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FOREWORD
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AF33.615'-3935 (Proje :t No. 3219, Task No. 821905).
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of the Lockheed-Geoogia <“ompany.,

Mr. Richard O. Sickeler wae project engineer for the Air Force.

Evaluation silots were Captain Gervasio Tonini, USAF, Mr. Henry
Dees, Lockh:red-Georgia, and Mr, G:fford Bull, CAL.

This manuscript was released by the author 7 February 1967 for
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Cernell Aeronautical Laboratory Kevort No. TB-2282-F-2,

Funds for this program ~ame from the Air Force Flight Dynamics
Laboratory Director's Fund.
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ABSTRACT

A simulation program examined selected handling qualities of a large
logistics transport airplane in the landing approach, considering both longi-
tudinal and latera!.directional characteristics. A variable stability B-26
airplane was us.. .r .n in-flight ¢imulator. The longitudinal short-period
frequency and damping ratio and the stick force per normal acceleration were
varied using a model-foliowing techninrue. The Dutch roll frequeacy and damp-
ing ratio, the amplitude of the bank angle to sideslip ratio (at the Dutch roll
frequency) and ti.e roll mode time constarit were adjusted to simulate stability
augmentation system on and off using the response-feedback technique. Later-
al control was investigated with various amouats of maximum control power
and two different amounts of control system time lag. The pilots performed
general airwork and made ILS approaches, some with lateral offset. The
landing flare and touchdown were not included in the evaluation. The resuits
of this program are presented in terms of acceptability to the pilots, based
upon 2 numerical rating and detailed comments. Three evaluation pilots ‘
participated. Regardless of lo.igitudinal parameter variation. the majority ‘
of pilot evaluation data fell in the "acceptable but unsatisfactory" category.
Most noted was the sluggishness in pitch (slightly improved in tl.e augmented
configuration) and high stick travel per incremental normal acceleration.
Opinion was divided as to the relative desirability of the two values of stick
fo:'ce per incremental normal acceleration ¢valuated, Parameter variations
in the lateral-directional evaluation yielded data which extended from the
"acceptable but unsatisfactory” category to the "unflyable" category. Kesults
i were strongly influenced by the piloting difficulties associated with the changes
‘ in the rudder coordination requirements during turns, From the data obtained,
' it was difficul: to specify minimum roll control requirements for this raission
with assurance. Generally, a pb/2U no greater than 0.2 and @, no greater
than 4° appeared sufficient for two of the evaluation pilots. The third pilot,
however, desired larger values.

This abstract is subject to spc.-ial export controls and each
transmitt2! to foreign governments or foreign nationals may

be made o, ~vith prior approval of the Air Force Flight
Dynamics Laboratory (FDCC), Wright-Patterson Air Force Base,
Ohin 45432,
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Distance - feet
Angle - radians or degrees
Moment - foot-pounds

SYMBOLS AND DEFINITIONS

Dimensional Units

Time - seconds
Force - pounds
Mass - slugs

wing span

wiag chord

drag coefficient, drag/j$

lift coefficient, 1ift/§S

rolling moment coefficient, L/QSb
pitching moment coefficient, M/§Sc
yawing moment coefficient, N/ Sb
aileron stick {wheel) force

eievator stick (wheel) force

rudder pedal force

undamped phugoid frequency, Herte
undamped short period frequency, Herte
gravitational constaut

altitude

time rate of change of altitude

moment uf inertia about the x stability axis
moment of inertis aboyt the y stability aris
r‘rlwmcnt of inertia about the & stability axis
roiling moment about the x stability axis
pitching moment about the y stabiiity axis
riass of the rirplane

vawing moment about the » stadbility axis
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acceleraticn aleng y axis, g uni's
acceleration along £ axis, g units
manifold pressure

rolling velocity about i stability axis

1 olling acceleration about x stability axis
pitching velo @ity zbout y stability axis
pitching acce sration about y stability axis
dynamic pressure

vawing velocit about z stability axis
yawing accelziation about x stability axis
wing area

Laplace uperator

thrust torce

Dutch roil pericd {aamped)

flight path velocity

velority along x stability axis

selocity along y stability axis

velocity aiong z stability axis
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"force along the x stability «xis

force along the v stability axis
force along the z stabilitv .xis
angle of attack
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Subscripts

aileron deflection

aileron stick {wheel) deflection
elevator deflection

elevator stick (wheel) deflection
rudder deflection

rudder pedal deflection

throttle deflection

error

Dutch roll damping ratio
phugoid damping ratio

short period damping ratio
pitch angle

air density

roll mode time constant

bank angle

bank angle obtained in one second

magnitude of roll to sideslip ratio

in the Dutch roll mcde

undamped phugoid frequency, rad/sec

undamped shert period frequency,

6 airplane
2 command
» model

0 initial value

rad/sec

Stability derivative notation is given in the appendix with the
equations of motion.

A "L "in fron: of a variable denotes incremental value.
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SEUTION
INTRODUCTION

_ The work described in this report is part of a continued effort to de-
;cermmg reiationships between design paramcters and handling qualitics of
targe aircraft, using in-flight simulation as a primary instrument of investi-
gation (References 1, 2, and 3).

The large aircraft, because of its relatively large ratio of inertia to
aerodynamic force, is often characterized by well-known slow and ponderous
respenses to control inputs. Control power is a predominant design param-
eter because of the necessity to overcome and position large inertias at low
levels of aerodynamic force. These characteristics are likely to be extremely
significant during the ILS approach phase of flight, where the airspeed is lov’
and the task demands concentratior and precision of maneuver by the pilot.

Because of the above, the piloting task for this investigation was de-
signed primarily about the ILS approach maneuver; and the pilots examined
the suitability of a range of variations in stick force per incremental normal
acceleration, and in roll control power.

The simulated airplane configurations are termed "unaugmented" and
"augmented" and represent different dynamic characteristics. The augmented
case does not represent ai; snecific stability augmentation system. Previous
work (Reference 1) dealt wit> a large airplane representation made up of a
combination of characteristics obtained from various manufacturers interested
in the C-5A concept. The present simulation is based on data obtained from
Lockheed-Georgia. However, it must be emphasized that this simualaiion is
based on C-5A data estimated by Lockhe=zd-Georgiu 25 of April 19664 (Refer-
2nce 4), and since that time, several design changes in the longitudinal and
lateral-directional modes have been made, both in the unaigmented and aug-
mented configurations., Therefocre, this effort should be considered a par-
ametric study based on the genural characteristics of a large airplane, and
relationship to the presern: C-5A design must be qualified.

In order to perform this study, considerable attention was given to:
1) adequate simulation of the configurations, including rccognition of limita-
tions, and 2) explizit definition of the pilot-airplane task for the evaluation
pilots. A valid simulation combined with meaningful assessment will indicate
prob}em areas and help formulate methcds for solution.
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: SLETION II
SYSTEL 4 PABI;.ITY AND MECHANIZATICN

The B-26 variable stability airplane (Pigures }, 2,°3, and 4) is able
£0 simulate a wide range ¢f aircrait statics and dynamics in flight. The way
in which the capabiliiy has oeen appiied to simuiation of the large air.lane in
the approach configuration is described in the fnllowing subsections. Also
ircluded 18 a dusa.xipticm of the inherent limitations to this capability. Air-

plane motion sign conventions used t‘xroughout this report are shown on
Figure 5. -

i. LONGITUDINAL

Simulation of the lengitudinzl mode i8 achieved by using a model-
following technique, a merhod by which the simulator {B-26) is commanded to
follow the output ¢t an airbcrne ana.og computer, programmed with equations
of mot’on reprezeanting the C-54 a:rplane. In (his particular case, the incre-
mexnial ptch angle nutput of the model ( A8, ) in reaponse to airplane elevator
zad throttle inputs is compared with the 40 of the airplane (46, ). The re-
sulting difference, or error (€g ), is then used to drive the B-26 elevator to
reduce *he grrour to zereo. Thus the incremental pitch angles of the model
and n*rplane ars matched and the B-26 will assume the model characteristics

of (he C-5A as revresented by the computer. A sketch of this system is
shown on Figure 6. MNote thata A9 comparison loop is also employed, en-
abling higher loop gains (8. /€4 and §e/€ ) ard producing better Ag follow-
ing. Note also that the throttle input { §, ) commands the mode! as well as
the B-26. and in a ratit 85 as to approximately match the incremental longi-
tudinal acceleration from the initial approach condiiion assumed.

In addition to matching the time response of A8 , and hence the dv-
namic modai characteristics { @sp , %5 , @Wp and &, ), it is dPsxfaLIe to
match the stauic stick force per incremental normal acceleration { Fgg /8 7e ),
and stick foice per unit stick travel (Fgg /3es }. The B-26 variable contr o}
feel system in conjunction with the madel provides this capability, Stick force
per incramenfzl normal acceleration is defined asn

Fes _ Fus S . S¢ _ Fes
b

éES

R e e

3 des S¢ :ﬁﬂ} Ses éﬂ}
In the present study, the B-26 was calilrated by in- -flight measurement to have
the same stick travel per incremental normal acceleration as the large air-
plane. The value of Fgg /555 for the large airplane was set into the feel sys-
tem, resulting in the required Fg /an,

F

The airborne analog computer used in this study was designed and
fabricated by CAL personnal {again note Figure 3).

xR s

s s, Ay« R it bk b R

R NP s piF

i,

P PR R e Wy = TR AT I




M

e rpm, s OOSERE  ARTER

o B RO

2. LATERAL-DIRECTIONRAL

Simulation of lateral-directional modal characteristics is accomplished
by using the re »onse-feedback technijue. Electrical siguals. proportiona!l to
gensed aircraft motions, are fed through gains (adjustable in the cockpit) to
the appropriate surface actuator. The surface responds, producing a force
and moment proportional to the aircraft motion. In its simplest form, this is
equivalent to changing the inherent stability derivatives and thereby cnanging
(or matching) the required dynamic characteristics, e.g., e e " [

B

A simple diagram of such a system is shown on Figure 7.

Correct combinatione of the fsedback gains will provide the desired
Dutch roll characteristics ( @y, 3y , and |#/#]a ) and the rcil mode time
constant ( g ). This is done by first estimating the gains on the basis of
B-~26 stability derivatives and the derivatives of the airpilane to be simulated.
However, final determiration of these gains is based on flight calibrations
wherein appropriate maneuvers ar: recorded and analyzed to obtain the de-
sired simulated characteristics as a function of the feedback gains,

el s AR B . N S SN S IR

In addition to matching the lateral-directional modzal characteristics,
it is desirable *o match control effectiveness, i.e., essentially the initial
moment outpute due to control inputs. Ideally, one would like to match both
the output due te control force input and the output due to control displace nent
input, To accomplish this, two adjustable gains must be available, one to
vary the control column force versus control column displacement gradient
(feel spring) and one to vary the control surface displacement versus control
column displac~ment gradient (elevator gear ratio). In the B-26 lateral-
directicna! variable stability system, only the former is readily available for
ileron and rudder control. (Force displacement ratios ~an and have been
apuroximately sirnulated by the installation of appropriate mechanical springs
in the rudder and aileron control systems. Thiz was done for this program.)

Assuming the availability of only the one electronic gain, either of the
cutput-ioput ratics can be matched, but a choice must be made. Experience
has showrn that the pilot is more sensitive to forces than to displacements and
therefore the gear ra*’o gain is used to match the moment output to force in-
put. As an example of w..3 matching process, consider Ng,, . {Primed nota-

:: . 13 3 . s ] < r
tion is described in Appendix I.) It ig required that Ng ) = N;- P)‘”" T

. ®j0.2% 2, N OiAE F'gp
for an Fup step. This relationship may be daveloped in terms of the variable

g B Nfr (‘g"/Fcp)sm. ARPLANE
Sue N5, (S”/ sz),-“

With a knowledge of the refative airplane characteristics and the relationship
between the 8,/82 cockpit gain getting and the physical 8, /8gp , the desired
matching cai: be obtained. Another wayv of Joing the same thing is to compute
the required #/Fpp). sa , and then for various §,/5ge gain seitings, record ;
the v responses to &gp irputs. The resulting measured ratios of #/Sgp
when maltiplied by tne inverse of tne B3-26 rudder pedal spring, Jap/Fee , vield
valncs of v/Fee as a function of 5, /8ge goir:, frora which the appropriate

¥ valus of & /8 gain can be chosen to match the required «,/Fep . Similar

¥ procedures are used to match o/Fye .

stability B-25 gain, $,/8p:

R v
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For this particular program, it was required to simulate

1.
2.

3.

Three values of control power (pb/2U) for full ailcron inputs,

Two values of 2ileron servo characteristics - chosen to

bracket those typical of a large airplane.

Nonlinear roll control effectivensss. ‘(The curves ( Cyg vs.
845 ) for the C-5A airplane shown on Figure 8 were used.)

To do this, the following mechanization was employed:

@

4

]
T0 AILERCN
%a % -
i
I

PUNCT 1ON
SENERATOR

LAG 505 SERVO

| @ ! ® @

Assume a 8, input (step, for example).

"Lag" modifies §,; with a rate limit and assumed
servo dynamics.

A different Cg vs. 15 is required for each pb/2U

simulated (see Figure 8). For a given pb/2U, the

function generator is programmed to provide .he required

shape of 8, as a function of 845 in order that the desired
C, 1is obtained.

The signal from @) is varied by the gain & /Sys to produce
the required pb/2U for maximum &, input.

Nitn this systern, considering only the rate limit, the aileron will move at
different rates to achieve the required pb/2U in the same time.

Sas

(pbl2u),

{pb/2U),
\’ﬁblzu)g

time

Specific quantitative details of the simulation are given in Section IV.

3. MISCE LLANEQUS INSTALLATIONS
Several installauons were made to improve the siraulation anc cockpit
envirenment:

1.

The normal B-2t airspeed indicator on the evaluation pilot's
panel was replaced with a meter which displayed the model
airspeed. Early in the pre-evaluation proof-flying phase of
the program, it was noted that, in turns, the ralationship of
the B-26 airspeed with the airplane motions and stick pousition
as commanded by the mode! was unrealistic. Diiplaying the

-
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model airspeedproduced the required cor:-elation, subject to
the limitation noted in the following subsection.

2. A block was installed on the control column to limit the
aileron wheel travel to £60°.

3. The rudder pedal spring constant was altered te 60 lb/inch to
more closely match the C-5A value of 50 lb/inch. The maxi-
mum rudder pedal travel was adjusted such that 150 pounds
gave full deflection. This matches the simulated airplane
value,

4. LIMITATIONS AND DIFFERENCES

"Simulation” of one vehicle by another implies differences between the
two. The basic problem is to minimize thee differences to a point where they
will not ¢ ffect the pilot's judgment when rating the pilot-airplare mission.

In general, a simulation of this typye may be characterized by the
following categories:

1. Aircraft static and dynamic characteristice.

2. Pilot environment; internal (cockpit) and external cues.

3. Prescribed mission simulation,

4. Undesirable or marginal side effects from attempting
to satisfy the above.

As it is true that the present state of the art imposes certain practical
limits on suine phases of the simulation, it is algo true that the evaluation pilot,
in addition to having some "filtering" capability, also has a certain finite banc-
i width of sensitivity, thus allowing some lack of simulation fidelity without
affecting his rating.

o R 25

Comparison withk the resucits of previous studies hzs indicated that sim-
ulation of the large airplane static and dynamic characteristics as carried out
in this program is well within the bandwidth of *:~ pilot's ability to sense
diffcrences.

Pilot reports irndicated that in general there was little in terms of in-
ternal or external cues to invalidate his rating of the configurations. However,
m.nor exceptions to this rule, actual physical differences, and differences
which were not obvious to the pilot are listed below.

i

1. The evaluation side of the cockpit {(essentially normal B -26)
contained an instrumert panel which, although arranged for
efficient observation, did not necessarily display instruments
of a format projected for the simulated airplane. In partic-
ular a3 normal IiS cross-pointer meter provided glide slope
and localizer information. Due to lack of information early H
in the program, it was decided to use this instrument rather
than one of the more complex displays.

e Lo T

Without auxiliary direct lift and side force control, the deriv-
atives L_ and Yy cannot be matched, producing a difference

P
.




in turbulence response, the ramifications of which are
discussed in the succeeding subsection.

3. It was noted in subsection 3 that the model airspeed was
displayed in the evaluation side of the cockpit because of a
significant difference between the model and B-26 airspeed
in prolonged turning flight. However, despite this improve-
ment, it was observed that upon entering a level turn at
constant power, the model airspeed did not decrease as much
as predicted. The difficulty was due to the fact that the pilot
was flying by reference to the displayed B-26 A and 4,
which in turning flight differed from the model & and %.

The difference in Ly causes the Ax required to sustain
level flight to be greater in the case of the large airplane.
Hence, since the O 's are matched, the flight path ( 7" )

of the large airplane is inclined downward in turns, when the
B-26 flight path is level.

4. Thrust output to an abrupt throttle input occurs more quickly
in the B-26 than in the simulated airplane. Generally, this
ditference is not aerious because, except for rare occasions,
throttle inputs are gradual rather than abrupt, resulting in
similar thrust-to-throttle following.

5. TURBULENCE RESPONSE SIMULATION

In addition to control inputs, the B-26 gimulation is subjected tuv ex-
ternal inputs such as turbulence and ~ind shear. Because these inputs have
; a definite effect on the pilot-airr'.... mission, it is of interest to compare the
relative reactions of the B- 2o simulator and the large airplane configurution,

{

The following remarks are somewhat qualitative, but do indicate the
factors involved and their relevance to the subject simulation program. They
a1 e baseda on the simple concept of a gust velocity vector which can be re-
duced to longitudinal, vertical and lateral components which act a& inputs to
the airplane.

Considering first the lengitudinal mode, a vertical gust omponent
{ Wy ) is equivalent to an angle of attack change, which causes both a heaving
or vertical motion and a pitching motion about the airplane's center of gravity.
The sensitivity of the airpiane to the vertical coimnponent is defined in Refer-

ence 5 as follows: .
(M GV A

g las 2{ ‘T

where | » ’argf“ is the -ieady-state portion of the u’/w‘, trans:er function,

_ Thus ~»~~ comparison of gust response can be made between the

Ly /9 of the B-26 and that of the airplane being sirnul:ted. in tae subject
case, the ratio of L, /9/y ,¢to that of the simuiated airpiane is approximately
1.9. Hence, the responle of the B-26 is greater than that of the large airplane.
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When the B-26 pitches due to a gust input, there is a difference Letween
the © of the airplane and that of the model, because the model does not sense
the gust input. This error, €9 , will actuate the elevator of the B-26 and
tend to reduce the pitching motion to zero. Thus the airplane is operating in
essentially an "attitude hold" mode and pitch deviations [rom the initial attitude
will be minimal. The large airplare on the other hand, if left alone would
pitch to a new steady-state © commensurate with the gust angle of attack
change. However, because of the low short-period irequency of the large air-
plane, the pitch response to the gust will take a relatively long time to occur.
Since the heave response will be felt immediately, it is likely that little pitch
deviation will occur vefore the pilot initiates a corrective control input. Thus,
although the pilot's response to vertical gusts is different between the simu-
lated and simulator airplanes, it is believed that the Aifference would not sig-
nificantly affect the evaluation results reported herei...

The lateral gust component input is somewhat analogous to the longi-
tudinal gust input in that it is equivalent to sideslip angle change. If the force
and moment derivatives were perfectly matched and the guat affected the air-
plane and its feedback sensors in exactly the same manner, then the gust
response would be the same as that of the simulated large airplane.

However, the feedback gains used were not based on exactly matching
each Jerivative, but rather on matching the required .nodal characteristics
and pertinent time histories. The inability to match Yy because of lack Jf
auxiliary cide force control means that other derivatives must be slightly
mismatched, Because \"‘ predominantly affects Dutch roll damping, this mis-
match can be largely accounted for through introduction of Mg to match the
damping. However, the introduction of N4 itself, a derivative not inherent in
an unaugmented airplane, will cause the £-26 to respond directionally to
lateral gusts more than the simulated airplane would.

Probably the most significant differenc= in lateral gust response be-
tween the two airplanes is in the », /4 steady-state amplitude, which is a
function of the Yg anc V mismatch. In this case, the %, /@ of the B-26 is
approximately 1.5 times greater than that of the simulated airplare.

In summary, it may be noted that the heave response of the B-26 in
turbulence is ¢reater than the simulated airplane., Thus in those cases where
turbuience 1s judged o be a significant factor, the pilot objections to the tur-
bulence responses in the B-26 would be mor ‘ver: than in the simulated
airplane. In this study, however, the maj-  of configurations were {l1~wn
under smooth air or light turbulence conditicns and this difference ia not
beiieved to have a significant effect on the evaluation results.
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SECTION Il
PRELIMINARY ANALYSIS

Prior to mechanization of the unaugmented and augmented longitudina!l
models and to flight calibration of the lateral-directional simulated configura-
tions, a conciderable amount of analysis was accomplished which is pertinent
to defining the method of approach used in this study.

The mass, geometric and nondimensional stability data furnished by
Lockheed-Georgia was converted to appropriate coefficients consistent with
the equations of motion given in Apperndix I. These equatiors were solved
by a digital computer to obtain modal characteristics and time history re-
sponses to classic control inputs (elevator, aileron and rudder steps and
doublets). The modal characteristice were then comnared with those furnished
by Lockheed and these and the responses were used as the basic foundation
for validation of the in-flight simulatior.

The basic longitudinal data was specified by Lockheed and assumed
for the unaugmented airplane. The augmented configuration was formulated
at Lockheed's request by assuming an increase in short-period frequency from
approximately .15 Hz (unaugmented casej to .17 He and a decrease in short-
period damping ratio from . 73 (uraugmented case) tc .6. Using the short-
period approximate equations for frequency and darmping, new values of Cm,
and Cy, were determined for the above required ¥, and %, . Other deriv-
atives were maintained . »mstant. The new values of Cu, and Cn,, were then
applied to the three-degree-cof-freedom equations of motion for digital solution.
The model characteristics compared favorably with thuse assumed in the
approximation and no iteration was required.

In the lateral-directional case, the furnished data were also for the
unaugmented configuration, and the augmented configuration was formulated
on the basis of an augmentation scheme furnished by l.ocaheed. This scheme
fed ,8 , ¥ , and o to the rudder and o to the aileron. Incic.oent2! artificial
derivatives due to these feedbacks were added io those of the unaugmented con-
figuration. The resulting data wer~ fed to the digiutal compater, producing
new modal characteristics and time history responses, These were then used
as the basis for simulation of the augmented configuration.

Since the pitch simulation incorporated a model-following svatem, it
was necessary that the model include signilicant lateral-directional coupling
terms in order that the longitudinal siinulation be correct in turning flight.
Tw, terms are important. The firat invelves the computation of the Ecler:
angle 8, . including the term r o @& :

o, *fi/qm-fsr(fd.’

b

Additional terms in the Euler angle computation were considered negligible
for this simulation.

A4

The aecond item is the lerm 2 o @ in the 4 equation:
A 4
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If the above terms are not included, the computed Gy, will be in crror

in turning flight. The model-following system wiil force 65 to follow O
and an incorrect airplane response will result. For example, without the
terms above, the airplane (if trimmed in steady level flight) will require no

back pressure on the yoke in level turns. Although possibly an interesting

characteristic, this feature wold not provide raalistic simulation of the
large airplane.

It was felt desirable to simulate the nonlinear variation of rollinc
moument coefficient with aileron wheel, based on the data submitted by Lock-
heed. These data consist of Cx;‘ , Cg versus spoiler deflection for the
three pb/2U values investigated, and curves of aileron and spoiler deflection
versus wheel deflection., The shape cof these curves is shown on Figure 8,
where each is normalized to the maximum pb/2U (S5 = 60°) investigated.
Flight test data for each are also shown and again normalized to show corres-
: pondence to the desired shape resulting from the use of a function generator.

: The end points of §, = 60° were calibrated to produce the desired pb/2U
for full wheel deflection Ly va-iation of the gain §; /8,4

%
%
|

i

] The total yawing moment coefficient as a function of 345 (including
effect of aileron and spoiler) was formulated ir the same way as the rollir;

moment. However, in this case a linear approximation with §,; was used

rather than a function generator, resulting in the N}‘ derivatives defined

: in Appendix I. ’
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SECTION IV
CONFIGURATION SIMULATION

This section detaile the extent and degree of large airplane simulation
attained with the B-26 variable stability airplane. The overall simulation pro-
gram is shown on Figure 9.

As previously noted, it wae desired to simulate the longitudinal short
period cha acterietics, @y and §,,, and the lateral-directional characteris-
tice, Ty , &4 , | #/8l4y ané % for the unaugmented and augmented C-5A con-
figurations. The longitudinal unaugmented configurations were defined by
stability derivatives, speed, mass and inertia characteristics estimated for
the C-5A airplane by Lockheed-Georgia. “.s noted in the previous section,
the longitudinal augmented configuration was defined by Lockheed in term: of

@, and &, only,

The parametric variables pb/2U and F-'a/An were also defined by
Lockneed; the aileron control lags were defined by Soth Lockheed and CAL.

The following table gives A comparison between the large-airplane char-
acteristics and the B-26 simulated characteristics. This table includes other
characterisiics in addition to those mentioned above.

i
¥
g

The extent of matching iongitudinal chara-teristics is shown in Figures
! 10 through 17. The pitch response of the model is shown for step and random
; elevator and throttie inputs for both the unaugmented and augmented configura-
: tions. Also shown is the error in pitch for the same conditions, defined as
: € = Ow -6, . These data were obtained by in-flight measurement. In ad-
i dition, Figures 13 a~d 14 show digital solutions of the equations of motion
. used to verify the mechanization of the model analog. Figures 16 and 17 show
‘ initial portions of the 6 , 8 , and & responses to step e¢levator cornmands '
(in-flight mea-urements).

LARGE AIRPLANE SIMULATED
Longitudinal (Mode!-Fcliowing)
Dynamic
Unaugmented
@a,, = .9452 rad/sec = .915 rad/sec
Iy = . 731 = . 719
ws, = .1995 rad/sec =z, 1924 rad sec
P SR =, 105
Augmented
Eargp ° 106 r Ygec = 1.08 rad/sec
S <6 = . 506

e, ROt specified -<14 rad/sec

A\

;’ﬁ not aspecified ' = ., DBS




LARGE AIRPLANE
Longitudinal

1% Fegjany = 106.45 1b/g
F“/:,J = 5 Ib/in.

2.% Fyyltn, = 158 1b/g
Fesld¢s = 1.5 1b/in.

Lateral-Directional
Dynamic
Unaugmented
Te =1.12
Wy = .488
Z, =.266
I8! = .9185
Augmented
e =1.00
Wy = . 440
3y =.539
loal = -945.
Static
Fas/8as = .55 lb/deg
Fop/8gr = 50 Ib/in.
o, =1501b
Ses,,. = 60deg
8o, = 3R

{aiso soe Figure 18).

* C-SA values include 12,85 'S/g bobureight effect.

il

SIMULATED

Static (same for both unaugmented and augmented cases):

= 106 lb/g
= 5-6 lb/in.
= 158 Ib/g
= f.9 1b/in.

= .90-1.20
= .500-.540
= ,22-.28
= .8-1.1

= .90-1.20
= ,484-.57
= ,5-.57
= .8-1.1

= .43 lb/deg
= 60 1b/in.
= 150 Ib

= 60 deg
2.5 in,

#

Th: B-26 was caliturate  for the following values of pb/ 2U for full
wheel Jeflection of 607, ~ <soc.ated values of bank angle occarring one sec-
ond ={ter iritiation of the wheel input are noted for the two control wheel lags

This is ircluded in

the B-26 eimclation by slightly increasing Fes/Sggly . -
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I pb/ 2U (llrad)‘ @, (deg)
| Lag 1 Lag 2
Unaug, Aug, - Unaug. Aug,
.10 2 5 1.3 2.9
17 1,5 1 1.9 2.3 4.5
. .55 5.5 | 10.9 3.9 6.0
| .32 8.2 - -- -

The aileron conirol lags are specified in terms of time required to apply full
control miomernt. !(Regardless of the method Ly which it ia done, the B-26
must of course use its ailerons; the simulated airplane uses a combination
of aileron and spoilers.) Lag | is the normal B-26 aileron lag, with essen-
tially no dwell time and a rate limit which provides full control in apprﬂxx-
mately .4 seconds. Lag 2 was electronically mechanized to provide a . 1-
second dw=a1l time and a rate limit to accomplish full control in .9 seconds
(see sketch below?.

$
LAg 2 | As
fUe ' ! FULL CORTROL
i MOMENT
]
—t L,
s o .l 1 s "o
TIME SEC

Of primary interest was the matching of yaw rate response to rolling
moment control input. Previous work {(Reference 1) had irndicated that lack
of turn coordination (the airplane banks but does not turn) had a profound ef-
fect on pxlot acceptability. This characteristic was quite noticeabie from the
digital &,¢ step responses using the C-5A data. The exteni of this matching
{for smaﬂ inputs) is noted for a typical case on Figures 19 and 20. In order
to match the  time history it was necessary to sustain a slight mismatch in
the roll rate time history. While on the whole this mismatch does not appear
sigaificant, it may be noted that @, is diffe;ent for the augmented and unaug-
mented cases.

The result is that for the same maximum pb/2U attainable at 60°
and for the same lag, the @, for the augmented case will be greater than
that for the unaugmented case.
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- SECTION V
EVALUATION TASK AND PROCEDURES

The evaluation task was designed to facilitate investigation of all phases
of the approach maneuver with the exception of the flarc to touchdown. Eval-
uation of 2 given configuration was based on three phases.

First, airwork maneuvers were performed by the evaluation pilot VFR
and under the hood. The purpose of this was to allow the pilot to become famil-
iar with the configuration and in particular enable him to ascertain the maxi-
mum control capability available. During the approach maneuver itself, small
contrel iaputx are norm.ally used except in those cases where the airplane is
upset by gusts or for some reason allowed to stray far from the desired path.

A prior knowledge of his ability to return to the desired path helps the pilot
determine his control technique on the basis of any limitations present.

Secondly, tro simulated ILS approaches were made, initiated by capture
of the localizer from beyond the outer marker followed by beam tracking to the
flare pcint, On one of these, the pilot would perposely get off the glide slope
and localizer (one or two dots) to see how easily he could return.

The third phase consisted of a simulated cloud breakout maneuver {two
for each configuration), performed in the following manner (Figure 2i). The
safety pilot positioned the airplane approximately 200 feet to the side of the
localizer course, and turned over control of the airplane to the evaluation pilot
iust outside the middle marker. The evaluation pilot held the airplane attitude
constant as it was given to him until a 200-foot altitude was reached. He then
came out from under the hood and maneuvered the airplane back to the runway
visually, requiring both longitudinal znd lateral corrections.

The evaluation pilot was made aware that he was not time-limited and
no pressure was placed on him to complete either his maneuvers or comments
in a given time,

Pilot comments were wire recorded in response to the comment guide
shown on the following pages. In zddition, he was encouraged to make addi-
tionai comments as he desired; Comments on the airwork phase were made
immediately. Comments on the ILS and breakout maneuvers were usually
made in a group follewing completion of all the approaches and before beginning
the next configuration. A numerical rating was assigned after completion of
the gomments prior to commencing the next configuration. The CAL rating
scale is shown on page 16. A detailed explanation of the use of this rating scale
is given in Reference 6. This reference was read by all pilots before perform-
ing the evaluation, and additional briefings were given to ensure understanding
of the aystem. Reference 7 is an attempt to combine certain concepts of the
Cooper and CAL rating systems to define a single improved scale and in par-
ticular to enlarge upon some of the simple descriptions of the CAL scale which
to some pilots have not been particularly helpful. Copies of this report were
given to the three evaluation pilots after the evaluation (the report has just been
published) for them to determine if, on the basis of the more lucid descriptions,
they would have evaluated the configurations differently. Although there was
indication that the revised system would be more helplul, the pilots felt their
ratings would have been the zame had the revised scaule been used.

13
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PILOT COMMENT GUIDE

I. Airwork
A. Longitudinal
1. Ease and precision of making small pitch cerrections -

technique used - tendency to PI}?

2, Does the airplane stay at a given pitch angle and airspeed?
3. Is the trim well defined? Sensitivity? Does longitudinal
response affect abiiity to locate trim? .
4, Comment on longitudinal control during turn entries,
steady turns and level [light recoveries.
5. Force level, gradient, and frictica suiilability.
6. Stick travel suitability,
7. Ability to change and maintain altitude.
8. Turbulen:e level.
z) light
b) moderate
c) heavy.
B. Lateral-Directional
1. Heading control and ease of initiating and stopping turns
on desired heading - technique used.
2. Bank angle control; ability to start and stop and maintain
coustant bank angle.
a) ability to pick up a wing
b) roll authority suitability
c¢) time from input to full output
d) time from input to beginning of output
e} tendency to overshoot and oscillate
f) type and relative amount of control used.
3. Instruments used most of the time.
4, Turbulence level
a) light
b} moderate
c} heavy.
I1. Long Glide Slope Maneuver (IFR)
A, Ability to capture ILS beam.
1. Localizer.
2, ilide slope,
B. Ability to track ILS beam (ability to make small corrections).

l.
2.
3.

Localizer.
Glige slope,
Airspeed control,

14
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PILOT COMMENT GUIDE (CONTINUED)

1, Long Glide Slope Maneuver {IFR) (continued)

C.

Control technique used (relative amounts of elevator, throttle,
aileron and rudder).

1. Localizer.

2. Glide slope.

3. Airaspeed.

D. Workload.

Excessive ?

E. Oascillation in
1. Altitude?

2. Attitude ?

3. Heading?

4. How do you stop oscillation?

F. Turbulence level.

1., light.

2. moderate,

3. heavy.

G. Of all the above considerations {A through E), which gave the
most difficulty, and how well wera you able to complete the
mission ?

H. Did any single or group of lifficulties become more difficult
when trying to correct another ?

1. Breakout Maneuver

A, Ease of approach maneuver from the 200-foot altitude mark.
1. Laterally - lining up with runway.

Z., Longitudinally - maintais:ing proper rate of descent.

3. Aileron control power sufficient?

4. Rudder control pewer sufficient?

5. Of all the above consid. ations, which gave the most
difficulty and how well were you able to complete the
miesion?

B. Turbulence level.

1. light,

2. moderate,

3. heavy.

GENERAL:

1. Contro! harmony?

2. Rudder coordinaticn requirement?
a) turn entries, steady turns and recoveries.
b) precision of rudder control.

3. Pitching moments due to power.

18
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PILOT RATING SCALE

Category Adjectivé description within Numerical
: category Rating

Accecptahle Excellent |

and Good 2
Satiefactory Fair 3
Acceptable Fair

but - Poor 5
Unsatisfactory Bad 6

Bad¥* 7

Unacceptable Very Bad#*

‘ Danger ous? 9
Unflyable Unflyable 10

* requires major portior of pilot's attention
** controllatle only with a minimum of cockpit duties
¢ aircraft just controllable with complete attention.
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SECTION V1
DISCULSION

l. GENERAL

Longitudinally, evaluation of the i~rge airplane was dominated by
characteristics associated wih large ratios of inertia to aerodynamic force -
basically slow responses which appeared to the pilot to be very loosely asso-
ciated with control inputs. The sluw pit~h response combined with large stick
travel require- to produce the dezired motion was generally manifested by an
ability to make precision pitch changes which became more marginal as the
task became more demanding. A tendency to overshoot a desired change by
overdriving the airplane and either producing a pilot-induced oscillation or
being on the verge of producing one was characteristic in many cases.

From a lateral-directional viewpoint, the evaluation was dominated by
lack of turn coordination, i.e., the reluctance of the airplane to turn when
banked, using aileron control alone. The necessity for using rudder in a cor-
rect fashion to initiate the turn increascd the workload and detracted from the
ability to make bothk large and small lateral flight path changes.

There was considerable interdep..udence between the longitudinal and
lateral-directional cha. icteristics. The necessity for concentration on pre-
cise contro! of one mode reduced the effectiveness ~f control in the other.

The general characteristics noted above terded to put the airplane in a
category no better than "acceptable but unsatisfactory", regardless of the
variation ol other parameters.

2. LONGITUDINAL

Pilot comments indicate generaily that the elevator stick travel per
unit airplane response was too large. The stick motion that was used in the
evaluation was a proposed characteristic of the C-5A airplane. This relatively
large stick motion resulted from Lockheed ground simulator teats which con-
sidered the compromises necessary in their flight control system between high-
and low-speed flight conditions. Pilot A in particular {el’ that this was on2 of
the poorer characteristics of the configurations, describing the stick travel
as "highly unsuitable." Pilot B appeared to be less sensitive to this charac-
teristic and while conceding that the travel was a "bit more than desired” and
"a little too much, " termed it "satisfactory" and "acreptable.” Pilot C re-
flected an attitude similar to that of FPilot A, describing the stick travel as
"not suitab's, " and "uncomfortable.” His primary concerrn was that in some
cases he had difficulty in maintaining altitude during 30 degree banked turns.

The above comments refer ‘o all the longitudinal ¢ nfigurations except
the fully augmented case with the bigher Fgs/dn, of 158 1%/g. Here the stick
travel appeared to be slightly mors suitable to all three pilots.

Stick travel per incremencal normal accelerition was approximately

the same for all configuratione und was calibrated to match the C-5A data,
resuliing in approximately 20 inches per g.

17
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The following comments r:fer to Figures 22 through 27.

The general numerical rating variation of one half unit with change in
Fys/dn, indicates a relatively insignificant efiect on performance of the mis-
sion. %ilot A's comments, however, do show a distinct and varied preference
for the higher F.,/An, (158 1b/g). Pilot B and Pilot C felt this to be a bit high.

The general numerical rating variation of from one to three units in-
dicates a significant effect of longitudinal augmentation as it was applied in
this study. Although the changes in short-period frequency and demping from
the unaugmented to the augmented case do not appear significant in themselves,
analysis of the time histories of the two models shows the initial 6 response
to elevator stick input to be approximately twice as large for the augmented
configuration as for the unaugmented configuration. Pilot comments indicate
a greater ability to make pitch corrections with the larger 8 Lateral-
directional augmentation was on during the above comparison.

e e G AP A S ISR

When the unaugmented lateral-directional configuration was combined
with the unaugmented longitudinal configuration, the average ratings cf Pilots
B and C decreased up to one rating from the lateral-directional augmentation
on, longitudinal augmentation off case. Pilot A showed ar improved rating ‘
of one unit above the noted reference. Comment data did not reveal any =ig-
nificant reason for this inconsistency with Pilots B and C.

The above is based on ratings of the complete pilot-airplane mission .
as a whole, thus including the base lateral-directional characteristics, as we!l
as the variation of longitudinal characteristics. Pilot B was asked to rate the :
airplane considering only its longitudinal characteristics (neglecting any :
laterai-directional deficiencies). Limited data indicatec that when evaluation :
1s made on this basis only, the airplane is from one-half to one and onc-halt
ratings better than wken evaluated on an cverall basis.

-

3. LATERAL-DIRECTIONAL

Aside from the differences in modal characteristics and @, variation,
noted earlier in this repcrt, there are two other differences in the pilot com-
ments. In th~ augmented case there is:

1. slightly better turning capability with ailerons alone, and
2. slightly better harmony between initial and final roll response.

Pilot A appeared to be par.acularly sensitive to differerces in the un-
augmented and augmented configurations, regardless of %, and pb/2U (Figures
28 and 29). For the augmented case, his numerical ratings show the airpiane
to be in the low "acceptabie and satisfactory” category from a pb/2U of . | to
.25and a @ cof from 3 to Il degrees. Ratings for the unaugmented case are
substantially inferior, ranging from the middle of the acceptable b.i unsatia-
factory category to the better portion of the unacceptable category. This dif-
ference was largely substantiated by his comments. In most cases, he had
é better heading and bank angle control in the augmented case. The workload
] was less in the augmented case due to the less complex use of rudder renuired.
less frequen: use of instruments and less tendency to excite and overshont in
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roll and yaw. Better harmony between initial and final roll resporise was

noted, as was reduced coupling between longitudinal and lateral-directional
motions.

Though not indicated generally in the aumerical ratings {the unaug-
mented, lag | case is the exception), Pilot A felt that the low value of pb/2U
might be marginal. The middle value (. 17) was most desired, the high values
(.25 and . 32) resulted in too much disharmony with respect to the large amounts
of rudder pedal and elevator motion required to perform the maneuvers.

Differences between the unaugmented and augmented configurations
were not as distinct with Pilot B as with Pilot A. Figures 30 and 31 show con-
sideralle scatter of data generally within the "acce_ table but unsatisfactory"” &
boundaries. Howevsr, similar trends are indicated between the two pilots at
the low values of pb/2U where the rating is better for the augmented case. :
Pilot B was conscious of slightly better heading control in the augmented case
but not to the extent of Pilot A, Comments also indizate the tendency to over-
shoot and oacillate in roll characteristic of the slower initial roll response
of the unaugmented configurations.

Comments leave some doubt as to whether or not the middle value
of pb/2U (.17) was sufficiently high. However, ratings show a teadency to
peak at this value for the unaugmented case.

Thou;h the comments of Pilot C were similar t» those of the other two
for a given configuration, he rated the airplane poorer, particularly at low
values oi pb/2U and @, . Iu general, a stronger trend of greater acceptability
with increase in @& and pb/2U is noted (Figures 32 and 33).

Ag with the other two pilots, he observed better heading contrcl and
less tendency to overshoot and oscillate in roll in the augmented case than
in the unaugmented case.

Figures 34 and 35 show the variation of pilot ratings with & for con-

stant po/2U (this is essentially a comparison c: lag | and lag 2 for each case).
Gererally speaking, higher values of @, (lag i) are desired for cunstant

e values of pb/2U for both the .'igmented and unaugmented cases. For the two
larger values of pb/2U of the augmented case, only Pilot A shows decreased
acceptability of @, greater than 4.5 degrees. Aiso, it may be noted that the
majority of roll characteristic ratings fell below the upper boundary of the
"acceptable but unsatisfactory” category.

The majority of the conifigurations were evaluated in smooth air or
light turbulence. In those isclated cases where turbulence war greater, sorme
degradation in performance wrs noted. Hnowever, there are insufficient data
to support a specific trend.
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SECTION vII
CONCLUSIONS

LONGITUDINAL EVALUATION:

}-.

The majority of all pilot evaluation data, regardless of the presence
or absence of augmentation or the tested values of stick force per g,
fell in the "acceptable but unsatisfactory" category. By definition of
the CAL rating scale, this means that the pilot's objections to the
configuration characteristics are serious enough for him to request
that something be done to improve them. If, however, this improve-
ment cannot be made without serious conmipromise of other factors
influencing the mission, the pilot will accept the airplane, but with
reluctance.

On the basis of average numerical rating data, the effect of the
specified augranentation was to improve the handling qualities of the
airplane. Pilot's comments indicate the primary reason for this was
the less sluggish piich angle response in the augmented case. This
increased the ability of the pilot to make small pitch corrections and
to a degree diminished the amount of prediction required to accurately
control the airplane.

On the basis of the three-pilot sample as a whole, there is little
conclusive evidence as to the relative desirability of the two stick
forces per g evaluated. Of the three, Pilot A most clearly indicated
the desirability of the higher value (158 1lb/g), particularly in the
unaugmented case. Pilot B felt that this value was a bit high, but
acceptable; Pilot C preferred the low value of 106 1b/g.

Stick travel per airplane motion, as defined by stick motion per
incremental acceleration with a value of approximately 20 inches
per g, appeared to be too high.

LATERAL-DIRECTIONAL EVALUATION:

As previously noted, the evaluation results were strongly influenced
by lack of turn coordination using aileron control alone. Precision of
lateral-directional control depended upon development and use of a
combined rudder-aileron technique. The consistency (or lack thereof)
of their success or failure with this technique, combined with severe
lack of control harmony where large rudder motidns were used,
helped shape some of the varied opinions among the pilots as indi-
cated by scatter of numerical rating data.

The aforementioned lack of turn coordination is not conducive to good
lateral-directional control, a condition which is further amplified by
the lack of control uarmony it helps emphasize, particularly at the
higher values of pb/2U.
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Consistent reference by the evaluation pilots to differences between
initial and final roll response give some indication that the slope of
the roli response curve is important, at least up to the time maximum
roll rate is achieved. This shape can assume different forms (as
compared with the simplified first-order roll response defined by ’Z'g )
depending upon the extent of ncalinear control characteristics and,/or
roll coupling. The curve which has the most consistent time rate of
change of rolling velocrty (i.e., .{) vs. time nearly constant) is the
most desirable. One ia which the initial p is less than the final P
results in undesirable control characteristics similar to those of the
generally sluggish airplane; and initial overdriving followed by over-
shooting and possible oscillation.

The simulation of a dwell time of .1 sec (time between initiation of
aileron control wheel and response of the control surface), charac-
teristic of aileron servo dynamics, had no apparent effect other than
that associated with its contribution to a lower ¢, .

In general, each pilot produced somewhat different results regarding
the ~equired roll power for the large-airplane landing approach, with
Pilot C showing the strongest trend toward the higher roll power. The
lower roll power (pb/2U = ,10) was the least acceptable when comhined
with the unaugmented characteristics and low @, . For Pilots A and
B, the middle value of .17 appeared to represent a minimum pb/2U
independent of augmentation. For the same two pilots there appeared
to be little change in rating toward the higher valve, showing a sligkt
degradation through . 25 to the single test point of ,32. Pilot C
showed a continual desire for more power up to .25 after which there
was a decrease to .32. It would appear that a pb/2U of from .2 to . 25
would be sufficient assuming it was associated with a suitable curve

of p vs. time. If the p time response is too lacking in harmony, then
pb/2U becomes a less meaningful criterion.

For the unaugmented configuration and the low value of pb/ZU for the
augmented confxguratmn, there is a significant increase in acceptabil-
ity with increase in @, for constant pb/2U. This trend continues at
the two higher pb/2U's for the augmented case only for Filot B. The
other two show either a reversal or insignificant change from a value
of 4.5° upward. There is insufficient data from which to specify a
minimum @, for an airplane with characteristics of the unaugmented
configuration. For the augmented configuration, however, it appears
that a @, which is never below 4 to 5 degrees for any aircraft loading
or speed may be sufficient.
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SECTION vIll
RECOMMENDATIONS

Calibration of the B-26 airplane feor the large-airpiane lateral-
directional characteristics consumed a disproportionate amount of time in
terms of both in-flight data recording and ground data reduction. A reason-
able amcunt of in-1light calibration is -haracteristic of the response-feedback
method of simulation. Huwever, in the case where the airplane to be simu- :
lated has characteristics vhercin it is required to provide an artificial sta- :
bility increment nearly as large as that of the B-26, but opposite in sign
(e.g., the simulat>d airplane has low static stability), accuracy is difficult
to attain and a corresponding increase in the number of calibration data ;
points is needed. This has been shown iu the past to be the ca. for the E
lorgitudiie! characteristics of the large airplane, leading to the us< of the
model-following iechnique as a8 more efl'cient way of simulation under these
circumatances. Therefore, it is recommendsd that succeeding simulations :
of large-airplane lateral-directionai characteristics be accomplished using $
the model-follewing technique.

The following recomn endations are based on results of an in-flight
evaluation of the configurations simulated in this study and do not necessariiy
pertain to the present U-5A airplane. They suggest areas of design improve-
ment which, if carried out, would result in an airplane better able to perform
the approach task, including both tracking and aurupt flight path alteration,

. Reduce the elevator stick travel required to maneuver
the airnlane.

<. Increase the pitch acceleration capability of the airplane
in response to an elevator input.

3. Increase the capability of the airplane to turn when banked
using ailerons alone,

The remaining recommendations, aithough not necessariiv in perndent
of the above, are directed primarily toward expanded knowledg: of handling
Gualities requirements.

4. Re-examine the efiect of stick force per incremental norma’
acceieration in light of imp=oved longitudinal dvnamavs.

5. Re-sxamine the effect of ph/2U 1n light of irvprovement
obtairod ‘rom 4, above,

6. Generaliv exgand the invoatigaion of roll requirementis in
terms of pb/ U, &, , nonlinear roil response. and other
possibie pararneters to improve upon existing _rileria,
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Figure |  B-26 THREE-AXIS VARIASLE STARILITY AIRPLANE

Figure z  B-26 COCKPIT, SAFETY PILOT'S POSITION ON LEFT,
EVALUATIGN PILOT'S PGSITION ON RIGHT
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Figure 3  COMPUTER {MODEL <ASTALLATION IN B-26 WAIST
COMPARTMENY, LOOXK!NG FORWARD

Figure 4  VARIABLE STABILITY INSTALLATION IN B-26
BOMB BAY, LOOKIRG FCRWARD
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APPENDIX I
LARGE A'RPLANE DATA AND EQUATIONS OF MOTION

LONGITUDINAL

The following data were programmed into the airborne analog computer
to form the large airpiane model. These data are representative of the C-5A
airplane as of April 1966 and are for the unaugmented configuration. The aug-
mented configuration was developed by changing Cm, and Cmq to achieve the
required short period frequency and damping.

W =450, 000 1b : ®, =2.7deg

S = 6200 ft? Cp, = -703/rad

b =219.21t C., =5.61/rad

¢ = 30.9ft G,,,,G =, 2643/ rad
Br, =41t Cm, =-1.877/rad

I, =25x 106 slug-ft? Cw; = -8.72/rad

J =37.41b/f Cuy = -23.98/rad

Y =178 ft/ sec = +1,219/rad

p =.002378 Tfav = -106.3 lb-sec/ft
Co, = .28l %  =651501b
C,, =1.95 ar[#s, = 1,148 Ib/percent

The tollowing equations of imnotion represent the model, The subscript
"m" denotes model.

a. Drag equation with respect to wind axis.

- .13 A6
- - - dad S -
Ve D,V -0 7.3 Dy 73

. D;r s,
where
) T '
D, - - [on SCp, - (%\-,-). eos c,]

T,
D, - %-'f Co, ¢+ 5 S, - geos 7,

Dy = gces 7,

D, = 003% 3T
(
"~ s,

5, is % thrust
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b. z-force equation with respect to the z body axis.
3y 6m = 5734, 0V, 3,06, * 4,80, 9154, v, *3e%n * 35, % ‘
where

-5
= ....’_.... (‘a.ﬂ iut"'D, v, 4(%‘ sosgy -, sing,]
D

%% " Cot o,

§y = o0 a,
-¢8in 6,
T " Y,

‘oin &
%
8

2 (% cone, + Oy sina,)

% -

Ts

e - -—-——.v‘ ‘c‘," @’U‘)

C. Pitching moment equation with respect to the y body axis.
; Qo ="y Oyt &y + My La,, ¢ STI N AY,, + 0y, A8, +57.5 g &,

where §Sc p j
!
§S¢ =« !

§S¢c

sS4




LATERAL-DIRECTIONAL

The following data are also representative of the C-5A airplane as
of April 1966 and though not used directly s in the case of longitudinal model
following, were used to determine response time histor‘as used to match the
simulated time histories and to simulate the required laterzl-directional
modes. All derivatives are per radian, and are for the ursugmented config-
vration. The augmented configuration was developed by converting the gains
of a Lockheed-Georgia augmentation system to equivalent artificial derivatives.

I,, =17 x 106 slug-ft? Cug = .0765
Ips =39.2x 100 slug-tt® Cy, =-.154
I, =1.31x 106 slug-ft Co, = --308
6, =--174 Cy, = -206
Gy, =0 Cty, = - 0204
Gy, =.466 Cas, = --106
Gy =-c123 Oy, =0

G, = --465 Css, = -.045
Cs, =456 Oy, = -.0052

The following equations of motion were used.

A = Yplg #(f-'Y',)f"- “3"¢ - Ys,, s‘s + Y‘f 2

.0

-L.:',a-l..;.r¢¢-u

’d GL';“S'”#L';"S,.

’ . ’ 4 ’ ’ :
Nef +F =N v -Np@ =Ny Spg ¢ N;, 5 P

Note that these are written in tezms of "primed" derivatives which are defined
generally ap follows:

!
Yc' 'Yi
.
L; = & L; + =2 N;
. where

g-.......__’._.-r.!i
1,,:,'

I m— vt
-
-,
]

;
1
'V?-K(M*-Iﬂb;
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Note also that the rolling and yawing control inputs are in terms of
control wheel deflections rather than control surface deflections. This was
done so that thie C-5A moments due to aileron and spoiler deflection could
be combined and referred to a single control input; the aileron wheel,

L.

Both L and N are nonlinear with 845 . Hewever, for small disturbance
validation purposes, the initial slope for 0 < dss < 5° was used for the rolling
moment. In flight the actual nonlinear functior wac used for each pb/ 2U.

In the case of the yawing moment due to §,; a linear approximation was us:d
for both the digital responses and in-flight simulation.

Values of those derivatives are given below, and are per radian.

pb/ 2U Mgy L3,

.25 .0574 . 689

.17 .0376 .517

.10 .0188 . 346
56
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APPENDIX 11
EVALUATION PILOT FLIGHT EXPELEIES ¢

Hours Medium .
Total L‘and Flight Testing Chpd
rge
Pilot Ajrcraft Military Commercial Mitita: v
A 77150 4300 0 30C5 & e
B 4700 3100 0 3168 G i
C 3386 2744 1050 0 2237 S

Total hours one year preceding evaluation:

Pilot A: 385
Pilot B: 155
Pilot C: 58}

b g i it 1 L
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