channet Calibrated Mach Yaw
8 Velocity Number Angle
* ... Asterisk indicates parameters which were not recorded in the air-to-air combat phase.
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TABLE IX
PILOT EXPERIENCE SUMMARY

Number of Pilots
Type of Aircraft MCAIR USAF
1 2 3 4 5
Jet Fighter 3800 3000 4800 2600 3200
Other 200 300 500 100 205

At the start ¢f documentation running, each pilot was given the
cpportunity to fly as many practice runs as desired. Typically, four
to six practice rung were sufficient for familiarization with simu-
lated migsion and pilot tasks involved,

Documentation runs were usually made in sets of five to seven runs
with average duration of eight to ten minutes for each run. In cases
when the pileots flew consecutively more than one set of runs, break
periods were taken between the sessiong. The nmissicon phases and the
piloting tasks remsined unchanged for all decumentation runs, while
the simulated configuration with the asscciated hancling gualities
was changed from one run to the next. ZEetween the simulation runs
the pilots spent, on the average, two tc three minutes providing
ratings and comments as described below,

Pilot Briefing and Questicnnaire

The decumentation pilots were given written instructions which in-
¢luded a description of the purpose of the study, an cutline cof the
simulation plan, and a description of the piloting task as rresented
in Appendix VI, Pilots received copies of the missicn vlan, Tanle V,
and a table identifying the COOPER~HARPER, Table VI ratings as
adapted from a figure in Reference 8. In addition, any re.u...
questions the pilots had were answered before gnd during the simula-
ticn.

The documentation runs were made in sequences of two to six runs
where only the longitudinal or only the lateral-directional handling
qualities were varied.

At the completion of each documentation run the pilots were requested
to give a separate COOPER-HARPER rating for every scored phase of the
simulated flight and to comment on the handling gualities. A
questionnaire, Pigure 27, was prepared and given to pllots to be used
to aid in feormulating their ratings and comments. The guestionnaire
was used by the pilots as a guideline in preparing their answers
which were recorded on tape for later evaluatiocn.
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Pllot Date

Configuration

Provide Cooper-Harper {CH) Rating for:
1. Phase (Mode): LAHS WD RECON GA CO

CH Rating

2, Comment on handling qualities and relate their effect on accomplishment of pilot task
in applicable mission mode:

Longitudinal

{a) Short Pariod Response
(b) Mansuvering

(c) PIO Tendencies

{d) Control in Dives

e} Tracking

{f}  Precision Flying

(g8 Turbulence

{h} Stability

(i}  Other

Lateral-Directional

(i) Dutch Roll Oscillations
(k) Roll Rate Response

(I} Sideslip Response

{m} Lateral Acceleration
{n}  Turn Coordination

{o) PIO Tendencies

{p} Control in Dives

{g} Turbulence

3. Comment as desired:

FIGURE 27 ~~
PILOT QUESTIONNAIRE
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SECTIOR VII
SIMULATION RESULTS

Pilot ratings and acoring date obtained during the simulastion were plotted in
parsmetric form to show how test configurations described in Section 3.6
affected accompglishment of outlined mission mode tasks. Flight control system
block &iagrams are shown in Figures 13 and 14, and associsted switching mode
date is presented in Figures 17 through 26. Comments reflecting pilot opinion
of handling quality characteristics as determined by individual test config-
urations are presented in Appendix VII. Documentastion date presented in
Figures 28 through 3L show results of hybrid simulation testing as plotted
against the parameter variations investigated during the anslysis phase. The
data is arranged horizontally according to the sequence of five mission modes
{LAHS, WD, RECON, GA, and CO) tested during the man-in-the-loop simulation

and vertically according to the measures (CH ratings, FOM for longitudinal
task parameters, and center stick PEI) used in essessment of pilot performance.
Date points shown in the figures are arithmetic averages of values generated
by all five participating pilots with one or more runs per configuration. An
overall average of four run values were used per plotted data point shown

with this value increasing to 10 for the nominal case. Some test subject
variation was experienced during the simulation phase. The variation was
significant during the initial portion of pilcts' learning curves as evidenced
during evaluation phase. Increased exposure to the hybrid simulator mission
and repitition of associsted tasks reduced this variance significantly by the
time documentation data was taken.

Side Stick Controller operation and usage as described in Section VI resulted
in qualitative evaluations which were in support of simulation results shown
in this section. Pilot comments and investigation results (CH rating) indi-
cate that 88C usage lowers the pilot physical work load significantly and
mekes the flying task in all mission modes much easier. The handling quality
characteristics, as measured hy FOM, desired by pilots in conjunction with
S3C operation appear to be equivslent to those for center stick operation and

mechanization of S¥CS as described in Supplement 2 shows no control law feed-
back changes with its usage.

1. LONGITUDINAL TEST CONFIGURATIONS

Pitch axis handling quelities were modified with veristions in prefilter
time delay, time constant, and gquadratic lag characteristics to produce
simulated nonlinear and higher order dynamic characteristics. Switching
positions called out for each configurastion refer to Figures 13 and 1k,

a. Time Delay Configurations (Switch 2 only closed)

The nominal configuration with zero time delay and two additional
configurations as shown in Figure 17 were investigeted during the
gimulation. The documentation datae for all three combinations are
shown in Figure 28. The relative height of the FOM and PEI data
points are due, in large part, to the selection of digital printout
limits shown in Appendix IV. Consequently, the plotted data are
useful for establishing relative trends due to parameter variations
such as the time delay characteristics, but do not completely reflect
the absolute accuracy attainable In a real time combat enviromment.
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As can be seen in Figure 28, the most significant trend in time de-
lay variation was realized in the gsir-to-sir combat mode of opera-
tion where the longitudinal pilot effort index depicts an increasing
value as the delay time is increased. This signifies that the pilot
had to work successlvely harder to masintain minimum tracking error.
The pllot ratings show & sharp decrease for the same variation and
pilot comments given in Appendix VII indicate unacceptable operation
for the maximum value of AT = 0.24 seconds. Pilot ratings were
highest in the RECON mode with epparent acceptance of the maximum
time delay value for this type of control. In 81l other modes, the
longitudinal performance as measured by FOM parameters showed a
s8light decrease from AT = 0 to AT = (0.1 seconds and & definite down-
ward trend from AT = 0.1 to AT = 0.2L4 seconds. Lateral directional
parameters were not exceptionally affected except for the CO mode
where some coupling intc the roll axis was evident.

Time Constent Configurations (Switch 1 only closed)

Pilot ratings obtained during simulation of time constant configu-
rations show simlilar trends in all modes of operation. The dats
presented in Figure 29, along with appropriate pilot comments as
docuniented in Appendix VII substantiate & downward trend in the CH
ratings for values of T, greater than 1.0. For lower Ty values, the
pllot ratings are relat&vely congtent except in the air-to-sir com-
bat mode where pilots felt that lower values ylelded poorer perfor-
mance. Similar trends and consistency are seen in the longitudinal
FOM and PEI data where s peaking effect cccurs at a Tp, value of
0.50, In all modes, the general shepe of these performance data
correlates well with the pilot ratings as depicted in the air-to-air
CO mode except that the pesking effect occurs at a lower value. It
is interesting to note that somewhat more coupling inte lateral
directional motion resulted with these configurations, but the trend
in PEI parameters is generally in concert with the longitudinel
trends. The lateral performance values are complimentary in all
modes except GA {strafing) where a peak reversal resulted in azimuth
tracking.

Nonlinear Configurations (Switch 4 only closed)

Effects of time constant variations in the pitch sxis (nonlinear pre-
filter) were evaluated by simulation pilots and the documentation
data ohbtained are presented in Figure 30, Pilot comments of asso-
ciated handling qualities are given in Appendix VII for each configu-
ration investigated. The performance desta and pilot opinions
generally reflect e decreasing preference for higher time constant
valuea as demonstrated in all three visual modes of operation. Pilot
performance during the nonvisuel modes (LAHS and RECON)} suffered
only slightly, while the CH ratings improved in both modes with a
relatively constant pilot effort index for the whole range of time
constant variations. It is interesting to note that in these modes,
pllot acceptability does not significantly diminish during the

rather lerge variation of time constant values and completion of the
terrain followlng/avoidance taska, as well as the precision cruise
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no

flight task, are not adversely affected. Some coupling intc the
lateral-directionsl axes during these modes of operation was realized
with a most noticeable decrease in the FOM at the maximum value of
T1;, = 5.0. The air-to-air combat mode exhibits the greatest
variation in performance data with sherp reduction in elevation
tracking, and a steep increase in pilot's longitudinal PEI.

Higher Order Configurations {(Switch 2 and 3 closed)

Pilet ratings were significantly affected by higher order dynamics
as geen in Figure 31. The pilot comments presented in Appendix VII
for these variations indicate a noticable sensitivity to low damped
oscillatory response characteristics. However, the variation in CE
ratings is not entirely indicative of the variation in performance
data as seen in the figure. ZExcept for the RECON phase, a relative-~
ly constant longitudinal performance level was achieved in each mode
of operation. The low ratings reflected an apparent dislike for

the simulated higher order characteristies, but pilet flying tech-
niques adequately compensated for these adverse handling qualities
to achieve reasonably invariant perfermance levels. As in previous
modes, scme coupling into the roll/yaw axes resulted especially in
the CC mode were both PEI parameters, show noticeable upward trends.

LATFRAL-DIRECTIONAL TEST CONFIGURATIONS

Lateral-directional handling qualities were modified with gain variations
in the flight control system to produce response characteristics rep-
resentative of roll time constant variations and degrees of inter-axis
decoupling with various levels of adverse/proverse yaw characteristics.

a.

Roll Response Configurations (Switch € only closed)

Rcll respense characteristics deseribed in Section VI were
investigated during the man-in-the-loop simulation to help establish
the roll transient boundaries desired by the pilot for accomplishment
of the ocutlired mission mode tasks. The documsntation data shown

in Figure 32, along with pilot comments, indicate a general downward
trend in the CH ratings, with an accompanying upward trend in the
lateral PEI data, for increasing T_ values. Lateral tracking per-
formance is relatively constant throughout the range of variations
investigated, indicating that the pilot was able to maintain same
level of lateral tracking accuracy for changing values of time
constant, Some coupling into the pitch axis is evident in the CQ
mode where a sliight improvement results from sluggish roll axis
operation. The relatively minor variation in the task parameter
values indicates that pilots were able to maintain the desired level
of performance but had to work harder fo acheive it. The incremental
addition in work resulted in some reduction in the CH ratings as
seen in Figure 32. These data tend to support the belief that pilot
rating deterioration is not automatically accompanied by a detericr-
ation in performance level as shown in the Figure 32.
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Adverse/Proverse Yaw Configurationg (Switch 5 and 6 closed)

Generation of an acceptable D¥ boundary for use in evalueting direc-
tional response characteristics to step force inputs was the purpose
for testing selected adverse/proverse yaw configurations. The docu-
mentation data obtained during the simulation are a function of roll-
to-yaw coupling and are plotted in terms of D¥ magnitudes at two time
points (t = 1.0 second and t = 3.0 seconds.) Performaence data for
each scored mission mode are shown in Figures 33 and 34, with pilot
comments given in Appendix VII. All configurations shown in Figure
26 are included in the plots of Figures 33 end 34. TIn Figure 33, the
abscissa scale corresponds to the amplitude of the D¥ transients
(FPigure 26) at 1 second time, and in Figure 3L the abscissa scale
corresponds to the D¥ amplitude at 3 seconds. For example, in Figure
33 the points with abscissa value of D} = -0.8 degrees correspond to
configuration number 5 in Figure 26. The data and comments indicate
a reduction in pilot ratings for configurstions with relatively large
Df magnitudes, both pesitive and negative. This is verified, in part,
by the lateral performance data and further evident from pilot PEI
variations for each mode. Interpretation of these datsa indicates
that a downward variation in pilot acceptance was realized, with a
zero value of D¥ apparently most desirable. The criterion region
appears to be hounded with the configurations tested during the simu-
lation.

Decoupled Configurations (Switch 6 only closed)

Data for decoupled configurations as investigated during the simula-
tion were added to Pigures 33 and 34 to enable comparison with related
information as presented in these figures. FOM velues for task param-
eter and pilot PEI values shown in the figures indicate achievement

of performance levels generally equal to those associated with the
nominal configuration. In contrast, the pilot ratings were generally
lower and significantly lower during the GA and CO modes of operation.
The usual correlation of lateral PEI with CH ratings does not seem to
be consistent with the decoupled configuretions especially during GA
and CO. This can be attributed, in part, to pilet flying techniques
possibly being mltered during the decoupled runs, which resulted in
lower ratings.

Multiple Variations

The test procedure followed during the simulation consisted of run
sequences in which one response characteristic was varied at a time.
It was hoped that this approach would provide maXimum correlation of
pilot performance variation with subJect response characteristics
being modified. Variation of two or three parameters at a time
compounds the process of ldentification of a candidate criterion and
for that reason was not emphasized in the test plan. It was hoped
that any flight test follow-on effort would utilize this approach to
establish the sensitivity characteristics of the proposed criteria.
From study results, it is felt that if slightly off-nominal values
were congidered in multiple combinations the results would not he
significantly different from those shown from the nominasl case.
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Intuitively, if more extreme cases of longitudinal, lateral and
directional response characteristics were varied in pairs of twoc or
three, the degradaticn would not be linearly properticnal but
definitely worse than the equivalent data shown for one parameter
variation.

RECOMMENDED CRITERIA

Documentation data from hybrid man-in-the-loop simulation effort as

shown in Figures 28 through 34 was crossplotted to determine variation
of pilot rating with mission modes investigated. Results are presented
in Figure 36 and show the CE rating data in equivalent curve form for

six categories of design parameter variations tested durirg the hybrid
simulation. General trend in the datz indicates consistently lower rat-
ings in all modes of operation for limiting design parameter values (low
damping, high TR values, high Tr, values etc.) with little or nc crossing
of the curves from mode to mode. For these design parameter values, low
ratings (high CH values) are generally low in all modes. High ratings
such as those associated with the nominal case are rated high (low CH
values) in all modes and many times grouped with equally high rated con-
figurations which also fall into acceptable areas of the candidate
eriteria. Since no clear trend is evident in the data in the form of
alternating high and low values for the design parameters., it is concluded
that the performance criteria need not be based on mission modes but
rather on short period handling qualities criteria as described in this
report. CH ratings tend to be better for less demanding tasks and poorer
for more demanding tasks. Tasks such as takeoff and landing or in-flight
refueling which were not included in this investigation may benefit from
some change in control law.

Documentation data from man-in-the-loop simulation resulted in modifica-
tion of the performance criteria candidates as formulated during analyses
and studies.

Pitch axis configurations tested helped establish a revised shape for

the C¥ criterion envelope and the C* rate of change requirement was
modified to be more effective against undesirable response characteristics.
Modification of the C* eriterion included elimination of the initial

time delay characteristics and the reduction of the lower boundary in

the time interval between 0.5 sec. and 1.0 sec. ag shown in Figure 35.

The latter change was possible since fawvorable documentation data were
obtained during investigation of nonlinear and time constant variations.
As a consequence of the higher order investigations the boundaries of

the rate of change requirement were modified and positive response

rates between t = 0 and t = 0.2 gec now fall into the acceptable

area. The envelopes of acceptibility shown in Figure 36 constitute the
recommended performance criteria for use in the evaluation of the S5SFCS
pitch axig flight control system. A comparison of the recommended cri-
terion with the candidate and original C* houndaries is shown in Figure 37.

Pilot comments indicated that roll time constant values near T_ = 0.5
were most desirable for good lateral maneuvering and control. "~ Accept-
ability of roll time constant variations tested during the fixed base

simulation appeared to be marginal for values greater than TR = 1.0 sec.
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Consequently, the lower boundary, as established during analysis, was
moved slightly upward as shown in Figure 38. Excessive sensitivity and
responsiveness attributed to lateral responses with time constant values
less than Ty = 0.1 seconds indicated some lowering of the upper boundary
was necessary in order to compensate for the adverse effect. The corres-
ponding change has been incorporated into Figure 38 and the associated
rate of change envelope has been modified to constrain potentisl anomalies
which may occur in the roll rate response. A comparison of the recom-
mended roll axis criterion with the candidate boundaries is shown in

Figure 39.
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Directional response data and pilot comments obtained during
simulated rolling maneuvers indicate that the D¥ time history bound-~
ary as generated during analysis is representative of the handling
guality characteristics desired by the pilots for lateral-directional
control. The data presented show that the time history boundary
levels as established during analysis are slightly conservative and
should be modified upward to the new levels given in Figure L0,
These new levels, as shown in the figure, are supported in part by
the decoupled configuration data as presented in Section VI.

Both D¥ and its associated rate of change envelope of acceptabiliity
shown In Figure 40 are recommended for use during the evaluation of
the SFCS directional control system. A comparison of the recom-
mended criterion with the candidate D¥ boundaries is shown in

Figure L1.

Since there is no apparent consensus of pilot opinion as to rudder
pedal usage during flight and since directional handling qualities
for rudder pedal force inputs are not extensively defined in present
military specifications, only a cursory investigation of directional
response requirements was made. Documentation results indicate that
all configurations tested during the study effort provided satis-
factory response dynamics with no adverse pilot comments on simulated
yaw axis regponse characteristics. The time history data shown in
Figure 24 is representative of the yaw axis speed of response and
damping properties inherent in the subject configurations tested
during the longitudinal and lateral-directional parameter variations.
From these data and the experience gained to date, it is felt that
acceptable pilot ratings will be obtained if the D¥ time history
response to a rudder step forece command input has an overshoot of
less than thirty percent and is more rapid (faster) than an equiv-
alent single degree of freedom (first order lag) system with
approximately unity time constant. These data are the best estimate
at this time of the desired directicnal response characteristics and
should be used as a guide in SFCS control law development, until a
more comprehensive envelope of acceptability can be established.
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SECTION VIIT
CONCLUSIONS AND RECOMMENDATIONS

The results cf the control performance analyses and simulation studies as
presented above support the following conclusions and recommendations
reached during the investigations:

1. CONCLUSIONS

8. The C¥ concept is applicable for use in the P-4 aircraft SFCS design.
Its applicability is based on favorable results obtained from
analysis and simulation studies, and on its sirong correlation with
advanced flight control system designs used successfully in the
industry for closed loop augmentaticn pricr to C¥ concept inception.

b. From hybrid man-in-the-loop simulation studies and pilet comments,
it is concluded that the C¥ handling qualities are compatible with
the F-4 aircraft mission modes investigated. The mission task
oriented basing cf control laws, and the attenaant mode switching,
was not found necessary.

c. Pilots indicsted that the optimization of the feel system, as is
done with conventional designs, is desirable; however, the high
gain, closed loop control of the flight path sufficiently masks the
aircraft dynamic response variaticns to negate the need for precise
tailoring of the feel system used with FBW control.

d. The adverse effect on C* applicability of time histeory response
abnormalities including higher order and nonlinear characteristics
can be reduced with modification of lower C¥* boundary and additionsal
use of C¥ rate of change envelope of acceptability.

@. The D¥ concept, in which lateral acceleration and sideslip angle
were combined and used as a lateral-directional counterpart to the
C* criterion, was formulated. Preliminary D* criterion boundaries
were established for roll command step inputs.

f. A roll axls time history envelope of acceptability was formulated
for lateral step command inputs.

g. Complete interaxis decoupling, as investigated during the hybrid
simulation, did nct show significant performance improvement over
designs in which maximum ARI] effectiveness was realized. Pilot
comments indicate preference for zero roll-to-yaw coupling. Non=-
zero yaw-to-roll is desired and used during low roll effectiveness
flight conditions for achieving maximum roll rate. Pilots also
desire some yaw-to-roll coupling for high angle-of-gttack rolling
maneuvers.,

h. Tracking stability and weapon delivery equations were derived, and
flight path control performance requirements were investigated. It
was found that alrcraft gun angle and flight contrecl system dynamics
gignificantly affect pilot-oriented closed loop stability and control.
Performance requirements established during the study included the
three axes criteria presented ahbove.
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RECOMMENDATIONS
Flight test verification of the candidate criteria described in this

report is necessary in order to establish their validity and encourage
their usage in future flight control system design efforts.
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APPENDIX I
LITERATURE SEARCH
INTRODUCTION
A library search of technical publications on Control Performa e and
Handling Qualities Criteria flor high performance sircraeft has result=d
in the compilation of the list of articles, as shown in Table X of
this Appendix. All articles were reviewed for content application to

BFCS end grouped into one of the following three categories:

C* Criteria Articles

Category A

t

Category B = Handling Quality/Simulation Test Plan Articles

Handling Quality Criteria Articles, General

Category C
SUMMARY OF APPLICABLE ARTICLES

A brief description of a selected number of articles is included in this
report. This review effort was conducted to help formulate an efficient
simulation plan and to help insure thet anticipated SFCS Control Per-
formance Criteria investigation has not been duplicated during previously
reported work.

a. USAF (FDL) TDR-64-60
Flight Evaluation of Various Short Period Dynamics st Four Drag
Configuration for the Landing Approach Task (1964) by C.R. Chalk

In the investigation described in this report, the AFFDL/CAL
Variable Stability T-33 aircraft was used to study the effect of
short period dynamic and drag characteristics on longitudinsl
handling qualities for the landing approach task. The purpose

of the study was to determine if sufficient improvements in

handling qualities can be achieved to warrant some reduction in
approach and touchdown aspeed. The piloting task was to fly a
congtant speed approach which consisted of a straight-in IFR por-
tion followed by transition to a visual glide path defined by an
arrangement of lights. The approach was terminated by & wave off
and followed by a visual circuit of the field and a second visual
approach on the glide path with the same configurstion. The pilot
then commented on the control difficulties that he had experienced,
answered a list of specific questions and finally assighed a pilot
rating to the configuration. The airplane was equipped with electro-
hydraulic servos to position the elevator, rudder, alleron, and

drag surfaces in response to combinaticns of pllot commands and air-
plane response parameters. Airplane angle of attack, angle of side-
slip, angular rates, linear and angular accelerations, dynamic
pressure and random noise genersator were available as sensor feed-
back inputs to the servos. Cockpit mechanization alsc allowed in-
dependent variation of the control system characteristics during
flight. Lateral directional mechanization included yaw rate

(Text continues on Page 102)
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feedback (not washed out) to improve Dutch Roll damping and to aveoid
excessive response to atmospheric turbulence. Longitudinal short
period dynamics were varied through the use of feedback signals
proportional to angle of sttack, rate of angle of attack, and pitch
rate. The drag characteristics were varied through the airplane
configuration (i.e., landing gear up or down, flaps up or down), the
nominal position of the drag petals and the gain between the petals
and the angle of attack vane.

Conclusions reached from the study include:

(1) The airplane short period dynamics and longitudinal control
gain sre of ma)or importance to longitudinal hardling qualities
in the landing epproach task.

{a) When the damping ratio is decreased below ¢ _ £ .4 the
airplane will bobble in response to both contRol inputs
and turbulence.

(b) When the short-period freguency is less than W =1.6
rad/sec the airplane does not readily msintain gngle of
of attack or attitude by itself.

(c) The optimum longitudinal control gain is a function of
the short period frequency and damping ratio.

{d) Too high a control gain can cause closed-lcop stability
problems or pilot-induced oscillations, while too low a
control gain results in excessive control motion and the
feeling that the control authority is inadequate and/or
the airplane response is sluggish.

(e) The power spectral density of elevator stick motion is a
function of short period dynamics and turbulence Intensity.

(2) Control of airspeed and flight path angle becomes progressively
more difficult as approaches are made at increasing negative
glope of the trimmed thrustspeed curve; or more exactly, as the
value of s = l/'I'h , moves farther into the right-half plane.

1
(a) Control of airspeed and altitude on the glide slope is
achieved through coordinated use of pitch attitude and
engine thrust.

(b) Short period dynamic characteristics which reduce the

precision of pitch attitude control will consequently
degrade the precision of flight path and velocity control.
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NATO (AGARD) Report 336
Flying Quality Requirements for United States Navy and Air Force
Aircraft (1961) by W. Koven and R. Wasicko

The report describes the major features of the US military aircraft
flyinr gquality requirements, reviews the history of the requirements,
and outlines the reasons for some of the current flying qualities
specifications. The report shows that there are inadequacies in the
specifications of flying qualities and presents some alternate
approaches for establishment of future flying quallty requirements.

The report stetes thet the military flying qualities specifications
are bagsed in part on compromises bhetween the degires of the pilot
and the design requirements for adeguate payload, speed, altitude
capability, maneuverability, range, production costs, and maintain-
ability. The reasons for some of the main flying gquality require-
ments are presented. The friction, free play, and rate limiting in
airplene contrcls are important to the pilot because they affect his
ability to esteblish and maintain a precise flight path and attitude.
Adequate damping 1n the short period mode is required since excessive
sustained oscillations may lead to vertigo and lose of control. At
low speeds adequate roll control is reguired so that the wings can
be malntained level during lending in turbulent air.

The report alsc mentions requirements where the original specification,
MIL-F-8785, is inadequate. 8Since the report issue, in April 1961,

some of the inadequacies mentioned in the report have been corrected
in the revised specification, MIL-F-008T785A{USAF). One of the
corrected items is the requirement that the phugoid mode time to

double amplitude, T,, exceeds 55 seconds. Another corrected item is
the requirement for a limit on the minimum natural frequency of the
Dutch Roll (approximately 0.15 cycles per second).

A number of past studies are mentloned where apparent discrepancies
have been noted in the data used as a basie for flying quality
requirements. It is concluded thet the apperent discrepancies in

the data are probebly due to the differences in the test conditions,
such as flight enviromment, pilot opinion rating scales, and the like.
Therefore, the writers of the report consider it mendatory that the
user of flying quality requirements understands the background of

the requirements and is familiar with the data which were used in
deriving the reguirements.

The report concludes that the pllot opinion of the dynamic
characteristics of en sirplene is not determined by any one parameter,
but instead is determined by the overall complete dynamics of the
system the pilot is controlling (displays, cockpit controls, auto-
matic control systems, and airframe). It is concluded that the
flying quelity requirements should be specified in terms of the over-
all dynamic characteristics of the system, that is, the systems
approach should be used. The report also states that sdditional
research is needed to provide a better understanding of pilot's
response characteristics.
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NATO {AGARD) Report 443
Low-Altitude, High-Speed Handling and Riding Qualities (1963)
by Ralph C. A'Harrah

This reference presents the results of flight tests and simulator
studies of handling and riding qualities at low altitudes and high
speeds. The altitude range of interest was from zero to 500 feet
sabove the terrain and the results of the study are applicable for
speed range from 0.6 Mach to 1.2 Mach.

The flight test portion of the investigation was performed in an
FOF-8T airplane. The test pilot was sitting in the rear cockpit and
his portion of the canopy was frosted. His assigned task was to
follow the terrain under "Instrument Flight Rules" conditions. An
artificial terrain signal was generated by & mechanical cam arrange-
ment and the actual altitude at which the flights were performed is
not stated in the report. The same terrain was used in flight
testing as in the simulator portion of the program. In flight
testing and in simulation runs the agltitude error was displayed to
the pilot on a cathode ray tube. In addition, an instantaneous rate
of elimb indicetor wes displayed to the pilots to aid them in pro-
viding lead compensation. The actual test flights were performed at
speeds of 0.6 and 0.7 Mach and the range of speeds was then extended
on the simulator to cover the interval from 0.6 Mach to 1.2 Mach,

The results of the flight test portion of the program were used
primarily to establish validity of the ground based dynamic simu-
lation setup. The bulk of the study results were cbtained in the
simulator runs. The simulation was primarily concerned with pitch
and altitude motion; the third degree of freedom, roll attitude, was
simulated only in a few runs when the effect of tasgk sharing was
investigated. The dynamic flight simulator included a one-degree=-of-
freedom vertically moving cockpit ("G" seat) with a total travel of
approximately 12 feet and acceleration capability of +6g. The
simulation cockpit contsined the displsy instrumentation and a
functional control system with simulated stick forces.

One of the first tasks performed on the simulator were the check runs
which were made to establish validity of the simulation. To es=-
tablish simuletion velidity an attempt was made to accurately
duplicate five test flights on the simudiator. Records of atmospheric
turbulence were obtained during each of the five flights and this
recorded gust-induced load factor signal was then used %o drive the
simulator during the validation runs. After five validation flights
the pilots felt that the authenticity of the simulation had been
proven and that further wvalidation flights are not reguired. The
data obtained on the simulator were generally similar to the data
obtained in test flights. However, the mean altitude above terrain
was approximately 110 feet higher for the test flights than for the
simulator flights, and it appears that in simulator flights the
pilote were more willing to accept negative load factors.
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In evaluation of handling qualities the pilots were asked to rate
the basic airplane stability independently of the control system
rating; still the author states that any such closed loop evalustion
is bound to show some "inter-effect". The results defining satis-
factory airplane stability characteristics are presented as an
acceptable region in a frequency versus damping plot for the short
reriod mode. The acceptable short period frequencies range gpprox-
imately from 0.4 cps to as high as 3.0 cps, and the corresponding
range of acceptable damping ratic values is approximately between
0.2 and 1.5. The author comperes his results with an earlier
Cornell Aeronsutical Laboratory reference (WADC TR 57-719, Part II,
by C. R. Chalk) and notes that the acceptance region for short period
frequencies up to 1.0 cps is approximately the same in both studies.
However, the earlier Cornell study shows an unacceptable region at
frequencies sbove 1.2 or 1.5 e¢ps, while this report indicates an
acceptable region extending to frequencies as high as 3.0 cps.

In describing the results of the control system investigation the
report concludes that the choice of the control stick force gradient
end stick sensitivity should depend on whether or not a particular
aircraft has PIO (pilot induced oscillamtions) tendencies. In general,
suitable force gradients fall between 1.0 and 10.0 1lb/g and suitable
sensitivities are somewhere between 1.0 and 10.0 g/inch.

The Cooper Rating Scale was utilized and, in order to provide an
index of dispersion for the ratings, the standard deviation wvalues
wvere computed. The standard deviation values for the ratings were
found to range between 0.26 and 0.97, which is considered acceptable.

ATAA Peper 6L-555
Prediction of Aircraft Flying Quelities by Flight Simulators and
Other Methods With Flight Comperisons (196L) by F. O'Hara

In this paper, a brief account is given of some work in connection
with the prediction of flying qualities, the study of flight dynamics
by free flight models, and the development of ground based flight
simulator techniques.

Flying qualities of our aircraft ere evaluated from handling criteria.
The aircraft is considered to have good handling characteristics if
desired states of flight can be maintained or maneuvers completed
with 1little mental or physical effort, and conversely the aircraft
has bad handling characteristics if large effort is required to
perform these tasks. Whatever analytical methods are preoposed for
the assessment of the aircraft flight dynamics, thelr relisbility
depends on the accuracy with which the characteristics, aerodynamic,
inertia, etc. can be predicted. During the design stages of an air-
craft, existing handling criterie have to be used for guidance as to
the probable gqualitlies of the project, and in some cases design
modification may be required becasuse of indications of unsatisfactory
handling characteristics.
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The study of the motion of free flight models has the sttraction of
providing direct evidence of an sircraft's dynamic characteristics
without the need for analytical formulation of aerodynamic data,
which are required for the solution of the theoretical equations of
motion. Technigues employing models which are both geometrically

and dynamically similar to an aircraft can be used to study steability
and response over a wide range of flight conditicns. The free flight
model may be the only practicable method of investigation when the
aercdynamic derivatives are markedly nonlinear and frequency
dependent, or where cross coupling terms are important. The free
flight models have been used to investigate the following: spinning
characteristics of fighter aircraft, measure stability derivatives
and to explore cnset of Dutch Roll instability, derivetives m ang

m, have been determined from longitudinal tests. 1

The advantages of flight simulators for making handling assessment

are thet more of extra elements in the flight situation can be
included in the assessment, and most important, that the pilct himself
is enabled to experience the proposed stability and control character-
istics, and possibly try out varieticns on these, at an early stage

in a new design. The main factors which have to be considered in
maeking a simulator investigation are: Computation of aircraft motion,
presentation of simulation to pilot and pilot impressioms.

In conclusion it can be said that the various methods of predicting
handling qualities can be seen to be complementary. Comparison of
estimated flying characteristics with existing criteria is the first
guide for a new project. For unconventional designs, the relevance
of available handling criteris is uncertain, and a flight simulator
then offers the simplest wey to & handliing assessment, the validity
of which depends on the representativeness of the simulation. The
reliability of the results also depends of course on the accurscy of
the data used and on the completeness of the mathematical anslysis.
For more complex motions, and alsc for an overall check on studies
of simple motions, the free flight model technique is invaluable. The
final answer is the flying aircraft, and the dependability of all
methods can be determined and improved by more detailed comparisons
of predicted end flight results.

AIAA Paper 65-313
The Status and Future of Flying Qualities Requirements (1965)
by Charles B. Westbrock

The purpose of this paper is to give perspective to the subject of
handling qualities criteria. This paper presents the status of
handling qualities criteria as of July, 1965. History and evolution
of requirements is traced and the various philosophies of reguire-~
ments and approaches to handling qualities are discussed.
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History of the flying requirements is traced from 1907, when U.3.
Signal Jorps issued Signal Corps Specifications 486, through the
lstest MIL-F-8785. First set of Air Corps Requirements Specification
C-1815 were issued in 194%3. MIL~F-8785 was first published in 1954
as an improvement to Specification 1815B, published in 1948. With
minor corrections MIL-F-8785 contains the current flying quality
requirements for conventional aircraft.

Several of the philosophles as to the proper handling qualities
specifications are:

0 Some specifications are contractual instruments listing absclute
requirements thet must be guaranteed; others have had much design
guldance included.

© Requirements can be locked upon across the whole spectrum from
minimum to optimum.

o Handling qualities specifications can be considered ag eilther s
filight test demonstration specification or as & design specifi-
ation.

o GQuantitative requirements sre generally desgired by both manu-~
facturer and buyer.

¢ Data requirement specifications have at times been uzed as a
rartial substitute for inadequate specifications of handling
qualities.

o Difference between FAA requirements and Air Force-Navy require-
ments is in philosophy, content and implementation.

The traditionsl approach towards hendling qualities criteria has
been to collect pilot opinion data on as meny vehicles as possible.
After obtaining the mass of opinion data either from current aircraft
or from variable stability eircraft or ground simulators correlaticn
of these data sgainst various airframe parameters is then attempted,
based on Judgement or intuition.

The current trends that have import with respect to the present state
of affairs are:

o Economic factors of system development.

o Current practices of fixed price contracts and speeding up of
design have a large impact on handiing qualities criterisa.

o Airecraft have become much more complex and there has been great
advance in flight control technology.

o Better analysis procedures and simulstion capability has squeezed
much redundancy out of designs.

107,



Scme of the problem areas of the flying qualities requirements are:
lateral-directional dynamics, structural modes, stalling, spinning,
and pilot induced oscillations. These problems have to be invest-
igated much more in the future.

The following conclusions are made in this paper:

(1) Aggressive action is needed to improve the entire spectrum of
handling qualities criteria.

(2) The Air Force can and must find a way to quantify "pay off"
functions related to handling qualities.

(3) Some means must be found to achieve g closer interrelationship
between the contractor and the Air Force with regard to
criteria.

(4) Improved simulation must be provided.
Princeton U. Report 727

Lateral-Directional Flying Qualities for Power Approach (1966)
by E. Seckel, G. E. Miller and W. B. Nixon

A series of flight tests was conducted with the Princeton Variable
Stability Navion (PVSN) aircraft in order to determine the importance
of the lateral directional dynamic response parameters and the
effect of inflight turbulence on precision carrier approaches. All
tests were conducted with constant level of Dutch Roll freguency and
spiral mede charascteristics. The parameters varied were controled
sensitivity, rolling time constant, dihedral effect, roll to ailercn
dynamic characteristics, Dutch Roll damping and turbulence effect.
Al]l longitudinal parsmeters were fixed at a constant nominal wvalue.
Three axis simulated turbulence moments on the PVSN were obtained by
moving the moment controls, aileron, rudder and elevator in prop-
ortion to the megnitude of the disturbance and asppropriete sircraft
derivetive. Side by side seating arrangement was used in the PVSN
and the cockpit arrangement simulated the crew station layout of the
F-4B aircraft. Sixteen test pilots were used in the study and the
two year (1964/5) testing effort produced the following number of
data runs:

Summer of 196k L& Plights 771 runs
Summer of 1965 20 flights k05 runs

The following conclusions are made from the results of the study:
(1) Rolling Time Congtant and Control Sensitivity

Three clagses of rolling mode tfme constants with specific
levels of control sensitivity ( Ga) and dihedral effect(LB )
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(2)

(3)

(&)

(6)

(1)

were chosen and it was found that a) ' The dihedral effect did
not apprecisbly alter the pilot opinion of the optimum control
senaitivity or rate of change of control sensitivity. D) The
optimun corresponds to a 24 degree bank angle in one second per
inch of stick input. c¢) The control power does not influence
the pilot so long as he does ncot hit the stops but hi- awareness
of the stops is & factor in his opinion. 4} An optimum evists
for the control sensitivity which ls a compromisée between too
much sensitivity with possible PI0 and toc little sensitivity
with uncomfortably large stick motions.

Rolling Time Constant and Dihedral Effect

The effect on pllot rating of varying the rolling time constant
and the dihedral effect at near the cptimum control sensitivity
indicates that very low vaelues of L_ are unsatisfectory because
of the yawing (snaking) oscillationﬁ that occur during aircraft
maneuver. Large values are undesirable becsuse of the increased
turbulence response of the alrcraft. The pllots are slso more
tolerant of variations in the dihedral effect when the roll

time constant is small.

Dihedrel Effect and Turbulence Disturbances Due to Dihedral
Effect

The data indicate that increasing the dihedral effect without
increasing the associated turbulence regults in only e slight
increase in adverse rating.

Vﬁa Zero Location

Plots of Kd/K o Cooper Ratings anduw N show areas of
acceptable piiot ratings. ¢/d

(MG& Transfer Function Zero on Pole Configurations

The data show that the pilot cen readilly control disturbances
in roll and that he finds yaw control in turbulence difficult.
This is sttributed to a higher sensitivity to rolling motions
and better coordination in the hands than in the legs for
reaction to disturbance inputs.

Effect of Dutch Roll Damping

Increasing Dutch Roll damping does signficantly improve the
handling qualities of the low dihedral effect configurations.

Turbulence

Moderately rough day turbulence was simulated and pilot ratings
indicate linear relationship tc level of turbulence.
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AIAA Paper No. 65-79L
Flying Qualities Reguirements ss Related to Control System
Complexity (1965} by Charles H, Cromwell and Williem Koven

By comparing two high performance fleet ajrcraft, this paper shows
how unnecesgarily tight flying qualities requirements cause signi-
Ticant increase in flight~-control system complexity. Increase in

complexity means an increase iIn number of individual components in
the control system. Increasing number of pleces means increase in
dollar cost, weight, volume, spare parts, and masintenance required.

As relative examples of complexity, the longitudinal control systems
of F-8 Crusader and RA-5C Vigilante were examined. These are two
of the Navy's highest performance aireraft. Both aircraft are quite
similar serocdynamically. The longitudinal control system of F-8 is
a purely mechanical and hydraulic system, without stability or
control augmentation, and is what is called a simple system. On

the other hand, the longitudinal control system in the A-5 is very
complex, with stability augmentation provided by shaped pitch rate
gyro signals.

Comparing the original flying qualities, specifications for both
airplanes, looking at their basic airplene short periocd dynamics and
their stick force per "g" characteristics then the complexity of the
A-5 control system can be traced as a result of the specification
requirements. At the time of F-8 procurement the MIL-FO8785
longitudinal short pericd requirement was ¢ = 0.34. But, to meet
this requirement,a pitch demper was required,and since there was

some question as to the validity of this requirement, the requirement
was changed to read "satisfactory damping shall be provided". The
force to pull limit "g" had to fall in range 21 to 56 pounds. From
this loose constraint the very simple control system of the F-8
evolved. For the A-5, although the Detail Specification required
only that .= 0.34, the designers chose to achieve the constant stick
force per "g" and constant aircraft response to control inputs. To
get this requirements redundancy had to be introduced and hence

complexity becomes necessary in this system for failure protection.

So, in order to maximize an aircraft's usefulnesgs to the fleet it
must have good flying gqualities and a minimum of flight control
system maintenance and spare reguirements. Therefore, each new
design should be subJect to a trade off study to determine which
areas of the flight envelopes are critical to the flying gualities of
the bare eirframe, whether this is a major operational portion cf

the envelope, and what is the simplest system that can result in
satisfactory flying qualities in that envelope.

In conclusion Naval Air System Command desires an optimum aircraft.

This does not necessarily mean optimum flying qualities but implies
good flying gqualities and simple, maintenance-free control system.
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Effects of Manual Altitude Control and Other Factors on Short

Period Handling Quality Requirements (1967) by R. L. Stapleford and
I, L. Ashkenas

In this paper several factors which affect shert-period handling-
quality requirements are reviewed with particular attention paid to
manual control of pitch attitude and altitude. The effects of the
various short-period parameters on the pilot's closures of these two
loops are examined., Correlation between analytical results and
experimental data is made for two flight conditions - landing/
approach and cruise.

Attitude control is a basic requirement in almost all manual flight
situations. Pitch angle,s , feedback to the elevator,é , is often
used by the pilot to stabilize an aircraft. The short %eriod
approximate equation of motion for coanstant airspeed is used in
this report and the attitude-to-elevateor transfer function is given

by: 1
g =4A, (8+ T, )
g ¢ i
® S (S2 + 2t w8 4w 2)
“"sp sp sp

After examining the Bode amplitude asymptotes and root locus for

four different combinaticn of w and 1!T92 it was found that for
good attitude contrcl the pilotsgould prefer a high short pericd
frequency and relatively high damping regardless of the value of
1/Ty,. However, upper limits on acceptable values of short-period
fregliency are set by twec other factors: 1.) High short-period
frequency produced by a very large value of -M produces severe pitch
response tc a vertiecal gust. 2.) For high shogt—period frequency =
high control sensitivity, Mg , must be provided to obtain reasonable
contrcl forces per g. But high sensitivity may still present serious
preblems in trimming the aircraft.

For attitude control, they discuss using simultaneous pilet closure
of attitude and altitude loops using two different control techniques:
series or parallel closures. In the series clesures, egqualization

in the attitude loop is also effective in the altitude lcop; whereas,
with parallel clogures equalization in the two loops is independent.
For the four cases of short-period dynamics (w /Te ), treated,

the following conclusicns were reached: 2

o Low l/Teg results in poor altitude bandwidth.

o The series closures are heneficial for the low short-pericd
frequency cases because the attitude lead is helpful in altitude
loop.

o The series closures are detrimental for the high frequency cases
because the lag in attitude loop degrades the aititude loop.
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o For the high short-period freguency cases, better sltitude loop
bandwidths are obtained if parallel clesures are used.

Several other open and closed-loop factors which contribute to
short period handling qgualities are:

o Increasing l/T62 increases the altitude and acceleration response
to a vertical gust.

o When |Za, is very large the aircraft can be mansuvered with
very small angle-of-attack and attitude changes; and the pilot
cannct discern the desired pitch changes on & conventionsl arti-
ficial horizon.

o A large |Z,| will make the acceleraticn response of the vehicle
much too sensitive.

For a very small |Z,| large attitude excursions are required to
get reasonable altitude response.

8]

Experimental data were cbtained for two conditions - landing appreach
and cruilse.

The following conclusions, for landing, were reached from analytical
and experimental results:

(1) Satisfactory pilct ratings cannot be achieved if the short-—
pericd frequency is below 1 rad/sec.

() Sati factory ratings can be achieved with l/T62 as low as 0.5
sec 7, if the short-period frequency is in a narrow range and
damping is gocd.

(3) Increasing l,fTe2 raises the upper boundary of short-period
frequency and improves the rating at the optimum short-period
frequency.

(L)} Short-periocd freguency, demping, l/Ta?, apd control gain must
he considered. }

Primary requirement for cruise is that we should be greater than
1 rad/sec. L

AIAA Paper 68-2L45
Airplane Flying Qualities Specification Revisicn (1968)
by C. R. Chalk and R. K. Wilson

Thisg paper discusses the rationale for the changes which are proposed
to MIL-F-8785 and demonstrates how they are supported by experimental
data. The framework for stating the requirements as well as changes
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to specific items such as longitudinal short pericd characteristics,
stick force gredients, Dutch Roll and roll control parameters are

discussed:

(1)

(2)

Requirement Framework Changes

(a)

(c)

Airplane Classification. The airplane classificatior has
been expanded from three to four, and gross weight with
limit load factor identification has been added explicitly
to each category.

Mission Phases. The requirements dealing with damping of
the short period and latersl directional oscillation as it
applies to "armed" and "unarmed" requirements are now
specified in terms of three categories (4, B, and C) which
are based on mission pheses and control task influence on
the regquirements.

Operational States. The operatlional state of the airplane
of interest in specifying handling qualities, is & com-
bination of position in the flight envelope and failure
state of the systems influence handling qualities. The
concept of handling gualities levels is generated to define
a measure of probability associated with the airplane
failure state. Three degrees or levels of probability have
been introduced to the revised specification.

Requirement Specification Changes

General reorganization of MIL-F-8785 has resulted in elimination
of the sections on primary, secondary, power boost and
mechanical controls requirements. Three new sections entitled:

a)
b)

Characterlstics of the Primary Flight Contreol System
Characteristics of Secondary Control Systems c¢) Turbulence

and Aercelastic Effects, have been added which provide a more
logical grouping of the material covered in the original
specification.

(a)

Lateral Directional Flying Qualities

(1) Dutch Roll Root. The basic Dutch Roll regquirement
proposed in the new specification consists of minimum
damping ratio boundaries for w, < 2 rad/sec and
minimum freguency boundaries for high . wvalues with
a transition from one boundary to the oé%er along
lines of nearly constant Cgq®qr

(2) Roll Sideslip Coupling. Limiting the degradation of
handling qualities due to excitation of the Dutch
Roll mode in the roll rate response to a step aileron
input is now based on a ratioc of Ppge/Paye and a
function of the phase of the Duteh Roll oscillation
in sideslip,‘f’8 .
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3.

(p)

Rolling Characteristics. A need to specify limiting
values of roll mode time constent is recognized but
experimentsl data to date are still not conclusive

as to the exact value which is presently assumed to
be one second. The roll control power as a measure
of the aircraft maneuverability is now stated in terms
of time to bank to specific bank angles depending on
airplane class and mission phase.

Longitudinal Flying Qualities.

(1)

Static Stability. The revised specification prohibits
a periodic divergence in airspeed for all levels cf
operation.

Phugoid Oscillation. Phugoid damping in terms of
damping ratioc and time to double amplitude will be
added to the new spec.

Flight Path Stability. The landing approach phase
is contrained to specific values of climb angle slope
versus airspeed ( dy/dv).

Short period Root. Short period frequency 1ls expressed
as a function of N /u and limits have been estab-
lished for short period damping.

Control Forces. Maneuvering and transient forces
are constrained to help eliminate divergence and/or
PIC conditions.

NATO (AGARD)} Report 556
Maneuverability and Gust Response Problems Asscciated with Low—

AMtitude, High-Speed Flight (1967) by Ralph C. A'Harrah

This report is a state-of-the-art review of the technology applicable
to airplane maneuverability and gust response characteristics in
low—altitude, high speed flight. The objectives of the review were:

o

To define any appreciable unbglances in the applicable technology
levels between the interested NATO nations,

To determine common problem areas requiring additional and
immediate attention,

To determine technical areas which would sppreciably benefit by a
review performed by specialists in particular areas or by the
AGARD Flight Mechanics Panel.

The author obtained the background material for the report from a
literature review and from a personsl survey of various aerospace
facilities throughout NATO.
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The author states that the basic problem in low-altitude, high-
speed flight is the need to provide an acceptable balance between
minimizing the gust response and still mainteining a desirable level
of meneuvering response characteristics. The report indicates that
the following research and development areass should contribute sig-
nificautly to the understanding of the low-altitude, high-speed
flight problems:

0 Operational low-altitude, high-speed flight experience,

¢ investigations cconducted on dynamic flight simulators and with
variable stebility aireraft,

o flexible wind tunnel model testing technigues, lcad alleviation
end mode suppression programs, and improved analytical techniques.

The report states that the present state-of-the-art flight in the
low-altitude, high-speed regime is on & level compatible with that

of the other flight regimes. The impact of low-altitude, high-

speed flight has stimulated a number of research projects in controls,
displays, flying quelities, and gust disturbances. The proper
implementation of the results of these studies should be of spprec-
ieble benefit, not only 1n the low-altitude, high-speed flight regime
but throughout the flight envelope. The author recommends that the
fundamental aircraft parameters related to vehlele responses be
documented for past, present, and future sircraft.

The report also makes a specific recommendation to minimize the
gust-induced acceleration environment at the pilot's station. To
minimize this acceleration enviromment the report recommends that the
longitudinal short-pericd frequency be increased to a level which
will place the rigid body node of pitch and sltitude modes at the
pilot's location. The report states that the results presented in
the report are primarily applicable to relatively small, high-load-
factor aircraft; for larger, low-load-factor aircraft the structural
dynemic aspects must also be considered.

In discussing the range of acceptable sghort period frequencies, it is
stated that a reference by W. Bihrle (USAF{FDL) TR 65-198, dated
June 1966) suggests that pilots are quite sensitive to their initial
impression of the aircraft responsge to a control input. The report
then menticns the possibility that the differences between the
Cornell "thumbprint" data and the author's handling quality results,
presented in another report (NATO (AGARD) Report 443, April 1963, by
R. C. A'Harrah), might be due to the test pilots' sensitivity to
their initiel impression of the aircraft response to a control input.
The two test configurations were at first considered tc be equivalent,
but s subsequent snalysis indicated that the initial aircraft re~
gponse to contrel inputs was not the game in the two cases.
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ICAS Paper 68-17
The Statistical Treatment of Pilot Opinions on Flying Qualities
(1968) by J. Gedeon

The paper describes the statistical properties of a pilot rating
poll of flying gqualities. The purpcse of the investigation of
statistical properties was to improve the pilot opinion charts and
to be better able to tackle some of the exaggerated ratings of
individual pilots.

In all, 532 questionaires were received and each questionaire con-
tained 31 guestions. A form of Ccoper rating scale was used to
record the opinions of the pilots. Ratings were cbtained for 35

types of flying characteristics; however, only 5 of these were
selected for statistical examination. The 5 types selected for
statistical examination were the ones rated by the greatest number

of pilots. The number of pilots who participated in rating each of
the five main types varied from 38 to T70. The paper does not give
the total number of pilots participating in the complete study, except
that the number of pilots must have been at least 7TO.

The paper concludes that when the number of pilots participating

in the evaluation increases, the distribution of Cocper ratings
usually approaches & "binomial-like" distribution. Some of the
investigated distributions were dual (two different distributions
superimposed) and some of the others were irregular; however, both

of these are shown to belong to unacceptable or poor flylng charescter=
istics.

A total of 175 distributions were investigated, 88.5% of these closely
approximated & binomial distribution, 8.0% were dual distributions,
and the remaining 3.5% were irregular. The author states that
possibly the dual distributions are obtained when the investigated
configuration contains undesirsble elements which some pilots consider
essential while others consider them less important. The author
presents a number of examples to illustrate his statistical analysis;
however, he does not present an overall description of the program.
The pilots participating in the investigation are described as
sailplane pilots, but the nature of the flight test program and the
questionaires used in the investigation are not described.

One of the most useful results pregented in the paper appears to
be the expression for a confidence limit of the Cooper rating data.
For the 90% confidence limit the author derives to the following
equation:

®90 = 22 \[(x-1) (10-x) ,
\
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where: S90 = magnitude of the 90% confidence limit error expressed
in Cooper rating scale

J - number of ratings used
X - mean value of the ratings

The author's interpretaticns of statistical dats are based on results
plotted in Weibull probability coordinates. The reference cited for
the Weibull probebility plots is an article by J. N. Berettoni in
the August 1964 issue of Industrial Quality Control.

Princeton U. (4 and MS) Report T77

Comparative Evaluation of Longitudinal Handling Qualities in Carrier
Approach (1966) by J. E. Eney

The Princetcon Variable Stability Navion (PVSN) aircraft as configured
for simulated carrier landings was used in this study to investigate
the handiing qualities of }et aircraft in power approach. Variable
longitudinal feedbacks used in the modified Minneepolis-Honeywell
(three axis) E-12 autopilot included a) angle of attack b) pitch
rate and c¢) true airspeed which were combined to alter the M,

and Mv derivatives. Aircraft sesting errangement in PVSN included
a safety pilot on left side and the test {subject) pilot on right
side. No mechanical linkage existed between the test pilct's stick
and aircraft elevator surface and the pgeudo fly by wire system
accommodated electrical gain varietions to study the effect of stick

to surface gearing (Mg) varistions and stick force per "g'" varistions.

All lateral directional parsmeters were preset to some desired level
by each subject pilot. The test sequence consisted of a racetrack
pattern which terminated with a simulated approach using 3-1/2 degree
glide slcpe and a constant relative speed of 105 knots. The pilot
maintained the source light cluster (meatball) mligned between two
horizontal rows of daturn lights which are so arranged toc obtain the
same accuracy a&s the Fresnel lens and mirror system onboard aircraft
carriers. The test sequence followed in the study consisted of pilot
evaluation (as per Cooper Rating Scale) of numerous configurations as
generated by varying the electrical feedback gains to achieve
alternate levels of damping and freguency. Principal test pilots
used in the study were five (5} naval amviators each of which had
some carrier experience, Telemetry date from the aircraft included
pilot stick force input, stick position, pitch rate and angle of
attack. The latter two signels were matched with a ground station
simulation of the aircraft autopilot combination and due to the
existence of a missmatch between simulation traces and telemetry
traces, an adjustment in basic airframe pasrameters My , Zg and Mg

a8 used in the simulation was necessary. A canned turbulence
capability aboard the PVSN was available but not used due to the
ingbility to alter heave ( An_) and roll ( ¢g) directly since the
aircraft did not have fast acting servo actuators sboard. Number of
pilots and number of runs:
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Pilot Number l 2 5
Kumber of Flights 1 3
Number of Runs/Flights _2 25 25 25 25
Totals 25 + 25 + 50 4+ 75 + 75 = 250 Runs

3 L
2 3

Frogram Results and Conclusions:

(2)

(2)

(3)

(%)

(6)

Good agreement exists between results of this study and CAL results
for statically stable systems.

Statically unstable systems results indicate an M, value
significantly higher than 0.061 and the addition of the
total control power (M x SMAX) as a critical parameter.

The pilots favored the same control sensitivity (MG ) for the same
undamped natural frequency (W ). This was attributed to a desire
on the part of the pilots for °E constant angle of attack "gain"
regardless of sensitivity or frequency.

Stick force per g is not a critical item during landing.

A new criteris for PA in the form of (L. /V )/W Versus o is
proposed for inclusion in the MIL-F-878% re%isifi. P

Application of the C* criterion indicated that configurations
satisfying the C¥ boundaries were indeed well rated. However, some
that exceeded the boundaries were also well rated. The author
guestions the time history concept for application to landing flight
conditions due to the envelope length extending over several seconds
in time.

USAF (FDL) TDR-6L4-T0
Aircraft Motion Analysis, (1965) by J. A. Thelander (DAC)

Data and information are presented in this report for use in the
analysis of aircraft motion. This report is a compilation and
condensation of the coordinate systems, equaticns, and general
information related to alrcraft motion analysis.

The purpose of this report was to provide equations and relations
necessary to analyze the motions of aircraft in concise, consistent,
and readily available form.

The basic kinematic and dynamic reletions for particle and
rigid body motion are included. Coordinate Systems and Equations
of motion are defined for:
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o Particle Motlon

Rectangular - Coordinate System

Spherical - Coordinate System
Roteting = Esrth Spherical Coordinate
Roteting - Earth Flight Path Coordinate
Nonrotating - Earth Spherical Coordinate
Nonrotating — Earth Flight Path Coordinate

Cylindrical - Polar Coordniate System.

o0 Rigid - Body Motion (aircraft)

Earth Axes

Body Axes

Principal Axes

General Wind Axes
Symmetric Wind Axes
Wind-Tunnel Stebility Axes
Nonrolling Axes

Coordinate - System transformation equations are glven for both
particle and rigid body motion. Force and moment components are
developed, snd a compilation of conventionsal stabllity derivaetives
is presented. Stability derivatives tables are presented for:

o Dimensional derivatives -~ Body axes
o Nondimensional derivatives - Body axes
o Nondimensionel derivatives - Stability axes

The rigid-body equations of motion are simplified for special flight
conditions (steady-straight flight, steady turns, steady pitching
flight, steady rolling or spinning flight), and some solutions are
given by using the following:

o Analytical methods
o Computer methods
o Approximate solutlons

Some material is presented pertaining to instrument reading fuel
slosh.
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APPENDIX IT

NORMALIZED LATERAL-DIRECTIONAL EQUATIONS

Roll response characteristics were investigated using normalized equations of
motion whose derivaetion and asscciated frequency response, time history, and
root locus date are presented in this appendix.

1.

DERIVATION OF SIMPLIFIED EQUATIORNS

Small motion of the aireraft in the lateral-directional planes can be
described with a set of three-degree-of-freedom differential equaticns
of the type:

P=lp+ L+ LB+ Los + Ll _ (B1)
r = Npp +Nr+ NBB LR FUCTR 9 N (B2)
B = Ypp PYT A Y B Y 8 Y b Y¢fpdt + wardt (B3)

In develcoping a roll axis criterion, a "rudder free" condition as recom-
mended in Reference 2 was assumed and the aileron input was limit to a

K; size step. As a result,
§p =0 (BL)
5§, = K;3/2 (B5)

Where X is the Laplace operator utilizing F-U aircraft aerodynamic data,
it can be shown that

Y = -1.0 (B6)

Yp = Y1p = Yaa = 0 (R7)

Substituting Equations Bl through BT into Egquation B3 gives,

re g+ Y8 + Y, /pdt (B8)

¢

Substituting Equations BY through B8 into Equations Bl and B2, and
rearranging gives,

p-Lp- LrY¢fpdt = (Ls + LrYB)B - LB+ L8, (B9)

R - (Nr + YB)B + (NB + NrYB)B = (Y¢— Np)p - NrY¢fpdt - Ndaﬁa (B10)
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Available P-4 aircraft dats indicate that

(—Lr)/(L + LY ) = 0 | (B11)

B B

(LrY )/Lp = 0 (B12)

¢

Then defining,

n =N +7Y (B13)

s}

fl
=
+
’12
=t

and substituting into Equations B9 and B1l0 results in the following sim-
plified dimensional equations,

gf + 15aga (B1L)

2 = _ - - -
- WA+ NB)B =-np - nsasa - n¢¢ (B15S)

(A - lp)p =1
(x

DERIVATION OF KORMALIZED EQUATTONS

Normalization of the above equations was based on a need for further
simplification and restatement in terms of the rcoll and yaw axis handling
quality parameters. The amplitude normalization factors selected con-
sisted of a roll rate parameter (Pgg) and a sideslip parameter (Bgg)
ohtained from the above equations by arbitrarily setting n, = 0. The
resulting equations for thege parameters are, b

- anﬁa - 13a nB K
55 lpnB - anp

P 1 (B16)
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lﬁanp lpnéaK

Boo = — i (B17)
1 -

85 Pn8 anP

Incorporating these definitions into Equations B1llk and Bl5 gives:

A .y - 218y Bssy, 8 -lsg Ki, da

(_lp +l)(PSS) = ( 1P)(PSS)(BSS) + (lp ;—PSS)(Ki ) (B18)
A2 Pras1y, g -Pp . Pss. P NgaK,  8a =Ny FSS

G - s =R R EEo ED EIHTAER ) (319)

Which can be expressed in normalized forms,

(Toh + 1) Py = %) By + (1-X)) 2 (B20)
(5%2 + ii? MLE = Xp By + (1 - Xp) &g + Xy by (B21)
With the following definitions:

Py = P/Pgq

By = B/Baq

Ea = Ga/Ki

by = ¢/Pgg (B22)
T, = 1/-1p

Zo = (-np)/(2/ ng )

wg = /—Hg_

X] = (—18885)/(lpPSS)

Xy = (—nPPSS)/(nBBSS)

Xy = (-n,P)/(ngBee)

A block diagram of the normelized equation is presented in Figure L2.

As shown in the equations and in the block diagram, the normalized para-
meters (X., X, and X.) couple the lateral and directional axes. Depend-
ing on the algebralic™sign of these parmmeters, the coupling can be either
stabilizing or destabilizing.
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FIGURE 42

NORMALIZED EQUATIONS OF MOTION BLOCK DIAGRAM
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The closed loop transfer function for normelized roll rate and sideslip
angle can be expressed as,

_ X (1-X1)¢
B AE—-———l A2 ¢ Ballia ) 4 (1 - xlxg)J
Q

. Lwg? (B23)
T
& 0 4.l ,,2c0To 1 270y, D
(EZQ)A +(;§§~—-+ 532013 + (T + o e+ (1 - X3Xp)A = Xq¥g
EE _ (1 - %)T0 2% + (1 - X1X2)A + Xa(1 - X1) (B24)
AB,

(EE—)A“+(25-°—TQ+ L3 + (To + 289332 4 (1 - X4X0)A - XX
wOE wo (._0-0-2- o wo = 12 = 13

ROLL RATE CHARACTERISTICS
F-4 aircraft values for the coupling, modal, and normalization parameters
are given in Table XI for various cambinations of Mach number/altitude
f1ight conditions. The data show that the coupling parameter values fall
into the following ranges,
~0.2 < ¥y < +0.2

0 < X1Xp < -0.12 (B25)

0 < X1X3 < -0.11

iA

with the products, generally very small, as is expected. Associating
these value ranges with the normalized roll rate equation indicates an
obvicus predominance of the roll axis time constant T, iIn the coupled
equations. Depending on stipulated assumption, the effective roll rate
transfer function can be expressed in cne of several ways:

o Single Degree of Freedom
With the assumption that X;=0, the coupled roll rate is reduced to a

gsingle-degree-of-freedom and expressed as,

1
TTxa1 (826)
0

LK

o Three Degree of Freedom (No Spiral)

To eliminate the spiral mode, the third coupling parameter assumes &
zero value (X3=0), which gives:
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TABLE XI
F-4 AIRCRAFT LATERAL-DIRECTIONAL DATA

Normalization

Flight Condition Modal Parameters Coupling Parameters
Parameters

Mach | Altitude | Pgg' [ Bsg To o Wy X X1Xg | XyX3

— e e B e Tt S S —

0.5 5,000 | 4.473 0.1098 | 0.5593]0.1039 | 2,227 | —-0.20587 | —0.1062 | —0.0313

0.84 SL 6.314 [ —0.0150 | 0.324910.1216 | 3.980 0.0236  —0.0540 | —0.0140
0.85 5,000 | 6.542 | —0.0095 { 0.3584]0.1140| 3.704 0.0138 | —0.0591 { —0.0137
0.856 | 25,000 | 6.748 | 0.0497 | 0.636310.0810| 2,638 | —-0.0828 | —0.0072 | -0.0183
0.9 15,000 | 6.858 | 0.0026 | 0.4469{0.0964 | 3.283 | —0.0040 | —0.0685 | --0.011
09 35,000 | 6.636 0.0820 | 0.8684 | 0.0660 | 2.245 | —0.1637 | —0.1151 | —0.0109
1.2 5,000 ] 3.736 | -0.0377 | 0.3628 | 0.0457 | 5.811 0.1240 | —0.0135 | —0.0009
1.2 15,000 | 5.400 |-0.0293 | 0.4397 | 0.1027 | 4.971 0.0624 | —0.0239 | —0.0084
12 36,000 | 7.222 0.0048 | 0.73563]0.0700 | 3.369 | —0.0068 | —0.0416 | —0.0082
1.2 45,000 | 7.469 0.0433 | 1.0852 | 0.0550 | 2.698 | —0.0678 | —0.0578 | —0.0093
1.5 15,000 | 3.461 |—0.0246 | 0.4427 10,1204 | 5.289 0.1078 | —0.0080 | —0.0099
1.5 25,000 | 4.620 | —0.0073 | 0.5442 | 0.0968 | 4549 0.0182 | —0.0440 | —0.0073
1.5 36,000 | 5.479 | —0.0069 | 0.7092 | 0.0807 | 3.661 0.0121 | —0.0181 | ~0.0071
1.5 45,000 | 6.167 0.0134 | 0.9974 | 0.0601 | 3.102 | —0.0201 | —0.0189 | —0.0056
1.8 55,000 | 6.733 | 0.0276 | 1.5947 | 0.0467 | 2.458 | —0.0379 | —0.0048 | —0.1103
2.1 36,000 | 4.019 | —-0.0285.]| 0.7332 | 0.0751 | 3.665 0.0376 | —0.0007 | —0.0801
21 45,000 | 4.888 | —0.0158 | 0.9647 | 0.0588 | 2.971 0.0160 | —-0.0015 | —0.0702
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1-X7 X
— o 1-41
Py _ ("J;Q“)l + 2(_100 W+ (1 - XIXE) (B27)
bg To
I 2zolo 2804y, 2
(EOE)A + (Qbe A3 + (To * oo Jaz + {1 - XlXE)

With this combination, the Dutch Roll term in the roll response expres-
sion is preserved but the long term effect of the spiral mode is removed.
Even when X, is included (not set to zero), its effect in the roll axis
is barely discernable from short period response data.

Due to roll axis normalization, the "type 0" transfer functions given in
these equations have a "steady state" gain of unity. Consequently, the
normalization parameter Pgg becomes the dimensional gein relating steady
roll rate to aileron step command input. The values of Pgg for various
flight conditicons, as well as the corresponding Dutch Roll freguency,
damping, and roll time constant resulting from solution of the character-
istic equation, are also shown in Table XI. A series of constant fre-
quency lines can be drawn by interpreting between the undamped natural
frequency values given in the table and plotting them versus Mach number
and altitude.

For the F-U aircraft these data are presented in Figure 43 and the X
coupling parsmeter relationship to the undamped natural frequency is
shown in Figure bk,

SIDESLTF CHARACTERISTICS

The unmodified sideslip transfer function given in Equation B24 expresses
the directional responge to aileron inputs in terms of coupled dynamic
motions. The sideslip transfer function is characteristicly a second
order over a fourth order which includes the roll rate dynamics and
spiral effects. OSimilar to the roll axis modifications, the directional
response can be expressed in several modified ways:

o Two Degrees of Freedom

Removal of roll axis coupling can be achieved by defining X5, = X3 = 0.
Substituting into egquation B24, gives:

{B28)

£>1é?l

1
L 5.2
ESE-A + Eiox +1

which has a unity "gain" for a normalized step input. The equivalent
steady state value for dimensional gideslip is equal to Bgg, the data
for which, is given in Table XI. Variation of Bgg with dynamic pres-
sure is shown in Figure U5.
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o Three Degree of Freedom (Spiral Pole Located at Origin)

Contrary to the "Type Q" system representation for roll rate, the
normaelized sideslip eguation with the spiral pole location at the
origin results in a "type 1" system which integrates the aileron
command input during steady state operation. Egquation B24 can be re-
written with X = 0, to represent this condition,

B _ ( (1- X;);)Tnle + A+ X3 (B29)
A, ACT A + 1)fA2 2o
Aa

0 ("J(;E-I- . A+ l)

The dimensional (unnormalized) integration gain implicit in Equation
B29, can be expressed &s,

Kg = X3Bag (B30)

where Bgg is the normalization parameter defined above. Computing the
integration gain from the values in Table XT and plotting it versus
velocity depicts & decreasing magnitude relationship as seen in

Figure 46 . From these two figures, it is evident that the sideslip
magnitude decreases as airspeed increases,

FREQUENCY RESPONSE AND ROOT LOCUS PLOTS

Frequency response and root locus plots for the above trangfer functions
equations are well known and can be eaglly constructed using the data
given in Table XI. They are not repeated here, to avoid unnecessary re-
dundancy. In addition, the aerodynasmic parameters implicit in the above
equations have been extensively investigsted ss to how they influence
the dynemic characteristics and transient response properties reflected
in the above equations. Several good reports in current literature,

which describe analysis results of aircraft lateral-directional dynamics,
are given as References 9 and 10 for further information.
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APPENDIX III
TRACKING EQUATTIONS

The investigation of three axis flight path control requirements as related
to the gunnery snd bombing aiming task involves derivation of tre-king
loop eguations and identification of parameter sensitiviuy on overall per-
formance. In concert with this approach, a mathematical definition of the
elevation and lateral tracking errors between the attacking aircraft's gun-
line and its line of sight to the target is presented. Linearized block
disgrams of the elevation and lateral fire control modes for tracking beth
aerial and stationary ground targets are developed. These block diagrams
illustrate the relationships among the airframe dynemics, augmentation
systems, lead ccmputation, pilot configuration, and the gecmetry dynamics of
the visual tracking error of the target with respect to the gunline.

1. DERIVATION OF THE TRACKING ERRORS BETWEEN THE LINE OF SIGHT VECTOR AND
THE GUNLINE

The elevation and lateral tracking errors between the attacking aircraft's
gunline and its line of gight to the target are developed. These

tracking errors are derived in terms of the attacking aircraft's

velocity, angle of attack, sideslip and body rates, the tracking range,
and the target's velocity components defined in earth coordinates.

The angular velocity of the line of sight vector relative to the attacking
aircraft's gunline is the difference between §7 , the angular velocity
of the line of sight, and QG , the angular velocity of the gunline.

QL/G=0L -G (1)
With reference to Figure L3, & L/G is defined in terms of 6_ . and 6

the elevation and lateral tracking error rates of the line o?Tsight
vector with respect to the gunline, as

r,

n . - I T
L/G = (wrp -BLT81n6ET)lr+8ET e +GLTcos ETld (c2)

The unit vectors (ir, ie, id,) define the line of sight coordinate system.
The elevation and lateral tracking rates of the line of sight with respect
to the gunline are expressed in terms of the line of sight components

of 0 I and g 88°

Oar = Y e "% ge (c3)

eLT = R 1d -0 Gd)/cos eET (ch)
The e and d components of ﬁg are the attacking aircraft's body rates,
resolved into the line of sight coordinate system through the gun angle
orientation with respect to the body axis, and the tracking error
orientation of the line of sight with respect to the gunline (Figures 47
and 48},
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ZGL

FIGURE 47
LINE OF SIGHT ERROR RATES WITH RESPECT TO GUNLINE COORDINATES
(xgL- YGL- 2ZgL) AND THE LINE OF SIGHT COORDINATES (r, ¢, d)

FIGURE 48
AIRCRAFT'S BODY RATES WITH RESPECT TO THE GUNLINE COORDINATES
(xgL YGL- 2gL) AND THE BODY AXIS (x, y, 2lCOORDINATES
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0 B .

Gr coseLTcoseET SlnGLTCOSBET —31n8ET COSYE C -sinYE P
QGe = —SlnBLT cosBLT 0] 0 1 0] q
_QGd_ L.cosBLTsn.nBET SlneLTSineET coseET sinyE 0 cosYE T

(cs5)

The e and 4 components of the line of sight's angular wvelocity, &,
are defined in terms of the relative range and the relative velccity
vector's e and 4 components hetween the target and attacking szircraft as

Pre ~ -Vrd/R (cE)

Q =

14 Vre/R (cT)
The relative velocity's e and d compcnents are derived as follows.

The target velocity components assumed to be defined in earth coordinates
are transformed to body axis compenents by the Euler angle transformation
(Figure 49).

r- - - H 3 =
VI% cos ¥ cos @ sin Y cos 8 -sin 6 T r VTX
VTy cos ¥ sin @siné sin ¥ sin @sind sin Pcosé VTY

= | -sin Ycos @ + cos¥ cos @
VTz cos ¥ cos £sind cos fPsin¥ sinf  cos Pcosh VTZJ
L » | + sin ¥sin § ~ cosY sin § 4L
(c8)

The attacking aireraft's veleccity vector, which is coriented along the
V axis of the wind axis (Figure 50) is transformed to body axis com—
ponents by the wind angle transformation.

VAx V cos acos B
V »

Ay V cos asin B
VAZ V sin «

{c9)

The relative velocity is defined iIn the body axis coordinates as

Vv - V cosacosB

rx Tx
ry = VTy - V cosasing
Vrz VTz - V sina

(C10)
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FIGURE 49
BODY AXIS (x, y, z} COORDINATES WITH RESPECT TO THE EARTH AXIS
(xg, Yg. zg) COORDINATES

FIGURE 50
WIND AXIS COORDINATES (V, n, L) WITH RESPECT TO THE BODY
AXIS COORDINATES (x, vy, z)
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The body axis relative velocity compecnents are resclved into the line

of sight ccordinate system through the gun angle orientation relative

to the body axis, and the tracking error orientation of the line of sight
with respect to the gunline.

The relative veloeity components in the line of sight coordinates are:

—

W}r_ coseLTcosaET sinBLTcoseET —sinBEf_ "bosYE 0 —sinYE erx
Vre = -sineLT coseLT e 0 1 0 Vry F
Ffdj _FoseLTsineET sinBLTsineET cosBETq- “sinyE 0 COSYE_J _Vrz ;
(C11)
Substituting ﬂG and QG , defined by Equation CS and QLe and QLd
defined by Equa%ions €6, C7, and Cll into Equations €3 and CL the ?

tracking rates of the line of sight with respect to the gunline are:

Y - . r . -
GLT,{_SlnsLTseCBET cosSLTsecﬁET 0 - cosyg 0 sinyg
. = 0 1 a
& _ 5 18 s . _ .
E?JL‘COS LTSln ET 51n9LT51n8ET coseET 51nyE 0 cosYL
cos¥eose sin¥cos® -3ind VTX“ vcos o sin B
1 cos¥sin@sind sinYsin@sin® sin@cosh Y Veos o sin B
= . TY
E -sinYeosfd +cos¥Ycosd -
cosYeeos@sing cosPsin¥siné cosfPeosh ty Vsin a
. . . bTZ
+sin¥sing -cos¥sing L .
i 0 -sin
cosBLTtaneET 51n8LTtanBET 1 cosYE YE s
- 0 1 0 q
—51n8LT coseLT 0 sinyg 0 cosyp | [T
(c12)

The elevation and lateral tracking errors between the line of sight
vector and the attacking aircraft's gunline are deftermined by integrating

6y andéy .
-t »
_ 0 dt +o__(t )
bgp = J‘to ET ET" o (c13)
t L]
Lp =-fto Or7dt *O1n(to) (c1k)
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LINEARIZED BLOCK DIAGRAMS OF GUNNERY ELEVATICN AND LATERAL TRACKING
MODES FOR AERIAL AND GROUND TARGETS

Linearized block diagrams of the elevation and lateral fire control

modes for tracking both aerial and stationary ground targets are described.
Figure 51 functionally illustrates the relationships among the airframe
dynamics, augmentation systems, lead computation, pilot configuration

and the geometry of the visual tracking errors of the target with respect
to the gunline. Ir this appendix the linear functicnal relationships

of the angular orientation of the line of sight with respect to the gun-
line to the airframe's angular dynamics are derived.

For these derivationg it 1s assumed that the attacking aircraft is in

a steady state one g flight with wings level, and the deviations of the
airecraft's angular dynamics from its eguilibrium state are small. The
aircraft has a flight path orientation in the plane of symmetry and its
arbitrary initial heading angle is zerc. For serial targets the target's
velocity is assumed to be approximately cclinear with the attacker's
velocity, and for ground targets the target velocity is zero.

. . Target Kinematics
Angular Qrientation of Geometry
the Line of Sight Dynamics P E—
Wind ] Angles

Euler § Angles
Aircraft | Velocity

Visual
+ Tracking Pilot Airframe Dynamics Body | Rates
Errors Pilot Commands and N Lead
—_+ .
Model Augmentation C;mp:::.t;:m
| i
Systems Sight Gyro's v
Normal Acceleration
Motion Cues
Lead Angie
FIGURE 51

FIRE CONTROL MODE
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Under the assumptions that the elevation and lateral tracking errors

of the line of sight with respect to the target, the angle of attack,
sideslip, roll and heading attitudes are small, then the trigometric
functions of these small angles can be linearized. Consequently, the
elevation and lateral tracking error rates of the target with respect to
the gunline, as deseribed by Equation Cl2 are rewritten as:

bap = _l/R{COSYE [(VTX + VTYW)cose - VTZ51nB— V]

~siny [v soa _ -
E| TZjcosé + (VTX + VTYY)SlnB Va (VTY VTXw)ﬁ] } Oy

—l[R{cosYE[}VTX + VTYT)SlnB + VTZ cosh - Va - (VTY - VTXW)G]

TX Y
+8,1COSYy P-q - 8 sinyyy (c15)

+sinYE (v, + V__¥Ylcosh -~ VTZsine - V]}

-

SLT = -1/R {COSYE[}VTX + VTYT)cose - VTZsinB - V]

-51nYE[VTZcose + (VTX + VTY‘P Ysiné - Va]}eLT

+l/R{[%TXcose + (V‘TX + VTYW)sinB] )

+(V. -V _¥igda +V -Vqu—vs} (C16)

TY TX LT TY X

_ _ . _ A
(pcosyE r SlnYE)eET (r cosyy +p SlnYE)

Assuming that Equations Cl5 and Cl6 represent the equilibrium elevaticn
and lateral tracking rates of the line of sight with respect to the gun-
line, and that the coupling between the angular dynamics of the elevation
and lateral channels is negligible, the first order deviations of these
tracking rates are:

80gm = %%pm  A8pp 4 g g ¥mp a4 e 4y (c17)
58, 56 30 3
ET oo .
AéLT+?—8—1#T— A8 +EEI:F£ M’+_a_eL_T A¢+ﬁL_T_ a6 + 2%mr ap + 2 ar
B, LT oY 30 36 5 = \

(Cc18)

For the elevation tracking rate the following assumptions are made about
the second order effects of the angular deviations:

6 =g (c19)

= (c20)
BETAQ Q
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eET AB =0 (ce1)
)

(v

— vTxv 0 (c22)

For the lateral tracking rate the following assumptions are made about
the second order effects of the angular deviations:

¥ = R/cosb {c23)

eET =0 (cel)

(—VTXw + V)8 0 R =0 (ces)
AvYg = 0 (c26)

Expanding Fquations (17 and C18 under the assumptions defined by
Equations Cl9 through C26 the perturbations of the elevation and lateral
tracking rates of the line of sight with respect to the gunline become:

= - I + l bd i -
ABET 1/R {COSYE _(VTX VTYy Jcose VTY51n6 v

—ai + + i -
sinyg [VTXCOSS (VTX VTYW Ysing Vu] }aeET

p-

_ + : _ . .
1/R{.COSYE (VTX VTYy} cosd VTZSIHQ] sinyg |:(VTX + VTYW)SlnB

+ VTWCOSS]} 86 + (V/R)cosyp Ao - A6 (ce7)
= - ! + - { —
AOLT 1/R lcosYE [(VTX VTY)cose VTYSIHB V}
—aq ~ s b 1 - o - - - ﬂ
siny, [VTZVOSU + (]TX + VTYW) sind Vo }ABLT (V/R)AB siny, °p

+1/R [VTZCOSS + (VTX + VTY¥)sin ]AQ - [(COSYE}(Ar) + j'VTX(Ar)dt]

(cod)
Since the welcecity vectors of the target and attacking aircraft
are approximately colinear, then range rate 1s defined as:
R=V_ -V {cr9)

Referring to Figure 52 range rate of target aircraft slong the gunline is:

-

R = cosYy [(VTX + VTYW)COSS - Vopsing - V] -sinyg, [VTZCOSG

T TY

+{V__+V_ ¥)sind —Va] (c30)

and the target veloecity's earth - axis component is

VTX = (V + Rpicosd CoSYg {cz31)
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= XE

Vrx'= Vrx +Vrysin ¢

FIGURE 52
GEOMETRY OF THE RELATIVE VELOCITY VECTOR

Target Lead
43 % OLTL
5 ® XGL P xGL
Lead
iGL YGL
FIGURE b3

GEOMETRY OF THE ELEVATION AND LATERAL TRACKING ERRORS
WITH RESPECT TO THE GUNLINE
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Since the target velocity normal to the gunline is small, then

[VTZcose + (Vg + vTYw)sineJ AB/R = 0O (c32)

Substituting the expressions defined by Equations €29 through C30 in
Equations C27 through C28 and spplying Laplace transforms theory, the
Laplace transform of the visual elevation and leteral tracking rates of
the target with respect t¢ the gunline are:

29, (A) = = A+ (VcosYE + BRJ/R_ 46(A) + Veos"E/R Aal(ir)
o *+ B/R TR (€33)
a6, (2) = - v/ ae(3) =R ap(h) - (cosv ) + §v+ﬁ§gR Ar(2)
IT a+ R/R A +R/R E X (A+R/R
(C34)

The sign convention of the tracking errors between the line of sight of
the target with respect to the gunline and the lead angle with respect
to the gunline are illustrated by Figure 53. The tracking errors are
defined as:

8y =h8pn *+ Op (€35)

eL =e.eLT +eLTL (036)

For the disturbed reticle leed computing optical sight system that is
mechanized in the F-LUE the elevation and lateral lead angle components
are dynamically related to the aircraft's gunline rates and normal
acceleration at the sight gyro location by:

‘ (C3T)
8. (1) = Ty {46(0) .005n_(2)
ETL T +(1+&Tfﬁa [ n, ]
BLTL(A) = Ty [cosyE Ar(k)+sin¥EAp(Aﬂ (Cc38)

1 +(l+0)TNA

where T, is the sight sensitivity and ¢ is a stability constant.
Incorporating the geometry and leed angle dynamics into Figure 47 the
resulting linearized block diagrams of the elevation and lateral aerial
fire control modes are illustrated by Figures 54 and 55. The specifi-
cation of the aircraft's dynamics and of the pilot model depends on the
aircraft to be studied.

For an aircraft tracking stationary ground targets the range rate
defined by Equation C30 becomes:

é ==V (039)
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Geometry Dynamics

A+ {Vcosyg + RI/R
A(A+ R/R)
V cos /R
A+ R/R

Aa
Afer ad
Longitudinal

Airframe Dynamics T
and Augmentation —N__....

Syst 1+{1+0 Ty A

ystem n, 005 N
Motion Cues ° M |
FIGURE 54

ELEVATION CHANNEL FOR TRACKING AERIAL TARGETS

Geometry Dynamics

cos g A+ (V+ ﬁ)me
A\ + RIR).

sinYg
A+ /R

ViR
A+ R/R

AfyT

Pilot Lataral AB

Pilot |Command}  airframe Dynamics | Ap -
Model ®  and Augmentation | SinYE |

System ' +
oS Y

fLTL

N

Motion Cues

1+01+0) Ty A

FIGURE &5
LATERAL DIRECTIONAL CHANNEL FOR TRACKING AERIAL TARGETS
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Substituting the range rate expregsion into the tracking rate eguations
degeribed by Equations C33 through C34, the visual elevation and lateral
tracking rates of s stationary ground target with respect to the gunline
become:

- -V(l—CGSYE)/R AB(A) + COSYEV/R

80gp(3) = A - V/R S - V/R bald) fouol
88, (A} = = V/r_ a8(x) - 3™E ap(x) - SOFVE pp(n) ch1
1 w7 R = 7/ fe=7 o)

The block diagrams for tracking ground targets are illustrated in
Figures 5S4k and 55.

If the rcll and yaw rate alrframe transfer functions are defined in a
stability axls cocordinate system, an appropriate transformation must be
made in order t¢ define the roll and yaw rates in the body axis
coordinates. The block diagrams in Figures 56 and 57 assume that the
roll and yaw rates are defined in the body axis coordinate system.

144



Geometry Dynamics

A-vi1 -cos"yg)/ﬂ |
AA - V/R)

V cos 'yEIR
A~ VIR
Longitudinal Ty
Airframe Dynemics 1+{1+0 Tyh

and Augmentation | n,
‘System

Motion Cﬁes 1

FIGURE 56
ELEVATION CHANNEL FOR TRACKING STATIONARY GROUND TARGETS

Geometry Dynamics

cos Yg
A-V/R

A8 T sin Yg
A-V/R

VIR AB

A= V/R

Pilot Lataral
| Command | Airframe Dynemics | A . ‘
g | and Augmentation | Ve ‘
Systems Ar ‘

‘Motion Cues _] ceTE
Ty
1+(1+0) Ty
FIGURE 57

LATERAL DIRECTIONAL CHANNEL FOR TRACKING STATIONARY GROUND TARGETS
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APPENDIX IV
HYBRID SIMULATION SOFIWARE

The equations-of-motion and physical data used to simulate the aircraft are
described in this appendix.

The airframe mechanized for the simulation was a twin engine, 38,732 lbs,
high performance fighter aircraft. The entire flight envelope was utilized
during the simulation program. The altitude ranged from sea level to 60,000
feet. The physical data used are shown in Table XII.

A set of nonlinear large perturbation six degree of freedom differential
equations of motion was used tc describe the airframe. The three force
equations (1, ¥, W) were derived based upon the wind axis system while the
moment equations (p, q, r) were based upon a body {waterline aligned) axis
system. Additional equations were needed to describe the atmospheriec pro-
perties, body acceleration, Euler body rates and geographic frame velocity
equations. A direction cosine matrix was used tc celculate geographic frame
velocities in terms of wind axis velocities. The entire set of equations
mechanized to describe the simulated sircraft 1s presented as follows:

o B5ix Degree-of-Freedom Differential Equations

U=vr-wq-gsin 8 - g° Cp + 9958 T
m m

: ; Sl
V=wp-ur+gsingcos 6+ 1 (Cypp + CYrr) + CYBB + Cugala +
Cyr Oop + Cyr 6 ]
¥ R
GSP SP YSR .
. & T
W=ug - vp + g cog ¢ cos B - - CL - .0915 -
. 1 2 2
P = (I}(IZ — IXZ2) IXZ(IX - Iz)pq - (IZ + IXZ - IYIz)qI'
- b
+ gS5b IZ [Ev(clpp + Clrr) + ClBB + Clsasa + ClésPGSP + ClaRdg]
- b
+ gSb Iy [E?(Cnpp + Cnrr) + Cngh + Cpg da + cnaspssp + Cnaﬁsﬁ]
Iy ~ Iy 'xg, 2 2, st g
c'1=—'“-I—'—pr+I—-(r 'p)+&f_[CM+§7(Cm“+CmQ)+Cm 8g
Y Y Y G q 65

C.E.
+ I [.9958 (‘EE“EL - 2.7) + .0915 (Zﬁé%; g - h.361)]
Y
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TABLE XTI

AIRCRAFT PHYSICAL DATA

Variable - ] .
Symbol Variable Name Value Units

W Gross Weight 38,732 Lb TH

Iy Moment of Inertia around X Axis 24,873 Slug-ft2

ly Moment of Inertia around Y Axis 152,495 Stug-ft2

Iz Moment of |nertia around Z Axis 169,824 | Slug-ft2

Iz Cross Product Moment of Inertia 4,820 ‘ Slug-f't2

around X-Z Axis ‘

S Wing Area 530 | Ft

b Wing Span 38,408 Ft

T Mean Aerodynamic Chord Length 16.042 Ft

cg Center of Gravity 28.3%T Ft

———— N . i
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I, -1 I -

X Y X gSb b
___f;—— pq + E;{p ~ qr) + IZ [Eﬁicnpp + Cnrr) + C

He
1}

nBB + Cn5a5&

+ CnSSPGSP + CnsPﬁR]

V= (u?+ V2 W2)1/2
- tan) (¥
= tan (u)
_ .-l u

g = sin ()

Atmospheric Properties Equations
v

M= T937.1 - ookie778hn h < 36000 ft

M = 96g 5 h > 36000 Tt

p = 2(.03Lk75 + .019213 x 10-10 v - ,050381 x 105 h)2 h < 36000 ft
o = 2(.039708 + .039227 x 10~0 W2 _ 072121 x 105 n)}2 n > 36000 ft
- 2

g = Y/aev

VCAL = 12,127 p V M < C.6

Veur, = 60M - 36 + Veur, M > 0.6

Aceceleration Equations

- _gime - 3 T_
8% g sind ng Cp + .9958 mg

.38 |1

ach = -cos ¢ cos 8§ + gﬁ-cL + .0915 %g

oo T aXcg + siné - ;gggii (QE + re)

oo T Heg + ggggi'(f + pq) - ;4%92 (p - rq)
8oc © azcg * 12.233 (4 - pr)
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+ 16.3

ay ay

b cg
12.033 ;.
ag_ = ag _+ ———=(§ - pr)
Zp = 8gg FE
NLF = azp + cos ¢ cos O

Fuler Body Rate Equations

(q sin ¢ + r cos ¢)/cosb

¥

8

q cos ¢ — r sin ¢

q-b=p+1psin9

Geocgraphic Freme Velocity Equations

Vi cogBeosy cosfsiny
Vp |=| sin¢sinBeosy ~-cos¢sing sin¢sinbsiny+cospcosy
h cospsinBecosy +singsiny cos¢sinbsing-sindcogy
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APPENDIX V

HYBRID COMPUTER DATA OUTPUT

Pilot performance was evaluated with three independent data scurces consist-
ing of digital printouts, analog strip charts and audlo tape recordings. The
digital deta were obtained only during the scoring intervals wherees the
snalog strip chart data were plotted continucusly throughout each test run.
This Appendix presents examples of digital printouts and analog strip chart
plots and Appendix VII documents pilot comments associated with each test
configuration.

1.

DIGITAL PRINTOUT DATA

The histograms and cumulative distribution plots were generated in digital
form with pilot effort Indexes and figure-of-merit values printed on the
same page. For the first scored mission phase, the LAHS, the digital
printout in Figure 58 shows two parameters and in the remeining four
scored phases, four mission parameters are presented in the sample output,
Figures 59 through 62. The type of mission flown, mission phase, con-
figuration, and pilot number are also identified on each page.

The ordinate of the histogram and of the cumulative distribution plots
represents the value of the function in percent scale and the abscissa
shows the number of bins ranging from 1 through 21 with the corresponding
dimensional limits on top of the page. In & few cases the accumulated
histogram values reached the maximum printout limit of 40 percemt. When
this happens, the apparent printout maximum does not reflect the true
value of the histogram parameter which must be computed by subtracting the
difference in cumulative distributlion across the bin in question. For
example, bin number 10 on the right side of Figure 58 reaches the limit
{40 percent) on the ordinate scale. The plot shows that the cumulative
distribution function ascross this bin increases from 17.5 to 60 percent,
therefore the actual histogram value for bin 10 is L2.5 percent. See
Section VI for scoring information.

STRIP CHART RECORDS

Eight channels of continuous time histories were plotted on each of three
Brush recorders. In addition, two recorders were wired to accept discrete
ON-OFF signals.

A sample set of strip chart records, showlng the time histories for the
five scoring intervals of one simulstion run, is presented in Figures
63 through 65. The sample strip chart plots shown correspond to the
sample digital printouts described above.

Standard recording technigues were employed with one continuous signal
plotted on each channel, except in the case of longitudinel and lateral
pilot effort parameters where two paremeters are plotted on the same
channel. The sign of these two parameters is always positive since they
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are the rates of change of the corresponding pilot effert indexes
tabulated on the digital print-plots. Both effort parameters are plotied
on the same recorder channel by utilizing a multiplexing technique which
time shares the channel voltage generated by the digital computer. Every
0.1 seconds the veltage correspending to the longitudinal effort para-
meter is recorded on the top half of the recorded channel and the voltage
corresponding to the lateral effort parameter is recorded on the bottom.
The multiplexed signal is recorded in all mission phases except the air-
to-air combat phase. In air-to-air combat phase this channel is utilized
in a cconventional way, recording only the longitudinal effort parameter.
A sample strip chart record is shown in the fourth channel of Figure 63.
In LAHS phase, two added parameters are recorded which are not used in
other phases. Theyare the piteh error needle and the roll error needle
signals. In air-~to-air phase several additional digital-to-analog
transformation channels (Adage) were needed to transmit the voltages
required to drive the target airplane display. Because of this, the
number of signals recorded in the air-to-air phase is reduced by six as
shown in the sample strip chart plots, Figures 63 through 65. However,
the remaining 17 channels of continucus plots in the air-to-air combat
phase, together with all the discrete channels, still comprise a satis-
factory time history reccrd of all pertinent activity in alr-to-air
combat.
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APPENDIX VI

WRITTEN INSTRUCTIONS PREPARED FOR SIMULATION PILOTS

This Appendix presents the written instructions given to the pilots

in prepasration for the simulaticn study. The instructions describe the
SFCS work effort, purpose of the simuletion, and the simulation procedure.
In addition the pilots were given & mission profile plan and a table
identifying the Cooper-Harper rating values as shown in Table VI of

this report. The pllots also received & guestionaire for use in providing
comments after each run as shown in Figure 27.

1. GENERAL

The purpose of this simulation program is to obtain information on the
short period handling quelity characteristics of a variable stability

and response F-lI sircraft and Survivable Flight Control System (SFCS)
ccmbination, and to apply the solicited pilot comments and ratings toward
the establishment of three sxes candidate performance criteria expressed
in the time domain. Outlined below ere the main features of the simu-
lation program, the planned simulation procedure, and the type of in-
formation which will be requested from the simulation pilots.

2., LONGITUDINAL C* CRITERTA

The longitudinal C¥ criteria expresses, in time domain form, the
acceptable levels or characteristics desired in short period transient
responses to step command inputs. Since the criteris are normalized to
unity "steady state" value, it is independent of airframe or flight
control system "gain", and only & function of short period dynamics. For
s step of stabilator command input, the C* response is only dependent

on flight path time constant, short perlod damping and fregquency, and is
independent of stebilator effectiveness. ¥For a fly-by-wire flight
control system with a step of stick force input, the criterion does not
reflect the fly-by-wire "gain" but only the dynamics of the airframe

as modified by the fly~-by-wire flight control system.

The C* equation is specified as:
#* = -+
C Anzp Klq

and represents a functional combinstion into one mathematical egquation
of what are believed to be the high and low speed longitudinael motion
cues senged by the pilot during aircraft maneuvering flight. The cross-
over gain (K,) combines pitch rate (low speed cue) with normal sccel-
eration {(high speed cue) into a dimensionally consistent equation for
use in evaluating new designs against a given envelope of acceptability.
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One third of all simulation runs to be tested by pilots will include
pre-determined variation in C¥ response characteristics and evaluation
of their effect on pitch axis handling qualities for various pilot tasks.

The main purpose of this part of the simulation effort is to evaluate
designs which satisfy the C¥* criterion and to determine if they are
compatible with the mission modes of the F-L aircraft. In addition, the
effect of higher order dynamics and nonlinearities will be tested to
determine to what degree they affect aspplication of the C* criterion.
Pilot comments and information are desired to determine if control laws
should be based upcn mission modes or tesks rather than the traditional
short periocd handling quelities as provided by standard control systems.

LATERAL-DIRECTIONAL

Simulation and testing will be conducted to determine if the desired
short period lateral-directional handling qualities can be described
using new criteria.

a. Latersal

Specification data from MIL-F-8785B have been used to generate
preliminary roll rate and roll accelerstion time history criteria
which reflect the desired transient characteristics in the roll
gxis for aileron command inputs. Pilot evaluation of selected con-
figurations is desired in order to integrate desired roll axis
handling qualities and establish more exact boundaries for the
contemplated criteria,

b. Directional

Analytic studies performed to date have esteblished two preliminary
criteria for pilot evaeluation and comment of adequacy in representing
degired directicnal short period handling gualities.

The first of these shows the estimated amount of sideslip allowable
during constant rolling maneuvers with aileron inputs and medium
roll-to-sideslip ratios. MIL-F-8785B published data have been used to
establish the preliminary time history boundaries of acceptable
gideslip due to aileron inputs. Anelysis and studies have also
-resulted in an aiternate formulation of this directional time history
criterion. The alternate form combines sideslip angle (low speed
motion cue) and lateral acceleration (high speed motion cue) intc

an envelcpe of acceptability which resembles in its form the long-
itudinal C* criterion. The expression used in the new critericn is
given as,

D¥ =An  + K_B
:fPS

where the crossover gain (K.} combines the high and low speed parts
in a similer manner as in tﬁe longitudinal case.
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Corments on directional response due to rudder pedal inputs are
degired in order to aid establishing the transient characteristics
necessary for improved flight performance with use of rudder pedals.

The goals of the lateral-directional documentation and testing sare
similar to those outlined for the longitudinal case; namely, to
establish criteris which define handling qualities desired to provide
improved mission mode performance, precision flying and guidance to
control law developments.

INTER-AXIS COUPLING

A decoupled aircraft will be simulated and evaluated by the pilots to
determine the degree of acceptability and desirsbility of this type of
control. Pilot comments on resulting flying qualities will be solicited.

PROCEDURE

The simulation tests being planned will consist of an evalustion phase in
vhich the pilots femiliarize themselves with the hybrid simuletion setup,
and & documentation phase during which perfeormance data and pilot rating

information will be collected for the configuration toc be tested.

a.

Evaluation

Evaluation of the hybrid simulation setup is being planned in order
to obtain pilot informetion and comments which will be used to modify
equipment prior to documentation phase. It is desired to familiarize
the pilots with the above objectives as formulated into pilot tasks
and missions modes to he tested. BSeveral test runs will he made by
each participating pilot as a means of exercieing the overall problem
mechanization with hybrid simulstion equipment.

Documentation

A1l participating pilots will evaluate the same configuration
characteristics. The degree to which the pilots can accomplish their
tasks and fly the aireraft will be established through Cooper-Harper
ratings (Table VI)and other performance scoring techniques. It is
planned that each configuration will be tested during the simulated
mission as detailed in Table V.

It 1s the intent of the simulation plan to use the defined mission as
a basis from which repeated runs are performed and evaluation of
numerous longitudinel and lateral-directional configurations is
accomplished. The mission modes and pilot tasks remain unchanged from
one run to the next, and cnly the three axes handling gualities are
altered.
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APPENDIX VII

SIMULATION PILOTS' COMMENTS

Pllots' comments reflecting assessment and eveluation of handling qualities
as provided by each test configuration during fixed base man-in-the-loop
simulations are included in this appendix in support of the documentation
data presented in Section VII.

1.

GENERAL

Comments from participating pilots were combined intc applicable groups
of related evaluations describing a specific configuration. This was
necessary since some pilcots spent more time in the simulation program and
were able to repeat some test configuraticns more often. It was felt
that their position on the "learning curve" was higher and their comments
more applicable than those from pilots who had difficulty distinguishing
programmed differences due to limited exposure. This consideration does
not alter the validity of the performance data obtained from all pilots
but only combines the comments inte individual test configuration groups.

PILOT COMMENTS

The following comments were provided hy the pilots during their evalua-
tion of the test configurations used in the simulation:

a. Nominsl (Reference) Configuraticn (See Figures 13 & 14)

The airplane responses generally look pretty good. I had good con-
trol in tracking the target. I did not see any tendency toward air-
craft instability, or residual oscillations, or possible PIO. The
airplane is stable. The harmony of control forces is fine.

Additional Remarks

One pilot commented adversely on the lateral-directional handling
characteristics in those phases of the mission which involve any type
of target tracking, that is in weapcn delivery, ground attack, and
air-to-air combat phases. In these phases 1t wag difficult for him
to anticipate the magnitude and duration of the roll transient re-
quired to correct a given azimuth error. Another pilot stated that
the stick deflections, and forces, were a little high in these flight
phases and this impaired his maneuvering capability.

b. Time Delay Configurations

o AT = 0.1 seconds

This configuration is a little less sensitive than the nominal.

It did not seem too uncomfortable for the small correction problem.
If T over-exercised the longitudinal control I got myself in a PIO
tendency which T thirk ig due to the lag in the longitudinal con-
trol system. However, I was able to track the target,.
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o AT = 0,24 seconds

Here it appears that the longitudinal response was decreased and
it felt like more stick or more force or both were needed to do
the maneuvering I wanted to do. The pitch response to command
maneuvers was not quite as fast and that hurts in the air combat
mode and it is anncoying when you are trying to make large pitch
changes to get into position for ground target. Althcough once you
stabilize on the target and a heading, it does not seem to hurt
your ability to stay there very much. The degradations noticed in
the other aspects seem to be paramount and more critical in the
alr-to-air encounter.

¢. Time Constant Configurations
o T = 0.25 seconds

This run looked a 1ot like the nominal configuration. T think the
short pericd was fairly good but maybe the damping was not as good
as it could have been. A very nminor problem with the PIO ten-
dencies was noticesble during the first big correction, although
the airplane seems to stabilize fairly well.

o} 'I‘L = 0.50 seconds

I did not notice any very significant changes from the previous
configuration (TL = 0.25 seconds). I do not think we are changing
anything very significantly. The response of the airplane is about
the same in lateral and longitudinal sxes.

o Ty = 1.0 seconds

My impression was that the response was okay but the zensitivity
was down. The airplane responded to & stick input immediately and
there was not any particular preoblem of overshoot because of that.
I thought that more stick deflection was required per g than, say.
the nominal case. Although it did not really feel that way in the
alr combat mode, I was a little bit surprised that the air combat
mode did not feel worse than it did.

o TL = 2.0 seccnds

The short period response was changed significantly. I could
never get the attitude change per stick change that I wanted, the
response just was not fast enough. The stick force per g was
probably also changed tc a pretty high number. I was using
longitudinal control from pretty much forward to guite a bhit aft
and I did not get that high g reading. The weapon delivery and
ground attack were difficult because it was hard to pull the nose
to the target and T think that is because the stick force per g
was toc high, although it might have been because the short period
was slowed down.
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d. Nonlinear Configurations

o Tl = 1.25 seconds

The pitch response was decreased but the instadbility or the PIO
tendency was increaged. T found it difficult to maintain good
piteh tracking. Tn the air-to-air mode, I initially started out
tracking pretty well, but then once it got away from me I never
did get back in the ball park with it. I do not know whether that
was piloting technique or what, but I just could not seem to get
it back on the target, once it got out of the initial tracking
envelope.

°o Tl = 2.5 seconds

The pitch axis is less sensitive than it has been, which aggravates
making pitch corrections. There is too much stick deflection and
force required for pitch changes. The air-to-air combat was un-
satisfactory. I could not seem to pull the right amount of stick
force to get the gun site on the target and to stabilize on the
target, therefore I was overshooting both ways.

0 TlL = 5.0 seconds

The precise tracking tasks are not too bad because you do net have
to make very large pitch corrections and it seems to respond okay
to very small pitch corrections. ZBut it is obvious that the re-
sponse and sensitivity are terrible for large corrections and in
the weapon delivery modes (WD and GA) it is difficult to get on
target. Once you get on target it is not too bad. Air ccmbat is
impossible. The pitch channel is characterized by poor sensitiv-
ity, poor response to large corrections, and a resulting overshoot
when you make large pitch maneuvers.

e, Higher Order Configurations

o Configuration 1 with low amplitude and low damping.

This configuration was pretty gcod for trackingi however, you get
some tendency for the stick to oscillate and therefore for the
alrplane to osecillate after large pitch corrections.

o Configuration 2 with intermediate amplitude and low damping.

I noticed stick oscillation present after corrective maneuvers.

I could feel it when making any noticeable pitech corrections. You
get a bit of residual stick oscillation and therefore airplane
oscillation in piteh. I do not like its however, T do not think
it is going to show up much in sccring because it is conitrollable.
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o £ = 0.35

That one had a nice short pericd, but the damping was not suffi-
cient. T was getting some of that residual airplane cscillation
after a small pitch correction. It was noticeable in dive delivery
and ground attack, as you tried to get the pipper on the target.
You could move the pipper there, but you could not stop it where
you wanted to. The same thing happened in the air-to-air mode,

o § =0.1

The longitudinal system is badly degraded. The damping is so bad
that it is dangerous in all modes. The airplane could be flown
but I just could not do anything with it. Every time you release
pressure on the stick, cor change the pressure at all, you set off
the airplane oscillation. It is very bad in all five modes. I
thought maybe it would not be so bad in the air combat mode, where
you are constantly pulling g's, but it turns out it is just as bad
there, because as soon as you change the stick force you set up
the osecillation.

f. Roll Response Configurations

o] TR = 0.1 seconds

I did not notice much difference between this configuration and
the nominal. The lateral control appeared to be slightly easier
to handle this time, although it was a little bit choppy. FPerhaps
in a real airplane that would slam me around in the seat a little
bit when I decided to quit rolling.

s TR = (0.5 seconds

Thig configuration looked more like nominal than anything else to
me.

0 TR = 1.0 seconds

The roll respcnse was too low and the rcll was net properly damped
and then when you centered the stick, ths recll continued on for a
little while. The large stick deflections make it pretity tough to
de air combating.

o} TR = 1.5 seconds

The whole airplane just feels sluggish right now, with poor lateral
response due to the large deflection reguired, although it is
reasonably stable. The lateral mcde locks sloppy. It is not com-
fortable. It does not respond quite as quickly to the lateral
stick deflection as the nominal airplane doegs. I can make a stick
deflection and it will start rolling and when I stop the deflec-
tion it will keep cn rolling.
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o} TR = 2.5 seconds

This configuration has much poorer roll response, causing diffi-
culties in making bank angle corrections. And when you try to
roll out of the bank or neutralize the controls, the sirplane
keeps rolling, s0 it ends up being very sloppy in rcoll. It is
difficult to make small bank angle corrections, hecause you have
to use so much aileron and then you end up overshocting, since it
does not stop rolling when you want it to stop rolling. The roll
response is much too low. If you get the wings level at a point
where you want them level, it tends to stay that way fairly well,
because it requires a little more aileron input to roll off level,
but it feels like a sloppier airplane generally. Most of the
missions were difficult to perform.

Adverse/Proverse Yaw Configurations
o Adverse/Proverse Yaw Configuration #1 (cf. Figures 25 and 26)

In this run the latersl and longitudinal matching was pretty good.
The airplane was stable, and I did not see any significant undesir-
able characteristics either in the airframe or in the control
system.

o Adverse/Proverse Yaw Configuration #2 (cf. Pigures 25 and 26)

This configuration looked pretty much the same as nominal. I did
a few rudder kicks and so forth, locking for lateral-directional

peculiarities, but I did not see anything unusual. 1 did not see
any instability or residual stick or airplane oscillations.

o Adverse/Proverse Yaw Configuration #3 (cf. Figures 25 and 26)

I 4id not have any trouble changing directions and the roll re-
sponse and damping looked pretty good. I would find it difficult
to disceriminate between this configuration and the nominal. The
responses are oksy and the aircraft stability is okay.

o Adverse/Proverse Yaw Configuration #4 (cf. Figures 25 and 26)

This configuration appears to have a combination of poor lateral
control and poor lateral-directional stability. The airplane
seems very sloppy. I had a difficult time in LAHS, and even in
the reconnaissance phase it was difficult to keep the wings level.
In ground attack it was very difficult to stabilize on the target
directionelly.

o Adverse/Proverse Yaw Configuration #5 {cf. Figures 25 and 26)
In LAHS T had a problem with delayed regponse and overshoot. It
seemed that this configurastion hed a lower roll rate and more lag

In roll than the nominal configuration. The problem was not as
noticeable in weapons delivery, possibly because of the outside
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reference. I had no problem in reconnaissance phase and only
minor problems in the strafing run. However, I had a definite
problem in the air combat mode in tracking the target, which I
attribute to the lag in the lateral system.

Decoupled Configurations

The pertinent parameter values used with each decoupled configuraticn
are listed in Figure 22.

o Decoupled Configuration 1

The lateral response is down quite a bit in this configuration,
as compared to nominal. Because of the slow lateral response it
is difficult tc make small lateral corrections without overshoot-
ing, or to make them in time to really do any good. It is also
more difficult to track the target with the slow lateral response
and with the tendenecy to overshoot in this configuration.

Decoupled Configuration 2

The lateral response in this configuration was faster than in the
previous case (Decoupled Configuration 1) therefore it was easier
to make lateral corrections in the LAWS phase. The weapons deliv-
ery also seemed easy, and the reconnaissance mode was no problem.
In the ground attack mode I first noticed a tendency to overcorrect
laterally. It was some sort of lateral oscillaticn, or a sort of
lateral PIC. It seemed like I was overcorrecting in both the
strafing run and in the air combat mode.

Decoupled Configuration 3

The sglow roll rate response in this configuration made it a bit
difficult to zero the needle as fast as I would like, but I did
not tend to overshoot quite as much as in the previous configura-
tion which had siow roll response (Decoupled Configuration 1).

In weapon delivery and reconnaissance I had no particular problem,
except that in weapon delivery I had a little bit of a problem
settling on the target.

Decoupled Configuration 4

In LAHS phase I liked the more positive lateral control on the
needles. The dive bombing run and the reconnaissance phase were
also okay. However, in the air-to-ground strafing and in the air
combat I began to notice the lateral over-control tendency again.
The roll response in this configuration seems to be the sort of
response 1 like, except I do run into this over-controiling prob-
lem when T have to make large or moderately rapid corrections.
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