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ABSTRACT

Analyses of results fram available handling qualities experiments
were performed to determine dynamic and control requirements for VIOL
aircraft. The basis for this treatment was an examination of the
pilot/vehicle as a closed-loop servo system. The quasi-linear pilot
describing function has been applied. The results of the studies
suggest that the primary factors identifying satisfactory and unaccept-
able hover mode dynamic features are primarily related to the closed-
loop pilot/vehicle system. Preliminary consideration is given to the
longitudinal techniques and mulitiloop cantrol structures suitable for
mamial control in transition.

iii



CONTENTS

Page
I. INTRBODUCTION. . & v 4w v v v 4 & o o 4 = & a « 1
IT. LONGITUDINAT HOVER DYNAMICS AND CONTROL. . . . .+ .+ .« . . 3
A. "Effective Vehicle" Control Charascteristics . . . . . 6
B. Pilot/Vehicle Closed-Loop Aspects. . . . . . . . . 2k
C. Conclusions . .« . « & « v s 4 e e e e e 57
TIT. CONTROL POWER AND SENSITIVITY CONSIDERATIONS . . . « .+ .+ . 59
L. Control Power . . + « « + o« & s+ s+ o« e« a e a 59
B. Sensitivity . . . + .+ .+ + « + + o« 4 4 . . . B2
C. ConclusSions « « « « v « e 4 e e e e e .. BB
TV. PRELIMINARY CONSIDERATIONS OF LONGITUDINAL CONTROL TECHNIQUES
T TRANSITION . . v v v v e ca s s e e a . &7
A. Effective Vehicle Control Characteristies . . . . . . 67
B. Closed-Loop Manual Control Techniques in Transition., . . ™
C. Effects of Thrust Axis Configuration on Pilot Control . . 91
D. Conclusions . . + v v & « v e 4 4 e o« 4 . . 98
V. SUMMARY OF CONCLUSIONS . .« + +v + v v 4« 2 o o o 4 « 100
A. Longitudinal Hover Dymamics., . . . . . . .+ . . . 100
B. Longitudinal Control Power and Sensitivity. . . . . . 101
C., Preliminery Closed-Loop Analysis of Transition . . . . 102
REFERENCES . . & v & v s e v e e e e e e e 4w e 10OM
APPENDIX A. DATA COMPARISONS AND FACTORS INFLUENCING HANDLING
QUALITY RATING., . .« +« v v v v o v w « + « < A

APPENDIX B. LONGITUDINAL DYNAMIC CHARACTERTSTICS, TRANSFER FUNCTIONS,
AND STABILITY DERIVATIVES DERIVED FROM VTOL EXPERIMENTS . B-1

APPENDIX C. EQUATIONS OF MOTION AWD APPROXTMATE FACTORS . . . . . (-1

APPERDIX D. PILOT MODEL CCNSIDERATIONS FCR VTOL ATRCRAFT CONTROLLED
BLEMENTS. . . .+ v « v « « & & & « &« &« « + D=1

APPENDIX E., APPLICATION OF MULTTILOCP ANALYSIS TECHNIGQUE TQ TRANSITION
CONTROL . . . v &+ &« & &« « v o « & v o « . E=1

iwv



10.

11.

12,

1%.

1k,

15.
16,

17.

FIGURES

Satisfactory (3 <PR< k) Conventional VIOL Attitude and Position

Loop Dynamics. .+« + « + 4 o 4 4 = e 4 e a e e
Unacceptable (6<PR<7) Conventional VIOL Attitude and Position
Loop Dynamics. . . .+ .+ + & + + 4 4 4 4 a4 ..
Pitch Rate Damping Requirement Implied from Open-Loop Dynamics
for Satisfactory Handling Qualities . . . . . . . ., .
Effective Controlled Element for Attitude Augmentation
(1/Tg>1/Tspo) v o o 0 oo o
Effective Controlled Element Dynamics, Position or Translation
Augmentation, Satisfactory (3<PR<L4) Bode Features . . . .
Effective Controlled Element Dynamics, Position or Translation

Augmentation, Unaccepteble (6<PR<7) Bode Features . . . .
Effective Controlled Element Dynamics, Combined Attitude and
Translational Augmentation, Satisfactory (3<PR<k4) Bode
Features . . . . . . ¢ 4 0 e e e e e e

Series Closed-Loop Hover Control Structure . . . . . . .

Attitude Loop Closures (5 -w5,) Satisfactory Condition,
Configuration 1 . . . . + .+ .+ « « « 4 . . . . .

Position Loop Closure (x, § -== 8.) Satisfactory Condition,
Configuration 1 . . . . .+ .+ + « .+« + « « o« 4 4

Attitude Loop Closure (9 —m=3g) Satisfactory Condition,
Configuration 3 . . . . . + « v + v v e e e 4.

Position Loop Closure (x, 8 -w 8e) Satisfactory Condition,
Configuration 3 . . . . . .+« « « « & & 4« .« . .

Attitude Loop Closure (8 -= &.) Satisfactory Condition,
Configuration 5 . . . . .+ .« .+ + « v + s e« 4 a4

Position Loop Closure {x, g -= B.) Satigfactory Condition,
Configuration 5 . . . . . « « v v v e e e e e

Effect of Lead Compensation on Attitude Loop . . . . .

Attitude Loop Closure {9 - 5a ) Unacceptable Dynamics,
Configuration 1 . . . .

Comparison of Unacceptable (PR=6.5) Vehicle Dynamics with
Second-Order "Critical Task" Dynamics. . . . . . . . .

Page

10

13

19

21

23

26

27

32

33

3l

32

36

57
29

L2

5



18.

19.

20,

21,

22,

23.

2k,

25,
26,
27.

28,

29.
30.

31.

32,

33.

3L,

35.
36.

57,
38.

Position Toop Closure (x, 8 —e8g) Unacceptable Condition,
Configuration 1 . . . . + + « + « « & & s a4

Attitude Loop Closure (8 —= B.) Unacceptable Condition,
Configuration 2 . . . .« . + « « « « & 4 44 e e

Position Loop (losure (x, 6 —= 5,) Unacceptable Condition,
Configuration 2 . . .+ + .« + « v 4 e e 4 e e

Predicted Normalirzed Performance Trends for Minimal Pilot
Compensation Levels. . . o « + « o & o & 4 4 .

Interdependence of Pilots' Tracking Performance and Pilots'

Opinion (Ref. 18) . . . « + + « & o e e e e
Potential Single~ILoop Closure Characteristic for Combined
Attitude and Translation Augmentation (Ref. 11) . . . . . .
Attitude System Block Diagram . . . . .+ .+ +« « + + . .
Attitude Command Scheme . . . . . .+ . o+ .+ . . . .
Translation Control with Pitch Stabilized Iuner Loop; Hover ., .

Position Loop Closure, Unacceptable Pitch-Stabilized System,
Hover . . . o « v 4 4 e e e e e e e e e

RMS Control Moment and Stick Deflection as a Function of Input
Disturbance (UARL Data) . . .+ .+ +« + « o @+ « « + 4 .

Minimal Control Power Reguirement for Gust Regulation . . . .
Control Measurements as a Fanction of Rating and Disturbance . .

Summary of "Criticiasms" for Precision Hovering and Lateral Quick
Stop Translations . . .« « + + o + « 4 4 e e e 4 .

Roll Control Characteristics Which Were Free from Criticism for
Both Hovering and Maneuvering . . . + « « + &+ « « 4

Attitude Dynamic Features for Steady-State Trim Condition in

Transition. .+ +« ¢ & e 0 e 4 e e e e e e a e .
Block Diagram for Closed-Loop Control Techniques . . . . . .
Pitch Attitude Control (g8 —=8g); 80 kts., . . . . . . . .

Airagpeed/Collective Closed-Loop Control; h, 8 —mBe, U ~=5,
(AlEitude). .« . v e e e e e e e e e e e e e

Altitude/Collective Closed-Loop Control, 1, 6 —bg, h —=5, . .

Alrspeed/Collective Closed-Loop Control; nh, 8 —~w=Bg, U —=3,
(Adrspeed). v + + v 4 h e e e e e e e e e e e

vi

Page

b5

)

L7

49

50

51
53
55
55

56

60
62
&

€5

66

69
76
77

9
80

81



39.

40,
Lo,

L2,

b3,

b,

45,

46.
47,
48,
u9.
A-1.
A-2,

A-3,

Altitude/Elevator Control Without Airspeed Regulation, h,

9 '-'-’Be * ] - (] - . . . . L] . . . L] - a »* L] -
Altitude Control with Collective (5 —m8., b —=8,). . . . .

Airspeed/Collective S8ingle-TLoop Control Without Attitude Control;

u +Bc . L} . [} » . . . . . . . . . [ » . " .

Collective Control of Airspeed and Altitude with Attitude
Control; u —wB,, h —=Ba, 0 =B . . .« «+ « « .+ .+ + .

Airspeed/Collective Control with Attitude Control; u —w5,,

e —-"58 . . . . . . ] . . . . . . . . . . » .

Altitude Control — Airspeed/Collective Technique, h, 0 -84,

u _-—60 . . . . . . . . . . . . . . . . . . )

Altitude Control — Altitude/Collective Technique, u, & —mBg,

h =B, « « v & « v v s e e e e e e e e s
Effects of Thrust Offset on Altitude Numerators . . . . . .
FEffect of Thrust Line Offset on Airspeed Numerators. . . . .
Bimilarity of Control with Thrust Magnitude and Incidence. . .
Effect of Thrust Line Angle on Numerator Characteristics . . .
Schematic of Rating Trends as a Function of Primary Variables

Phugeid Frequency Correlation with Satisfactory Dynamics . .

Correlation of Pilot Rating and Dynamic Characteristics
{Ref, 17). « + « o v v v o v e e e e e e

Contours of Average Pilot Ratings Derived from Flight Simulation
Data . .+ . v a e e e e e e e e e

Contours of Average Pilot Ratings Derived from Flight Simulation

Data . . . .+ . 0 00 e e e e e e e e e
Relative Effect of Motion on Opinion Boundaries . . . .
Data Selection for Gust Sensitivity Effects . . . . . . .

Effect of Turbulence on Pilot Opinion of Longitudinal Handling
Qualities (Ref. 9), Hovering, and Low-Speed Maneuvering Task. .

Rating Trends Under Gust Conditions (Ref. 7) . . . . . . .
Pilot Control Structure for the x, 8 —» 8, "Serles" Closure . .

Degradation of Pilot Opinicn Rating for Neonoptimum Gains .

vii

Page

83
8k

85

86

87

89

90
92
95
96
97
A-4
A-5

A-6

A-8

A-9

A-11



D-2,

D-3.

D-4,

D-5.

D-6.

D-7.

D-8.
D-9.

E-1.

E-3.
E-4,

E-5.

Degradation of Pilot Opinion Rating Versus Pilot-Generated Lead.

Averaged Open-Loop Describing Functions for Yc Kc/s with
Spring Rate as Parameter. . . .

Averaged Open-Loop Describing Punctions for Ych-Kc/s with
Inertia as Parameter . . . . . . ..

Typical Pilot Desecribing Function Data and Models (Yc Ko/(8—2);
wi=4.0radfsec) . . . . . . . . . . v e e

Root Loci of Neurcmuscular Subsystem Dynamics with Two Levels
of Tengiom . . . .. .+ . .

Connectlion Between Equivalent Time Delay and Low-Frequency
Phase Lag

Effect of Pilot Time Delay T, on Attitude Loop
Attitude Loop (9 —=Bg) Closure Possibilities for Low 7¢ . . .
6 — 8y Loop Closure . . . . . . .+ . . .
. . 1 g u
Factorization of NBC + Ypemﬁeac
u b, Closure with ¢ = &g Loop Closed . . . . . .

h
Factorization of N5 + Y. Nheac

h —= 8, Closure with 8 — 3¢ and u ~» b, Loops Closed .

viii

Page
D-12

E-6
E-8

E-9



IT.

ITT.

VI.

VII.

VIII.

IX.

XT.

XIT.

XIIT.

XIV.

B-IT.

B-IIT.

B-IV.

TABLES

Significant Handiing Quality Merits. . . . . . . .

Effective Controlled Element Forms for Conventiocnal VTOL
Bystem . . .. . .+ . . . 0 . e .

Summary of Conventional VTOL Dynamic Features Necessary for
Satisfactory and Unacceptable Handling Qusalities Defined
from the Survey . .+ .+ « v+ &+ v « + e e e«
Effective Controlled Element Forms . . .« « + +« .+ «
Satisfactory Conditions for Attltude Augmentation Systems
Tentative Conditions for Translational Augmentation Systems.
Hovering Flight; Cocmbined Feedbacks & and 8, u and & .

Dynamic Characteristies for Satisfactory Boundary Data .

Conventional VIOL Dynamlcs, Satlsfactory Boundary Data
Sources . . . . . . . « v

Satisfactory Attitude Inner-Loop Closure Features .

Pogition Outer-Loop Closure Features for Satisfactory
Boundary. . . . v . 4 4 v v e e

Summary of Satisfactory Closed-Loop Features.
Unacceptable Controlled Elements, . . . . .+ . .
XC-142 — Transition Longitudinal Dymamic Characteristics.

Flight Test, Moving-Base, and Fixed-Base Data Comparison of
Rating for Unacceptable Controlled Elements . . e

Conventional VIOL Dynamic Characteristics Reviewed During
Study. .« ¢ o« v 0 e e v e v e e e e

Conventiongl VIOL Dynamics Experimental Conditions for
Handling Quality Boundaries . . . . . . .

VIOL Attitude Stabilization System Dynamics Reviewed During
the Present Study. . . . .« +« « .+ + .+ « . .

Translational Stabilization Sygtem Dynamics .

Closed-Loop Relationships for @ —=3, and x —= 5, Closures
in "Series" for VTOL-Type Aircraft 1n Hover .

12
1%
18
22
25
29

30
31

by
Lo
Lo

70

A-1h4

B-5

B-7
B-8

c-7



Cc-IT.

C-IIT.

Availability and Key to Location of Approximste Factors for
Hover and Trangition. . . . . . . . .

Approximate Factors Referred from Table C-IT.

Equalizer Adjustments Versus Controlled Element Transfer
Funcetion in Crossover Region . . .

To Estimate Versus Effective Order of Y. in Crossover
Region . .+ « « + o « + 4

Characteristics of XC-142 at 80 Knots . . . . . . .

Page

0-8
¢-9

D-7

E-2



= B

=
frat

&F &£ F 5

b=

—
]
e

BYMBOLS

Alrplane wing span

Center of gravity

Decibel = 20 logig | | = | lgm
Acceleration due to gravity

Open-loop transfer function; also specific bransfer function
if particularized by subscript(s)

G{s) with s replaced by —o and jw, respectively; for G(—¢) <0,
values of |G(—0)| =1 identify real roots

Altitude perturbation

Moment of inertia

Moments of inertia about x, y, and z axes, respectively
Product of inertia in XZ plane

F

The imzginary portlon of the complex variable s=o0f jo
Spring rate of manipulator

Bode gain of controlled element, particularized by subscript
Gain margin

Pilot gain of } degree of freedom

Integral scale of turbulence

Mass of aircraft

Pitching moment/Ty

oM/dq

M /du

oM/ dw

M/ Sw

oM/ 0%

Transfer function numerator

X1



Xy
12
Ng 55

Ng(s)
POR or PR

4

q

rms

SAS

1/T

Tg

e

TL

& T

Ty

Tlilj

Coupling numerstor relating output motion guantity to control

deflection, particularized by subscripts

Numerator of transfer functlion relating output motion quantity

to control deflection, particularized by subscripts
Pilot's rating

Dynamic pressure

Pitch rate, angular velocity about the Y axis, positive nose

goling up

Right half plane

Root mean square

Laplace operator, o jw

Wing area

Stability Augmentation System

Time

Inverse time constant, particularized by subscript
Equalization time constant, attitude loop, Kg/Kj
Human pilot lag time constant

Human pilot lead time constant

Human pilot neuromuscular time constant
Equalization time constant, position loop, Kgx/X;
Time constant of )} zero or pole

Coupling numerator time constant for variables Ak
Perturbation velocity along x-axis

Gust velocity along x-axis

Steady-state velocity along x-axis

Perturbation velocity along z-axis

Vehicle weight

Horizontal displacement in direction of x-axis

Force in x-direction divided by aircraft mass

xii



X5
Yr

To(n)

!

JX/dq
dX/ou
X /33

il

Transfer function of filter

Humen piltot transfer function, particularized with respect to
general variable

Vertical displacement in direction of z-axis, positive downward
Force in z-direction divided by aircraft mass

3zZ/dq

3z, /3u

fl

= OZ/dw
= 0Z/3%

Ii-

Angle of attack, w/Uq

Perturbed flight path angle, 65—«

Control deflection {Positive: forward stick)

Piteh control deflection

Increment between the actual and control of ith single axis

Increment between the actual and optimum pilot rating

Denominator of airframe transfer functions; characteristic
equation when set equal to zero

Perturbation angle of thrust vector

Damping ratio of linear second-order transfer function quantity,
particularized by subscript

Pitch angle

Pitch angle responge in 1 sec

General variable (u, v, w, 8, @, |, etc.)
Thrugt vector angle at trim condition
Real part of s

Root-mean-squared value of A

Time delay

xiii



= # ° g

e

®e OT U,
ey,

ay,

Effective pilot time delay, 7.,plus neurcmuscular time constant
Phase angle, degrees

Phase margin

A power spectrum

Imaginary part of s

Crossover frequency

Crossover frequency of general closed-loop variable

Undamped natural frequency of A zero or pole

Special Subscripts:

CL

eff

hi

OL

sp

838

Command; crossover; controlled element (vehicle), collective
Closed loop

Error, or elevator's pitch control (longitudinal cyclic)
Effective

Gust

Altitude numerator for control input

High fregquency

Basic (unperturbed) condition

Open-loop

Phugoid

Pilot

Yaw control (tail rotor or differential lateral cyclic)
Roll subsidence

Spiral

Short-period

Steady state

Throttle; Thrust

Airspeed numerator for control input

xiv



Special Superscripta:

()
( )H
()
(")

Primes dencting loop closure. Primes on a transfer function or
time constant indicate that it has been modified by inmer-loop
closures, the number of primes corresponding to the number of
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Denctes second derivative with respect to time, d2/dt®

Mathematical Symbols:
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Notational Rules for Closed-Loop Quantities:

b

The number of primes present indicates the number of loops closed
previously.

The notation for the closed-loop factor is the same as that for the
open~loop factor (plus a prime) when the closed-loop and open-loop formg
are the same. In this case the origin ?:f‘ the closed-loop factor is

1 t
always at hand (e.g., g = wd, wp == g, Tg == T, T, — Ty,

When the closed-locp factors differ in form from their open-loop origins,
severgl possibilities exist.

a. For closed-loop factors which have the same form as, and are
approaching, open-loop zeros, the closed-loop factor notation
is that of the open-loop zeros (plus a prime). For example,
open-loop quantities (s+1/Tg) and (s+1/Tq,), which couple
to form a quadra.t:.c a.pproa.ching the open-loop zeros of
(82 + 2t s +a2), would slve rise to a closed-loop factor
ordlnarlly denoted as (s<+ 20pps +Op2) .

b. For closed-loop factors which differ in form from both the
open-loop poles from which they depart and the open-loop zeros
which they ultimately approach, a special notation is coined
which ordinarily reflects the origin of the factor. For
example, closed-loop factors which start from =0 and
s =—i/Tp, couple to form a quadratic, and subsequently
decouple to end finally at two real zeros, would be dencted
52+ 2t pwRs +wg® in the quadratic region.

¢+ Closed-loop factors which have nc readily identified origin
or end point, such as one starting at s=0 and approaching
8 =w as galn increases, are given a specially coined notation,
evge, 1/T4s

When the application of these rules by rote would result in great confusion
in the local context, a new form is substituted for the closed-leoop factor
involved. Primes, however, are always retalned.



SECTION I
INTRODUCTION

One of the problems most often cited as impeding both design and development
of the VTOL aircraft during the past decade has been the lack of rational flying
quality requirements, However, more fundamental even than this lack of require-
ments has been the absence of a basgis for understanding and the means for con-
solidation of the enormous amount of handling quality information generated
experimentally during this pericd,

The effort reported here has been directed specifically at these two tasks,
(1) understanding and (2) consolidation of all documented experimental results,
The treatment utllized throughout this study rests primarily on the servo anslysis
of the pertinent closed-loop piloting tasks for the longitudinal axes, and con-
siders both hover and transition flight regimes.

The present study fekes off from the rather complete literature survey and
analysis of Ref. 1 in which the results and conclusions of the pertinent pub-
lished material up to approximately 1965 are examined, listed, and, where suit-
able, analyzed., In addition, because the basic approach and treatment as
utilized here draws on the experience and background gained in previous V/STOL
handling quelities analyses, it 1s suggested that the reader may find it worth-
while to review the studies of Refs, 1, 2, and 3.

Section IT considers the hover mode dynamic features which have been tested
in various simulator programs. A broad range of dynamics features are asgsembled,
identified in terms of open-loop properties, and finally classified as to their
"effective" controlled element form. For each controlled element form, the
characteristics are defined for both "satisfactory" and "unacceptable" handling
quality levels. Selective closed-loop analyses are performed to complete the
picture and as a means of understanding the pilot/vehicle control situation
associated with each handling quality level.

In Section ITIT the quasi-linear pilot's describing function and closed-loop
control aspects are applied in an attempt to provide a basis for minimum control
power and sensitiviiy requirements for the closed-loop regulatory contreol in a
gust environment.

In Section IV of the report, alternate perturbation control techniques and
various vehicle factors influencing (pilot's) closed~loop control of transition
are explored in order to gain en appreciation for potential problem areas and
pertinent specification parameters. BSince there is very little experimental
data available in this region, the XC-142 was used as a representative base
model which is expanded generically to show the effect of other types of vehicle
configurstions on transition control.

Another important aspect of study was the effort taken to explain apparent
differences among the individual references as to "satisfactory" or "unacceptable"
characteristics. These considerations and correlations have weighed such Tactors
as gust disturbance effects, stability, fixed- versus moving-base simulation,
etc., and are presented in Appendix A. In extending and explaining these
differences we reexamined "o0ld" and sought out "new" data. Among the new
sources of data, those supplied by United Aircrafi Research Ieboratories were



very important because of the well-documented compensatory tracking experiments
that were performed on their simmlator. Since UARL was part of the overall
VIOL Integrated Flight Control Systems Program (VIFCS), their similator
results were made immediately available to us through progress reports and
letters, as well as in published form (Refs. 4 and 5).



SECTION II
LONGITUDIRAL NOVER DYNAMICS AND CONTROL

The handling qualities and asugmentation requirements for VIOL aircraft in
the hover mode have been the subject of much experimental actlvity in the
past decade. The majority of such efforts have been devoted to establishing
empirical correlations between vehicle open-loop parameters and a pilot rating
or opinion scale (e.g., Cooper Rating Scale, Ref. 6). Unfortunately, the
results have often appeared conflicting or inadequate when comparisons among
experiments have been attempted on the basis of the suggested dynamic factors.
However, these data provide a logical starting point for the present analysis
as well as a basis for future criteria. Accordingly, the analyses and correla-
tions to follow are based on a review and interpretation of the existing
experimental data and results.

In scope, the present review has included the available ground-similated
and flight-tested hover dynamics from both governmental and industry-sponsored
research. Most of the sources for the data ubtilized are given in the cited
references; however, in specific cases some unpublished results have been used.
Approximately 100 different dynamic configurations were studied in detail.
Where possible, the "raw" pilot rating data were used to eliminate the effects
of interpolation and fairing in the documented results.

With this abundance of data, the underlying objective of this effort was
first to unify past results and secondly to provide the rationale for future
handling quality criteria. To perform these two tasks, we have employed
servo analysis techniques, utilized the latest crossover model concepts for
the pilot describing function, and established closed-loop control structure
logic consistent with observed piloting technigques.

All previous attempts to correlate the VTOL results on the basis of
gingle or complex open-loop features have had only limited success. There-
fore, in the present analyses the open-loop characteristics were examined in
light of the related closed-loop handling quality merits. Table I identifies
these pertinent merits and their significance to the present studies.

The assumed partitioning into the various related handling quality merits
is the fundamental basis for this study of VTOL dynamics. The emphasis
at the initial stage is placed on the single performance merit— stability.
The most pertinent indicator of this merit is the effective vehicle conirol-
input transfer function in the desired crossover frequency region. Such
characteristics, obtained from the various data sources, were examined by
constructing families of Bode plots and root loci for two pilot opinion
regions — the satisfactory {3 < PR < }) and the unacceptable (5.5 < PR < 7.5).*

*In the case of the unacceptable classification, the expanded range of
opinion data classified as unacceptable was used to insure that a good over-
lapping of marginal dynamic features was included.
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This restriction may be generally justified by our desire to delineate these
boundary conditions for specification purposes.

To further restrict the potential factors influencing the pllot rating
levels, only the best or optimum ratings were used for each dynamic configu-
rgtion so that the effects of control power and sensitivity weére minimized.
Also the data were limited initially to low gust-response levels correspond-
ing to a sensitivity factor, Mpoug =< O.1. As indicated in the sketch below,
the change in pilot rating due to gusts is relatively small, below Muous=0.1,
regardless of the vehicle dynamics. However, this gust-response limitation
appears unnecessarily restrictive in view of the final correlations, which
show that it applies only to the marginal control situations (PR = 6.5).

Mu Mq ng

A Varied, -267 6fps
& Varied -400 6 fps

[~ o 0275 -3 Varied
— & 03l -3 Varied

@ varied -25 5fps

-J

(0]

w

Pilot Opinion, POR

]
0 Ble; .20 30
Gust Response Factor, Mua-u,g

Sketch A. Sengitivity of Pilot Opinion
to Vehicle Gust Response Factor Mucug

In addition to pilot opinion factors which stem directly from closed-loop
control, detailed consideration has been given to the subjective factors
affecting pilot ratings. For example, some of the variance in the copinion
data among the data sources used may be explained by such factors as the
ingtructions to the pilot, overall task, and the gimulation facilities used.
Considerable effort was expended to obtain some appreciation of the intersource
pilot rating variances. Primarily this involved direct compariscn among the
various data sources of situations having esgentially the same controlled
element dynamics. The detalls of this effort, as well as a brief review of

the various experiments, appears in Appendix A. The major conclusions reached
are:

1. The pilot rating differences between fixed- and moving-
base or flight test simulators for conditions where
My > 1.0 rad/sec were less than *1/2 rating point for
the gatisfactory level and approximately #1.3 rating

>



points at the unacceptable level. However, major
rating differences were observed at the low My and
M, levels for the satisfactory ratings, and at the
extremely large My and X, configurations (i.e.,

M, >0.1 and -X;; >1.0) for the unacceptable level.

2. The effective change in rating due to gust conditions
for small perturbations in M, or dug is proportional
to the sensitivity factor, Muoug- %his proporticnality
varies as a functlon of level of vehicle stability and

M,. Neither Oy NOr My may be interchanged except at
constant dynamic situations.

3. The effects of changes in task and instruction to the
pilot were significant only for the configuraticons
studied by Bruel (Ref. 7).

A. "EFFECTIVE VEHICLE" CONTROL CHARACTERISTICS

The hover control task involves a multiloop control structure in which
both attitude and horizontal position are controlled by the pilot with a
single controller (i.e., longitudinal stick or cyclie control). Therefore,
the characteristics of two effective controlled elements are pertinent in
the present study. These elements are:

® The primary characteristics associated with attitude-
loop control, 6/5.

® The secondary characteristics relsted to translational
or position control, x/5.

For these two controlled elements the generally applicable transfer function
forms are:

e 1\%(8_{.1/11!81)
Attitude; 5 = >
(s+ 1/Tsp2)(s +2§Pmps +m§)
x —eMy
Position: 5 =

S(S'FT/Tspg)(524'2§pwp5'*wg)

These forms are derived in Appendix C from the three-degree-of-freedom
equations of motion. Also given there are the approximate literal relations
expressing the factored pole/zero roots (i.e., 1/Tgp, wp, 1/Tgqs and QP) in
terms of basic aercdynamic derivatives, My, Xy, My, and My.

A variety of pole/zero combinations may be related to the above transfer

function forms as a result of changes in either the pertinent derivatives or
in the stability augmentation system. Accordingly, we subdivide the dynamic
features to identify the effective controlled elements as one of the following:

6



® Conventional VIOL Systems (including the subsidiary
form)

® Attitude Augmentation Systems
® Position or Translational-Loop Augmentation Systems

® Combined Attitude and Translation Systems

Where augmented features are involved a prime notation identifies the augmented
"effective" characteristics; the unprimed quantities relate to the bare airframe.

1+« Conventional VIOL Aircraft Dynamics

The conventional VTOL aircraft dynamics which have been reviewed in this
study are grouped according to source and presented in Appendix B for refer-
ence. The "conventional VIOL dynamics" nomenclature is applied to indicate
that these dynamics do not include complex stabilization features and the 8§
responses approach acceleration or rate response to control inputs. The
subsidiary transfer function forms associated with this clasgsification are
defined in Table IT. Fundamentally, these forms are specified by the vehicle's
aerodynamic properties; accordingly, the features range from the simple non-
aerodynamic inertial body form to the general form which involves both airspeed
and angular damping parameters.

TABLE TII

EFFECTIVE CONTROLLED ELEMENT FORMS FOR CONVENTIONAL VIOL SYSTEM

BASIC FEATURES AND PRIMARY CONTROL-ATTITUDE SECONDARY CONTROL POSITION
SUBSIDIARY FORMS 0/ x/8
A. 1Inertial form (i.e., ) L
s - s
X‘L‘L - Mll = Mq = O) M6/ gMB/
B. Angular damping form Mg —2%
M 0, X, = = 0
(Mg # 0, Xy = My = 0) S(s+1/Tpp) (s +1/Tgp,)
C. Aerodynamic form Ma(s-+1/T91) —gMs,
(i.e., u and g terms 5 e >
unequal to zero) (s + i/TSPQ)(s + 2L s +u§) s{s+ 1/TSP2)(S + 20 yops +ap)

An extensive range of aerodynamic properties and corresponding transfer
functions has been reviewed in the present study. In terms of the three
primary derivatives which define the transfer functions, aerodynamic
properties are given by




0 < My < 0.16
—0.36 < X, < 0
0 < My < 6.7

In terms of the pole/zero roots of the transfer functions, the range of
dynamics is equally substantial, as is shown below:

(@
A

1/Tep, < T-0
-0.05 < 1/Tg; < 0.36
0 < Wp < 1.6

—0.48 <

A

From the dynamic data of Appendix B, the Bode and root loci diagrams were
calculated for both the satisfactory and unacceptable pilot ratings. A com-
parison of the itwo opinion regimes is made in the following subsection to show
that the pole/zero combination making up these data is significantly different.

a. Satisfactory Regimes. The satisfactory 8-loop features require three
basic forms of the Bode and rocot locl to represent the wvariety of pole/zero
combinations covered by this rating. Generally the 8-loop can range from one
with stable open-loop dynamics and a broad K/s asymptotic region centered
about 2 rad/sec to one with unstable dyneamics and a K/s2 asymptote near
2 rad/sec. While such a broad range of attitude dymamics suggest that satis-
factory conditions are somewhat ill defined, common dynamic features are
evident. For example, the oscillatory mode frequency, wp, is always equal
to or less than 0.5 rad/sec. Likewise, the majority of the configurations
have a broad K/s~like region near 2 rad/sec (see Fig. ta-b).

The exceptions to the latter aspect are the configurations with K/s2
asymptotic features near 2 rad/sec described by the Bode diegram in Fig. lc.
Fortunately, such features are characteristic of vehicles with very low angular
damping {i.e., My =0} and aerodynamic derivatives (e.g., My=Xy=M4;=0). Tn
addition such inertial body-like configurations were considered satisfactory
only when motion cues were available to the pilot (e.g., moving-base simula-
tions or flight test experiments) and the external disturbances were small.
When the above inertial-body configurations are excluded, the distinctive
feature of the satisfactory position-loop dynamics is the K/s3-like asymptotic
form of the Bode diagram near 1 rad/sec.

b. Unacceptable Regimes. Two Bode and root loeci forms are used in Fig, 2
to define the unacceptable 6-loop dynamics. Basically these dynamics are
character%zed by a moderately high frequency (“b311’0) unstable mode with a
large K/s“ asymptotic region beyond 2 rad/sec.

11LThe unacceptable position loop shown in Flg, 2 is characterized by the
K/s" asymptotic form near the crucial 1 rad/sec frecuency region.
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¢, Camparigson of Setisfactory and Unacceptable Regimes. The detailed
features of the two handling quality levels, satisfactory and unacceptable,
are given in Table III. The more specific features indicated here were
defined from the detailed Bode diagrams talculated for each configuration
during the Bode survey. These diagrams are not included in the text due to
the total number (approximately 90) involved. The diagrams defined from this
survey are avallable in Ref. §.

The conditions imposed by the results of the Bode survey as given in
Table III may be considered as describing necessary but not always sufficient
conditions. In this light, these pole/zero combinations may be expressed in
terms of the primary aerodynamic derivatives and M;, using the expressions
in Appendix C. Figure 3 shows the resulting M, versus satisfactory
boundaries {(3<PR<L4) inferred from the Bode survey. Theé correlation among
various data sources is remarkably good considering the range of configurations
and envirormental conditions covered by the data. Particularly good correla-
tion is noted between the boundaries and the recent data from UARL. Note that
this relation is valid only for a constant X or 1/Tg; level, although it is
shown in Appendix A that the overall effect of X;; values near zero is small.

2. Augnmented VIOL Dynamlc Features

The augmented dynamic fegtures are separated into two groups — attitude
augnentation systems and position-lcoop augmentation systems. The resulting
effective vehicle transfer characteristics in each group are considered as a
function of feedback dynamics; and correlations with the extant data, based
on these characteristics, are shown. Attitude systems are considered first;
then position systems; and finally, combinations of both. Table IV provides
the general transfer function expected of each of these systems.

Before discussing the satisfactory or unacceptable features of these
augmentation groups it is worthwhile to review the consequences of the
various forms of attitude and position feedbacks on the basic vehicle
dynamics.

a. Attitude Augmentation. Attitude-loop feedback systems involve the
basic block diagram structure below. The feedback term 1/Tg is needed to
insure gtability and is given by the ratio of attitude and attitude rate
feedback. The effective airframe dynamics are then determined by the size

Airframe

g o B | MafriTe) | 6
(5 +1/Tsp,)[s% + 28pwps + w]

Kg(s + 1/Te) I-

Feedback

Attitude Feedback Diagram
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TABLE III

SUMMARY OF CONVENTIONAL VIOL DYNAMIC FEATURES NECESSARY FOR SATISFACTORY
AND UNACCEPTABLE HANDLING QUALITIES DEFINED FROM THE SURVEY

DYNAMIC
PROPERTIES

Attitude Loop

1. Ogcillatory Mode
a. Frequency, ap
b. Damping, EP

2. Aperiodic Mode
1/Tsps

3. Numerator Term
1/Tgq

4. Dominant vehicle
asymptotic dynamic
form near 2 rad/sec

5. Phase Margin near
limiting wp

6. Lowest frequency
for stability, wc{r

g < 0.5 rad/sec
QP < 0 (stable)
or gp% > —0.25*

1/Tepy S 1

02 1/Tg; < 1/2(wp)

X/s

cpM>o**

wey < 1 ..0%%

wp > 0.8 rad/sec
p <-0.15 (unstable)

1/TSPE = Wp

Position Loop

1. Dominant vehicle
asymptotic dynamic
form near 1 rad/sec
Dxe

K/’

Guat Sensitivity

1. Muﬂ'ug

0.1%*

0.1

1‘FRequ.ires moving~base of  flight test simulation conditions.

**Conditions required only for i, > —0.25.

tThe lowest frequency for which the phase margin is zero {(see Figs. 1, 3a).

L=




Pitch Rate Damping , Mg (sec}

7L
.-
) Ref. 26
S x Ref 10
© Ref. 7
B Ref. |7
A Ref, 12
5| & Ref. 27 A
Mucrug <.
Nominal X, : -.10
4 |
UARL (Ref.9)
3 Satistactory wp=05rad/sec
£p20
2
Unsaltisfactory
| B

0 2 4 6 .8 1.0 1.2
Static Stability Factor , gMy,

Figure 3. Pitch Rate Damping Requirement Implied from Open-Loop Dynamice
for Satisfactory Handling Qualities
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of 1/Tg relative to the airframe parameter 1/Tgp,. For example, if 1/Tg is
selected to be smaller than 1/Tsp2, we see fram the root loci and Bode sketches
below that the phugoid mode moves into the two zeros near the origin (i.e.,
1/Tg and 1/Tg,) and the 1/Tsp, mode moves ocut along the —¢ axis.

N
Yo = 1‘-9 Kgls+1/Tg)
L

Te * Teo, “o )
A Tsnz
T
el ] L3¢ £
o -20 -0 -1 (o] 1.0 10.0
T . Tsp, w(rad/sec)
Attitude Rate Feedback Gain Loci
jw
Ng —1.0 wp
Y = —= |
EFFECTIVE = A Ts'p
2
| X
-3 !
o -20 -10 4] ol
Te, " w(rad/sec) 10 100

"Effective” Augmented Features

Selecting a moderately high gain and a corresponding moderately high
crossover frequency results in a ue].’l_-‘damped low-frequency phugoid and a
reasonably high first-order mode, 1/Tg »- The "effective" augmented airframe
now has a K/s characteristic over a wige frequency band (between wp and 1/T5P2).
Thus the dominant response is that of attitude rate proportional to control
input. The airframe exhibits only a small attiftude stability at the lower
frequencies and, in general, exhibits "conventional" VTOL dynamics, but with
large rate damping.

The limiting case for |1/Tg| < |1/Tgp| is the use of pure rate feedback
(1/Tp = 0). With two zeros at or near the origin (i.e., if ‘I/Tg1 =0) the
phugoid poles move directly into the zeros without passing into the stable
left-half plane, as sketched on the next page.

The overall effective 0-loup feature of the wehicle is quite similar to

the previous case except in that the phugoid mode is at about the same fre-
quency; however, the phugoid will be less stable (i.e., §P<0).

15



jw
—1.0
Wp
e o ¥
o 1 L
sp Tg g,

"Pure” (1/Tp=0) Rate Feedback Gain Loci

The position or translational loop response also has conventional VTOL
dynamics for this casge and is described adeguately by the dynamics in Fig. 1ib.
That 1s, the asymptotic feature is K/s3 in frequency region near 1 rad/sec
(i.e., between wy) and 1/’1‘5':92) . i

In the case where 1/Tg > 1/Tgp
the short-pericd inverse time cons%ant,
1/Tspos 1s driven toward the 1/Tgy root
as the loop gain is increased (see
adjacent sketch). For very high gains
1/Tgp, will effectively cancel the low- -
frequency basic airframe numerator
term, 1/Tgy. The effective airframe
pitch responge to a command will be —C)- =
that of a second-order positional o - -
system in which pitch attitude, 9, ﬁ} T
is proporticnal to control deflection, sp2
8, over the frequency band w<wy. Attitude Rate Feedback Gain Loci

Wp

.l ,

Tspp

8 -Loop.
ng Jo

F——
X wh 4 -]

| ] *?, TSDZ
v - ol

—

Teps " w(rad/sec)

Controlled Element Features with Attitude-Loop Augmentation
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The position response is also modified (see sketch below) since the 1/TSp2
root is now effectively at the origin (i.e., 1/Te1 = T/Tsp £Q). Thus the
effective outer—loop asymptotic dynamics are K/s over the frequency range

1/TSP2 to (I.)p
X -Loop
jw \ K /s2

Kwp 7] K/s%

| |
p ’|°F o 1.0

= w{rad/sec)
spp

Controlled Element Features of Position Loop

In summary, with attitude-loop augmentation the effective 6-loop controlled-
element dynamlcs can span all asymptotic features associated with conventional
VTOL (i.e., K/s® —~XK/s) plus, depending upon the level of stiffness, those in
which attitude regponse is dominated by a high-frequency second—order mode or
comand-loop features (i.e., §/8=K). We have also noted that the outer or
translational control locp 1s modlfled by 'the attitude feedback, The features
of this loop will vary between K/sl* and K/s2 in the critical 1 rad/sec region,

We are now better equipped to appraise the features associated with the
satisfactory and unacceptable dynamies, First of all, at the lower stiffness
levels (1/Tg < 1/Tgp,), the dynamics are equivalent to conventional VIOL
dynamics, and thus we may assume that the previously described boundaries
of Table III are valid. A number of cases in Ref, 9 may be cited to support
this conclusion; however, it is appropriate to supplement these experimental
findings by considering the 3AS features of operational VIOL's such as the
XC-1h42 tilt-wing vehicle. Reference 10 indicates that the XC-142 attitude
stabilization system was designed with 1/Tg20.5<1 /TSPE.* The sketch below

w£,<.5;§p>0

oD
> Ioazq:

0.0l (O} wirad/sec) 1.0 10

Attitude Loop Bode Features, XC-142

*The reader may easily verify this fact from the reference by remembering
that in the attitude transfer function the mmerator term 1/Tgo is approximately
equal to the denaminator aperiodic root of 1 /TSPI , that is, ":/Teeﬁ 1 /TSP 1 A
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shows the resulting effective 6/8 controlled-element Bode for this sugmentation.
A comparison of these Bode features with the satisfactory boundary conditions
of Table III verifies that the 8-loop features are satisfactory. In particular,
the 0-loop has a broad X/s cegion near 2 rad/sec and the low-frequency (a?‘<0-5)
phugoid mode is stable.

We conclude, therefore, that VIOL aircraft incorporating attitude feedback
systems with 1/TE<:1/TSP2 ghould, for classification purposes, be congidered
as conventional. Turning therefore to the effective attitude gystems, where
1/TE==1/TSP2, we consider now the satisfactory and unacceptable dynamic
features for the My augmented wvehicles, where 1/IE:>1/TSP2.

The Bode sketches in Fig. 4 illustrate the dynamic features which fall
into the satisfactory and unacceptable situations. These fegbures were
derived from the data presented in Appendix B.

The satisfactory dynamics are described by a single Bode form for both
the ¢/ and x/& responses (see Fig. 4a). These detailed Bode features are
given in Table V. (The primes indicate augmented basic factors.)

The unacceptable dynamic situations (see Fig. Ub) are dominated by the
lightly damped second-order mode which appears in both the 6- and x-responses.

- . 1 . 1 x
The pole/zerc features for this boundary are u?:>0.8, §P<:O and 1/T91.-1/sta.
TABLE V

SATISFACTORY CONDITIONS FOR ATTITUDE AUGMENTATION SYSTEMS

DESCRIPTIVE FEATURES
MOTION QUANTITY ASYMPTOTES CONDITLONS
( FREQUENCY REGION)
K /T8 = 1/T
Attitude (&-loop) : , / P2 T
(1/Tepp < & < op) 2 <ay <5
(x-1o0p) /et ¢
Pogition (x-loop 't 0.25
(1/Tspe<m<a;1;) P

Y. Translational or Position-Locp Augmentatlon. If we consider the
conveniently-measured time derivatives of position as suitable feedbacks,
the augmentation features for a position loop ere akin to those for attitude
stabilization. For example, the dynamics obtained by feeding back linear
accelaration or attitude are essentially the same, i.e.,

X - —£
o S(S+1/Te.|)

18
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and for 1 /Tg = 0, ay/0 = —g. This x/6 response ratio thus indicates that
basically no new dynamic features will result from a linear acceleration
feedback to the elevator. For instance, the ratio of an acceleration feed-
back gain %o a 6 feedback gain, Kay /K3, is a lead equivalent to Ky/K§ or

1 /TE and the discussions and criteria covering the @-loop dynamics would be

expected to apply.

Similarly the use of translational velocity feedback to an axial-forece
or thrust control in effect changes the u derivatives, Xy, 7y, and My; but
such changes do not alter the general character of the loop dynamics, which
remain the same as for the 0 and & feedbacks. We may thus consider the outer
loop or translational augmentation as an extension of the 6, inner-loop
features. The tentative requirements would therefore have to be based upon
an agssumption that the inner-loop requirements are satisfied first. To
satisfy the inner-loop damping requirement we may employ a cambination of
either Mq or X;; feedback because of the equivalent effect of these terms in
the cha.racterlstlc equation [i.e., s(s—X,)(s— Mg) +eM, = 0]. However, X,
augmentation has the additional advantage of changing the attitude numerator
term, 1/Tg,, which will improve the pilot's closed-loop control of the outer
loop. This cloged-loop aspect is explored in subsection B.2.b.

At present only a limited amount of data is available to define the
properties of the translaticnal mode augmentation. In fact, aside from the
very limited descriptive experiments conducted by Ellis and Carter in Ref. 11,
the conly pilot opinion information available is that obtained by A'Harrah and
Kwiatkowski (Ref. 12). These latter results were obtained with an "effective"
velocity feedback to a pure X-force thrust control. In this case the deriva-
tive, X,;=-1 /Ts , was varied to simulate changes in the velocity stability of
the wvehicle. The similation assumed that airspeed (rather than inertial or
ground speed) was sensed and, accordingly, the tested u-gust disturbance
increased with X;. We would expect the pilot opinion data to reflect some
conservatism because of the higher gust sensitivity, which would not occur
with inertial velocity feedback.

The dynsmic characteristics derived from these data (i.e., Ref. 12) define
the two Bode sketches in Pig. 5. Both of these cases are near the satisfactory
boundary (i.e., 3 < PR < ). 1In general, the features of the two Bode sketches
have similar attitude features; each Bode response has the appearance of a
gtable, low-frequency attitude system. This is because of the tendency of the
augmented mmerator term 1 /Tg to be equal to either the phugoid mode frequency,
oh (Fig. 5a), or the short-period aperiodic mode, 1 /Tgp2 (Fig. 5b).

In the x-loop the features have slightly different characteristics (i.e.,
K/s to K/s ) in the neighborhood of 1 rad/sec. This differen¢e is due primarily
to the level of the oscillatory mode frequency, wpy+ In the first case, the
frequency is approximately 1 rad/sec, while in the second case it is closer to
0.5 rad/sec. In each case the oscillatory mode is stable and the effective

damping, gpm_p > 0.2,

Some unacceptable dynamic features are identified from the X; augmented
data, also. These attitude-loop features have properties similar to the
u.nacceptable conventional VTOL dynamics descrlbed in Fig. 4b [i.e.,

@y > O- 8 rad/sec, by < —0.15 (unstable), and K/s2 asymptotic dyna.m_'Lcs
néar 2 rad/sec2]. ~ Here a K/sC feature is produced because the numerator
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term 1/T§, nearly cancels the short-period mode, 1/Tgp,- Thus the dominant
feature o% the attitude-loop (0 —=8e) is the second-order mnstable phugoid
mode (see Fig. 6).

Bagically, the asymptotic dynamic forms for the pogition-loop lfeatures
are K/s below = 1 rad/sec, but break rapidly to K/s” at the short-period
root, 1/Tsp mﬁ comparison with the unacceptable features for conventional
VIOL system shows that, except for the small region of K/s in the present
case between @é and 1/TSP2 ie., wh = 1/2&1/T5p2 ], both have similar
asymptotic features.

We may assume on the basgis of the limited results that the charac-
teristics are generally representative of satisfactory and unacceptable
conditions, respectively, but not necessarily of a boundary, because of
the relatively poor coverage in pilot rating afforded by the available data.
The range of detailed dynemics expressing these conditions is shown in
Table VI.

TABLE VI

TENTATIVE CONDITIONS FOR TRANSIATIONAL AUGMENTATION SYSTEMS

OPINION IEVEL MOTION DESCRIPTIVE FEATURES
QUANTITY
ASYMPTOTES CONDITIONS
(FREQUENCY REGION)
]
Attitude K 1/Tgy 2 o
- y ! !
(5-1oop) (o < 'I/’I'spe or wp) ¢y > 0.25
Satisfactory .
1
Position K/ 1/Tspg > ]/TGT or ay,
(x-loop) (near 1 rad/sec w,_)
x" | 1/Tgp, > 2.0
z2 1
Attitude K/s ay, > 1 rad/sec
6- >
(6-1oop) (@> op) £ < 0.2
Unacceptable 5 )y .
Position K/s2 —=K/s 1/Tspy * 1/Tg;
(x-loop) | (above 1 rad/sec mbx)

¢, Comblned Attitude and Translational Augmentation. The effective
controlled-element features [see Table IV ) for combined attitude and
translational feedback has been gtudied briefly in Ref. 11. While no piloet
opinion data were given, it is possible to judge rating levels from the
degscriptive comments made during simulated hovering flight. In addition,
these data indicated clearly that the effective vehicle forms are unchanged
by the 9 and u combination of feedbacks.
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The three typical configurations which appear to indicate satisfactory
handling qualities levels from the comments given in Ref. 11 are shown in
Table VII.

In Configuration A the effective dynamics of the hovering vehicle are
easily identified as

wp > 1-0 5 1/Tey Fay 5 V/Tspp 2y 5 Ly =T

Except for the somewhat higher { W5 these features fit the conditions derived
for the simple translational feeabacks. The corments of Table VII suggest a
somevwhat better than "satisfactory” hovering control situation, with or without
gust inputs (see Fig. 7a).

In cases B and C, 1/Tspp = 1/Tg;, @y, > 1/Tgp, or 1/Tg,. The basic
controlled-element features of this coigition repregent the converse of

the above conditiong; however, they fit the degcription for the satisfactory
attitude {1/Tg > 1/Tgp,) loop feedbacks. Here the 8/8 asymptotic feature is
K-like below wp, and the x/8 feature is K/s near 1 rad/sec (see Fig. Tb).

These brief considerations suggest that the independent single-loop
augmentation requirements must be maintained for the combined attitude and
translational feedback systems. Also based upon these limited data, the
condition described by

1 .
1/T, = 1/Ts'p2

1
wp > 2 5 wp > 1/Tgp,

§£ > 0.%5

for combined My and X;; augmentation is a satisfactory controlled element.

There are insufficient data to consider that the preceding augmentation
dynamics define boundary conditions. However, as will be shown in the
following subsection, since both the "effective” attitude loop and the
position loop show degsirable dynamics from the pilot's cloged-loop viewpoint,
we can anticipate that these fealures are representative of gatisfactory
handling quality levels.

B. PIIOT/VEHICLE CLOSED-LOOP ASPECITS

The closed, multiple-loop aspects of the hovering task considered in this
section are bhased on the effective vehicle dynamice defined as satisfactory
and unacceptable in the previous section. The control structure considered
is the basic series loop system shown in Fig. 8, Because of the numerous
diverse dynamic situations in which closed-loop stability might be an
important factor, the analysis efforts have been limited to detailed con-
sideration of selective "conventional" VIPOL dynamics, and a brief study
of the simple attitude and ftranslational augmentation systems.
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Figure 8. Series Closed-Loop Hover Control Structure

The pilot model features used in the closed-loop analyses are based on
the controlled-element dynamics in the region of expected crossover. Recent
measurements of the pilot describing function in a multiloop task involving
a single controller (as in the present hover task) are reported in Ref. 13.
These resulis support the use of the crossover model concept for these multi-
loop situations and indicate that the inner-loop (attitude) closures are quite
gimilar to those of single-loop attitude ftracking tasks. The representation
of the pilot desecribing function is therefore based on the adjustment rules
presented in Ref. 14 (for single loops).

The pilot models used in the present studies were (1) basic crossover
model for stable controlled elements with K/s asymptotic features near we,
and (2) the extended crossover model for unstable controlled elements which
approach the features of the critical attitude tracking task in the crossover
region {see Refs. 15 and 16).

The detailed aspects of the selection and application of the pilot models
used in this study of hover dynemics are presented in Appendix D for reference.
However, in each of the control loop analyses the pilot's effective time delay,
Te, 18 represented by a second-order lead/lag Padé approximation

2 2
oTeS = ______(S—h/'re_). s (3—10)

(s+h/1e)2 s+10
where T, = 0.4 sec.

1. Closed-Loop Conslderations of Conventional VTOL Dynamics

Selected vehicle dynamic situations which cover the satisfactory and
unacceptable controlled-element dynamics are considered in the following
paragraphs. The exemplary closures shown here are representative and
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define the pilot compensation requirements typified by the twenty situations
studied in detail.

In addition, to simplify the discussion, the minimal compensation features
are shown which provide a stable control situation. While these closures
provide good inner-locp features and exhibit reasonable crossover properties
throughout, the cuter-loop (i.e., x-loop) often does not meet the specific
crossover model closure rules suggested in Ref. 14%. Typically, after the
closure of the inner, &-loop, the x-loop {outer-loop) dynamics are K/s2-like
(i.e., on the asymptotes). Strict adherence to the adjustment rules would
require a low-freguency lead compensation for this loop to achieve a good K/s
crogsover region. This additional compensation is not considered in the
present surveys, although a brief indication of the potential improvement
in crossover frequencies igs indicated.

a. €losure Appects of Batisfactory Dynemics. Five representative,
conventional vehicles having satisfactory handling qualities were analyzed.
These are listed in Table VIII. Table IX identifies the data sources where
each configuration was tested. Typical closure features for the attitude
and the position loops are summarized in Tableg X and XI. DBasically the
pilot compensation requirements indicated in these tables are not excessive
and crossover freguencies are adequate for either the attitude or the position
loops. Thus one can readily conclude that manual control by the pilot of
these hover configurations is no particular preoblem.

The more subtle features of the pilot control requirements for these
controlled-element dynamics are obteined from the system surveys in Figs. 9
through 4. The three controlled elements analyzed in these surveys are
Configurations 1, 3, and 5 of Table IX. The attitude dynamics of these
configurations range from a relatively unstable situation, Configuration 1,
with a K/s2 asymptote in the region of 2 rad/sec (Fig. 9) to the stable
features of Configuration 5 (Fig. 14) which shows aﬂ extended region of
K/s. The position loop, x/8, locks like either K/s* or K/s? for the
respective configurations. Atiitude control is the basic requirement
for each configuration and will be considered f'irst.

In Fig. 9, control of the unstable situation and the pilot's normal
desire for a net K/s-like crossover both require that he introduces a
moderately high lead (TL = }.3). This amount of lead effectively cancels
the basic vehicle short-period root, T/Tsp + The minimum stable gain ranges
then approaches 16 dB, which provides for & 2 rad/sec crossover having 6 aB
gain and 20 deg phase margins, as shown. However, because of the degrading
effects of lead on the pilot rating, this configuration is marginal [and
cannct achieve the better pilot rating {i.e., PR < 4.0)].

The significant feature of this closure situation is the relation between
the open-loop regquirements in Table IIT and the predicted pilot compensation.
In particular, it is obvicus from Fig. ¢ that limiting the unstable phugoid
frequency to below 0.5 rad/sec in combination with the very-low-freguency
lead term (1/Tg, = 0) sets the stage for the moderate pilot compensation
needs of the above closure. Note that the gtable gain range is bracketed
by 1/Te1 at the low-fregquency end, and the 1/TL lead required at the high-
frequency end. The lead required is determined by the (negative) phase
margin existing in the region of desired crossover (2 rad/sec) due to the
wp and short-period root, 1/Tsp2, contribution. The minimal compensation
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TABIE X

SATISFACTORY ATTITUDE INNER-LOOP CLOSURE FEATURES

GAIN MARGIN CROSSOVER
PHASE MARGIN | up CLOSURE, K, | FREQUENCY, e g:ctmlgr
CONFIGURATION O (aB (rad/sec) ‘
WUMBER Nominal
Closure | Peak |Nomimal | Peak |Nominal|Maximum | 1/Tp,
e
1 15% 50° | & 10 2.3 3,5 1.0
2 25° 59 | 5 25 2.9 3,0 1.5k
% o5 | 2u4° | 7.8 4o 3,0 5 2.77
y 25° | 2%3° | 3 0,5 3.0 b2 th.059
5 25° 1225 | 3.5 3.5 3.0 L3 | 5.3654
TABLE XI

POSITION OUTER-LOCP CLOSURE FEATURES FOR SATISFACTORY BOUNDARY

CONFIGURATION CROSSOVER FREQUENCY, e
NUMBER (rad/sec)
T, =0 | Tp = 0.5
1 O 1.5
2 G.65 1.45
3 0.7 1.4
b 0.63 1.25
5 0.60 1.k

needed is that required to cancel the adverse effects of fthe low-freguency
short-period root.

At this point one significant feature of this controlled element can be
indicated which apparently contribvutes to both the marginally satisfactory
handling gquality rating (i.e., PR = L) given for low-gust condition (Mucugl<0.1)
and tThe detericration of rating with an increase in the gust level. If we
envision that the pilot attempts 4o tighten his control (e.g., to regulate
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against a gust) by increasing his lead, the Bode sketch (Fig. 15) shows that,
although the crossover frequency may be slightly increased, both the stable
gain region and the low-frequency gain are reduced. In effect his net
regulatory capability is decreased and the overall pitch attitude errcors

will increase. As will be discussed later in this section, situaticns where
increased lead does not improve control have an unfavorable effect on the level
of pilot opinion.

In summary, the restrictions deduced from the survey of satisfactory
effective attitude controlled elements (i.e., wy, 1/Tg,, and 1/TSP2) are
clearly related in this case to closed-lcop stability levels which may be
achieved with minimal pilot compensation.

The closure features for the atiitude loops of Configurations 3 and 5
are shovm in Figs. 11 and 15. For these stable configurations the closed-
loop properties are less dramatic. Minimal pillot compensation (i1/Ty > 2.5)
is required to cancel the short-period mode, 1/Tsp2, and eliminate its adverse
effects on the phase margin. This minimal compensation does not adversely
affect pilot rating and 1g adequate to achieve the desired 2 rad/sec crosgsover.

The position-loop closures are given in Figs. 10, 12, and 14 for each of
the attitude-locop closures. As a result of closing attitude, the open-lcop
Bode Teatures cof the three configurations are equivalent, and all have K/sg-
like features near 1 rad/sec. The maximum crossovers with reasonable gain
and phase margins are slightly greater than 0.5 rad/sec. With a pure-gain
closure, the closed-loop situations are essentially equal. Note that the
slightly improved crossover frequency (wey, = 0.6 versus 0.5 rad/sec) for
Configuration 1 is due to the low-frequency lead introduced in the attitude
loop. In the series closures used here, the inner-loop compensation carries
over into the outer~loop. This follows from the characteristic equation
given below:

9 X X ‘
A= O+ Tp Ny + Yp Yp Ny = A+ Yp Tp NNp (1)

s

The closed-loop features for the three configurations are summarized in
Takle XII . These features can be judged representative of satisfactory
handling gualities based upen the level of pilot compensation required to
maintain a stable multiloop situation. The loop closures are not critical
and appear tolerant of changes in pilot compensaticn.

. Closure Aspects of the Unacceptable Dymemics. The effective
centrolled-element dymamics for five cases were used to study the closed-
loop aspects of unacceptable (6 < PR < T7) handling qualities. However, in
the fellowing discussion only two caseg are congidered becausge cf the basic
similarity of the unacceptable data. The sgpecific configurations discussed
in this study are listed in Table XIIT . Confilguration £ was obtained from
Ref. 7., but gimilar features were tested in Refs. 12 and 17. The pilot ratings
given for these controlled-element dynamicg ranged from 5.5 (Ref. 7) to 5.5
(Ref. 12). This variance in rating is attributed to the differences in simula-
tion techniques, i.e., fixed- versus moving-base. (The intersource rating
differences are discussed in Appendix A.)
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TABLE XII

SUMMARY OF SATISFACTORY CLOSED-LOOP FEATURES

CONFIGURATTION
1 3 >
KgT1, 1.86 1.864  2.42k
1. J6 13.00
KQP 5 5 3.0
1/TL6 rad/sec 0.8 2.77 5.37
e, rad/sec 2 2 2.5
Kpg 4B 6 6.6 L.3
Py deg 20 ko 33
Ky rad/ft —0.008 —0.007 —0.007
e, rad/sec 0.6 0.5 0.5
KmX dB 5.3 5.0 5.5
P, deg 17 12 10
TABLE XIIT

UNACCEPTABLE CONTROLLED ELEMENTS

conpig. | AFRODYNAMIC DERIVATIVES DYNAMIC FACTORS o
NQ.
Xu e, Mq T/TQ'! 1/T8p2 gp ®p
? —0.15 3.38 —0.99 | —0.04k4 1.9 -0.3 1.28 6.5
2 -0.10 0.467 0 0.1 0.81 -0 | 0.76 5.3

Since the dynamics of Configuration 1 were flight tested in Ref. 17 and
were always rated 6.5 or greater in the other references, this configuration
is congidered more representative of overall unacceptable handling qualities.
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The attitude response Bode features for Configuration 1 are shown in
Fig. i6. The moderately high frequency (wp > 1 rad/sec) and instability
of the phugoid mode represent a control situation where use of the simple
crosgover model appears inadequate. In fact, except for the low de gein,
the Bode feature is quite similar to the second-order "critieal task"
(Ref. 16) sketched in Fig. 17. Note further that the pilot's control
situations are eguivalent in the crucial crossover frequency region.

The selection of the appropriate pilot model for this controlled element
is considered in Appendix D. From these studies we can conclude that the
extended, rather than the simple, crossover model of Ref. 14 is more appro-
priate for analysis of this divergent control situation. This refinement is
desirable because the stable gain region is a function of the lowest stable
crossover freguency. The low-frequency a-effects appearing in the extended
crossover model,

T, K (1ude) +1) e I{wre +a/w)

will influence this crossover point. The pilot reaction time delay, 1o, and
a are inversely related; that is, an increase in the low-frequency phase lag
accompanies a decrease in the effective delay, T,- This conflict between the
low- and high-frequency phase lags appears to be a significant factor in the
pilot's abllity to control diverging controlled elements such as the present
Configuration 2. Typically, for unstable second-order or K/é? controlled
elements, a's of approximately 0.33 rad/sec for Te¢'s of about 0.35 have been
observed (Ref. 14). For purposes of clarity, however, we will use the simple
crossover model in the comparisons about to be made. This amounts to con-
sidering that additional low-frequency phase lags contributed by the a-effect
will be uniformly degrading so that the actual situation is somewhat worse
than that pictured (see Appendix D for details).

The closure features are described in the system survey of Fig. 16 for
Configuration 1 and a naminal 7o =0.4. Two closures are illustrated in the
figure: (1) a nominal pilot lead (1/Ty =1.3 rad/sec) required for stability
(i.e., 1/T1,=1/Tsp,) and (2) an extreme lead (1/Tr=0.2 rad/sec) condition
for maximumm bandpass. It is obviocus from the figure that increasing the lead
beyond that required for stability (i.e., decreasing 1/TL) decreases the stable
gain range and the damping and frequency of the closed-loop phugoid mode (@b),
thereby potentially degrading the outer-loop closure and crossover frequency
(see Fig. 16).

In the above control situation the pilot gain and lead egqualization are
constrained within narrow limits but otherwise are not necegsarily demanding.
In fact, the nominal lead value (1/T[=1.3) is less than that for several of
the satisfactory conditions (Table X). However, the fact that increased lead
does not improve the situation and that, as shown in Appendix D, only reduc-
tions in Te (with accompanying a-effects) are helpful, combine to make the
cornfiguration marginal. Furthermore, the expected error performance in
regulating against gust disturbances will be poor because of the low closed-
loop de gain. Attempts to improve the latter by adopting low-frequency
lag won't work because the lag will also appear in the outer x-loop (Eq. 1)
where it is intolerable. Also the introduction of low-frequency lag would
require pilot generation of a double lead at higher frequency in the inner
loop to obtain the net lead required for stable crossover. Such activities
are inimical to good ratings.
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The closure of the x-loop for the nominal lead condition is shown in
Fig. 18. Basically the higher closed-loop phugoid mode, m@, is beneficial
in the x-loop and affords a K/s-like feature near 1 rad/sec. A simple gain
closure can be used by the pilot without conflicting with the adjustment
rules of Ref. ik.

The larger w and resulting x-loop improvement may be traced directly to
the basic wehicle static stability term My as was noted in Ref. 2; however,
it is apparent that the attitude-loop stability and regulation demands imposed
on the pilot by this larger M; will far outweigh any gain.

The closures for Configuration 1 of Table XIII are shown in Flgs. 19 and
20 for the 8- and x-loops. It is obvious that the intermediate levels of
and phugoid mode instability infer an intermediate rating level (relative to
the previous 6.5 case}. The pilot's task in the 6-closure is %o provide a
low-frequency lead to cancel the adverse phase effects of the vehlcle's ghort-
period mode (i.e., 1/Ty = 1/TSPE). With this equalization, a near-optimum
stable gain region is obtained. A lead equalization below the phugoid mode
(i.e., 1/T1, <wp) will tend to reduce the allowable gain region. This will
effectively iigeriorate the stability characterigtics of the attitude loop
because of the pilot's normal tendency to vary his gain. The pilot must
depend upon his ability to reduce the effective time delay, 1o, Uo improve
the overall stability of the 0-loop (e.g., improve Ky and q,). However, the
overall situation for this intermediate case is not much different from that
shown for the marginally satisfactory case in Fig. 9. In fact, the major
change appears to be the samewhal higher frequency at which pilot lead
compensation is ineffective and the lower dc gain available. Both of these
features are expected to degrade attitude regulation in gusty air.

The x-loop characlteristics are generally unchanged from the previous
satisfactory conditions and exhibit K/s= features above 1 rad/sec. As noted
in the previous unacceptable case (Fig. 18), there is some improvement in
the overall x-loop due to the larger Wp but the poor features of the 8-loop
apparently dominate.

In summary, for conventicnal VIOL dynamlcs the unacceptable ratings
(6 < PR < T7) are apparently due to deterioration of the attitude-loop stability
and regulation, and the excesgive egualization required of the pilot to improve
the gain and phase margin significantly. The underlying aspect of the pilot
equalization problem for these unstable elements is the relative ineffectiveness
of normal lead generation; and the conflict between his desire to increase
phase margin by decreasing tTe and the accompanying low-frequency phase lag
(i.e., a-effects). This tie between Tg and o involves the neuromuscular
system and hence represents a physical limit to the pilot's abilities.

¢. Performance Trends for Conventional Dynamics. Performance considera-
tions for conventional VTOL dynamics have been studied for the selected pilot
rating conditions in Table IX, The closed-loop error characteristics for
attitude, 9, and position, x, due to a random gust, were calculated using
the closures obtained for minimal pilot compensation. The gust power spectra
representations given in Ref. 2 were utilized and the rms errors were normalized
on the basis of a horizontal gust, ouy, of 1 ft/sec. The closed-loop gust
response transfer functions are given in Appendix C for the multiloop hover task
assuming a series control structure.
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Figure 21 shows the results of the error analysis. The trend of the
calculated values of og/oy, and ox/ougy with experimental pilot rating is
quite different, but the d%fference does appear to reflect the cleosed-loop
characteristics discussed previocusly. In particular, position error
is relatively constant for all conditions, but the attitude error, og/ g
rapidly increases with increasing rating above a rating of about 5.

Similar trends have been observed by Sadoff in the study of unstable
second-order controlled elements (Ref. 18). Figure 22 shows the measured
single-loop pilot's tracking score from this reference to illustrate the
gsimilarity of the present predictions and actual experience. Note that the
tracking score shown here in percent is related to an integrated error
squared Punction by the following equation

Pilot Tracking Score = 100 [1 - (fezdt/feidt)]
(percent)

It should be noted that the oy calculations are based for convenience
on crossovers with K/s=-1like rather than K/s-like properties. However, since
the ocuter x-loop did not radically change in the desired crossover frequency
region among the various configurations, we would expect the foregoing com-
parisons to hold when suitable x-loop leads were used. The main effect of
such leads would be to more-or-less uniformly increase the outer-loop cross-
over frequency and thereby reduce the levels of ox/ougd In fact, the results
from Ref. 5 suggest that the pilot readily applies ledd compensation in the
x-loop to effect an improved oy performance.

2. Augmentation System Conslderations

A preliminary study has been made of the closed-loop properties of the
pilot-augmented-vehicle in the hover control situation. Clearly, the dis-
cussions in the foregoing sections have demonstrated that the overall pilet's
control task is primarily related to the "effective" controlled element in
the critical crossover region. Likewise, it has been equally well established
that these "effective" dynamics depend upon the type and level of stabilization

employed.

The "ultimate" stabilization system, which implies minimum pilot effort
including the number of feedbacks, became evident fram the work of Ellis and
Carter (Ref. 11). A cambination of Mg and X, augmentation was used in this
hover contrcl study and only the aircraft ground position was displayed to
the pilot. In this case, with the inner attitude stabilized by the augmenta-
tion system, the compensatory pilot requires only the single position error
signal, xXe, to stabilize and accurately hover. Basically, with this augmented
form, the stabilized attitude-loop response becomes a well damped ({5 >0.3)
second-order mode of moderately high frequency (i.e., weg >2 rad/sec) and
appears to the pilot as a pure gain, K.

Two potential pilot closures are sketched in Fig. 23 for each of the

apparently satisfactory control dynamics fram this reference. In these
gsingle-loop closures, the pilot has the option of using a pure gain closure
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for each of the systems; or he may increase bandwidth by adapting moderate
leads (1/T, =1 rad/sec). Obviously, x-loop control for either pilot
compensation is clearly adequate (wey > 1.0 rad/sec). Thus, the combined
G- and x-loop augmentation potentially results in minimal pilot control in
hover.

The remaining discussion in this section will be directed toward the
lesser augmentation system levels —the basic pitch attitude system and the
translational velocity system.

a. Attitude Augmentation. Pilot control of the pitch attibude augmented
vehicle is defined basically by whether the effective vehicle takes the form
of "conventional" VIOL dynamics (i.e., feedback |1/Tg| < |1/Tgp,|) with rate
roportional to stick deflection or pitch attitude command (i.e., feedback
1/Tg| > |1/TSP2|). As already indicated in Section II.A.2.a, the former con-
dition is adequately covered by conventional dynamics and warrants no additional
consideration here.

The condition with 1/TE:>1/TSP provides the pilot with pitch attitude
proportional to the control stick over some portion of the bandwidth
(1/T§p2<<n<cgé) as Indicated in Section IT.A.2.a. The dominant effective
pitch control mode is the well damped (fp>0.25) second-order phugoid of
moderate frequency (ay, >2 rad/sec). There are two basic options for SAS
design, each of which reflects on the required pilot closures as follows:

1. The pilot closes both ocuter and inner loops, the latter
with a moderste amount of pilot lead to extend the
crossover frequency beyond the low-bandpass second-
order controlled element (because of lOW'wb).

2. The pilot closes only the outer loop which has a K/sg
form, with the stabilized pitch inner lcop appearing
as a pure gain.

Baged on the fact that either of the foregoing requires less attention and
effort on the pilot's part than conventional dynamics, it is obvious that
gither can be made satisfactory. However, there are potential problems with
each option which will be briefly reviewed in the following paragraphs.

Option (1) — reduces the pilot's overall inner-loop stabilization efforts
but some minimal lead generation in the inmer loop is still necessary to
obtain a good K/s region and crossover frequency, mh9.>2 rad/sec. The major
potential disadvantage is the obvious reduction in control stick effectiveness
resulting from the mechanization of the @ feedback (see Fig. 24). The pilot
mist employ larger than normal stick commands to offset the opposing SAS
contribution. This type of mechanization is often employed in research
studies (Ref. 19) and has been employed in the past (see Ref. 20) to
stabilize helicopters.
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Figure 24, Attitude System Block Diagram

The problem noted above can be avoided by using an electrical bias signal
to coammand 8 directly at a rate proportional to control stick deflection.
This electrical input signal ("fly-by-wire") is normally employed in parallel
with the mechanical input (e.g., Ref. 10) when high-gain, large-authority
feedbacks are used. The net effect of these combined electrical and mechanical
input paths is to increase the control stick sensitivity. When the electrical
signal is large the mechanization is often referred to as "command stick
steering." We will, accordingly, assume that the stick commands the Brer
(see Fig. 25 below) in the remaining discussions of attitude systems.

I Effective Airframe —l

|
Y, Spu_ﬂ_ Oper | Brer| B‘_g_ | 8 -
SsTK | A |
| |
l Feedback |
| |
|

Figure 25. Attitude Command Scheme

Closure of the position loop with the above attitude loop augmentation is
essentially the same as was indicated for the conventional VIOL dynamics.
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Option (2) — The reduction of the multiloop hover task to the single-loop
control situation is perhaps the major advantage of the pitch attitude stabi-
lization system. The pillot is assumed to operate as a pure gain in pitch
maneuvering control; regulaticn activities being relegated to the attitude

stabllization system.

Figure 26 shows the closure of position loop with the pilot assumed to
adopt lead compensation. The pilol can achieve good positional control and
an adequate bandpass (i.e., wey > rad/sec) which responds directly to
increasing gain andfor lead. The generally satisfactory character of
closed-loop control exhibited in the Fig. 26 Bode sketches is consistent
with the satisfactory system dynamics from Table V (i.e., wp > 2, 1/Tsp2-1/Te];

fp>0-25).

The unacceptable pitch stabilized systems are characterized by a lightly
damped second-order mode. Figure 27 indicates the closures that can be
expected for the same pilot generated leads {i.e., 1/Ty,=1.0 and 0.2). The
outstanding feature of this situation is the drastic reduction in the x-loop
bandpass (mcx << 1 rad/sec) which results from the lightly damped pitch
phugoid modes (see following sketch). The very low bandpass condition
indicated by ®hese closures appears to justify the unacceptable rating
given by the pilot. Also, increased pilot lead reduces the available band-
w1dth and the maxIimum bandw1dth correspondlng to no lead is given by

._EQPwP/‘fEQP Notice finally that increasing 1/TSP2, normally considered

Wey ' .
\¢>/_ _ __OdBline

1 w
gl

/

1-5;32 K/s2
AR G
W
p

desirable, does not particularly improve crossover; i.e., increasing 1/Tg spo
is equlvalent to decreasing 1/Ty. In the limit, for 1/Tsp2 greater than

the frequency region of interest, the K/s slope in the above sketch would
bhecome K/s and the limiting w, would be glven by wex = EQﬁmp {as in the sketch
on page 5T7). For small {! as appropriate to this discussion, this is a
smaller value than that given above.

The assumed independence of gﬁmﬁ and 1/Tgp, in the foregoing discussion
is, of course, incorrect. In fact they are comnected by the augmentation
system as discussed in Section II.A.2, WNevertheless, these simple considera-
tiong are useful as points of departure for considering potentially troublescme

problems.
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b. Position Augmentation. In Subsection II.A.2.b, we noted how position
loop augmentation was related to attitude augmentation and that using axial
force feedback proportional to velocity was equivalent to modifying Xy or
1/T91- The resulting "effective" vehlele transfer function remained unchanged
in form. Accordingly in this section the effect of the ‘I/Te1 or Xy augmenta-
tion {with the attitude loop closed) was to extend the K/s region of the
position loop.

Applying this background, we may observe that the basic restriction placed
on the phugoid mode {i.e., gpub:>o.25) follows from consideration of the
position-loop bandpass. For example, from the Bode figure below the x-loop

wWp
- - 0dB
Wey
K/s
wp . |
K —_—F e
2 Wex 2€L

bandpass is again restricted by the effective phugoid damping. However,
since the asymptotic region is K/s in form, the maximum bandwidth approaches
ch:§2§§m§. The closed-loop frequency restriction wy> 1 further insures the
pilot of a good effective bandpass and coverall control response features.

C. CONCLUSIONS

The results of the closed-loop analyses presented in the foregoing
sectiong provide a fundamental basis for defining criteris governing manual
control of the longitudinal mode during hover. TFrom the closed-locp view-
point, the following are the key aspects which relate to satisfactory control:

1. Attitude Loop

a. Low pilot lead compensation (Tp < 1.0 sec) with the
proper sensitivity to lead variations (i.e., for an
increased T, better error performance and stability).
This basically sets the requirement for the minimum
"effective" value of 1/Tgp,=-M, >1 for conventional

P2 q
VTOL systems.

. Good low-frequency gain characteristics to permit gust
regulation. In conventional VTQOL systems this leads to
the requirement for < 0.5, which in turn further
defines the satisfactory Mq, My boundary.

o7



Degired crossover freguencieg near mca=22 rad/sec. This
permits good regulation for nominal de gain; and for
attitude augmentation systems leads to the requirement
for wp > 2 rad/sec.

2. Positlion Loop

8.

In general, the position-loop features are not critical
for conventional VIOL dynamics even though the dominant
dynemic features are K/32 after the attitude-loop closure.
Desired outer-loop crosscvers are in the neighborhood of
Wwey = 0.5 rad/sec for no lead (T, =0); and, for attitude
augmentation systems, this leads to regquirements on the
minimum phugoid mode damping (gppp:>0.25).

The "best" augmentation system provides a K/s outer,
position loop and sutomatic inner-loop regulation, so
that the pilot is relieved of one control loop. The
K/s outer loop is of course "ideal" from the standpoint
of manmial control.
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SECTION III
CONTROL POWER AND SENSITIVITY CCNSIDERATIONS

The preceding section has correlated the available data with pilot opinion
from the cloged-loop point of view to show how the effective controlled element
dynamics influence the pillot rating for near-optimum levels of control power
and sensitivity. In this sectlon, these data are further examined to determine
the effects of changes in control power and sensitivity on pilot opinion rating,
the cloged-loop aspects again form the basis for the discussion.

A. CONTROL POWER

The use of the gquasi-linear pilot describing function in estimating control
power requirements for gust regulation is somewhat confounded by that portion
of the pilot's output — the "remnant’ -—which is not linearly correlated with
the input. The magnitude of the remnant will depend on the controlled element
stability and crossover characteristics, and/or on the complexity of the task.
For example, in the multiloop control situation under discussion (longitudinal
hover), the pilot is observing two input errors (8 and x) and controlling with
a single output {Bg). The second error signal apparently decreases the remnant
ratio, p, relative to the single-loop control situation — possibly because the
pilot has more information available. As a result, the remnant is an even
smaller part of the pilet's total output.

However, the remnant can represent a significant amount of the pilot's
total output as measured by the rms control moment, Mgog, or stick activity,
og. For no iInput, the pilot's output is egsentially all remnant by defini-
tion. However, as the input is increased (disturbances to the hover vehicle)
the pilot remnant appears to remain constant, as indicated by limited analyses
of UARL data and the work of Ref. 16. The rms value of the control moment or
stick displacement for zero input could then be a rough measure of the remnant
as, for example, the zero disturbance level of Fig. 28,

For the closed-loop control situation, it has been shown analytically in
Ref. 1 that the correlated control power used, Mzog, is approximately propor-
tional to the disturbing moment, Myougy, for small values of Xj. It appears
reasonable to utilize this relation for formulating control power require-
ments for the closed-loop regulatory control task. Regardless of other con-
trol power requirements (e.g., large amplitude, largely precognitive maneuvers},
the pilot must have available at least that much control power required for
the regulatory task. The necessary relationship is given in mathematical form

by,

Mzoy = KMycyg + MR {2}

where Mp represents the fixed contribution due to pilot remmnant. The constants
in Eq. 2 are given on top of page 61, being based on the data of Fig. 28.
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EMPTRICAL CONSTANTS FOR CALCUIATICN OF CONTROL POWER REQUIREMENTS

Proportionality Remnant, Mg
Dats Set Constant, K rad/sec?
(a} Constant M, 1.75 0.035
(b) Constant Oug 1.0 0.17

Note that the 1.75 value of K is in fair agreement with closed-loop analytic
predictions which range from 1.4 for low outer (position) loop crossover,
we=0.3 (Ref. 1) to about 2.0 for high crossover, @ =1.0.

In general, the approximate expression of Eq. 2 is considered difficult
to define for low disturbance moments (Mucug<:0.1) for two reasons:

1. The remnant becomeg a large part of the pilot's
output for low input magnitudes; further, it is
a stronger function of the effective controlled
element characteristics (e.g., stability) than
of gust excitation upon which Eq. 2 is based.

2. There are additional disturbance factors not
accounted for, e.g., ¥,

If the data are taken at constant M;, the controlled-element dynamics are

the same for all gust-magnitudes tested and the results tend to more closely
match the approximate expression, whereas in the other set of data (constant
vuy) both the controlled-element dynamics and the disturbance to the aircraft,
MyoGuy, are changing. This consideration, as well as the better analytical
correlation indicated above, strongly suggest data set {a) of the above listing
to represent the better values for K and Mg.

The data given in Ref. 7 and replotted in Fig. 29 can be interpreted to
apply directly to the question of control power requirements for gust regula-
tion, 1In these tests the pilots were evaluating ease of control in combating
gusts, and they were using large control inputs. The approximate control
power level (as a function of gMy) at which a satisfactory pilot rating is
approached (PR<4) is shown by the curve for estimated minimum M(®) in
Fig. 29. Control power is congidered the primary variable influencing
pillot rating here, because the rating shown in the figure is the "best
rating” achieved for the given gust condition (ouy=9 fps) regardless of
the level of the angular damping level, Mq, tested. Damping was the only
other variable in this test. From the trend of Fig. 29, it is clear that
the requirements for control power increase as the g increases. This
trend is closely equivalent to a plot of Egq. 2 [using the (a) data set
above] as shown by the solid curve in Fig. 29. It may be noted that
the trends given by the (b) set of constants do not fit the Ref. 7 experi-
mental data. Both of thege curves are closely equivalent to a control power
equal to twice that necessary to balance the rms gust level, Tug> i.e., a
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Figure 29, Minimal Control Power Requirement for Gust Regulation

level not exceeded 95 percent of the time for a Gaussian random process (see
Fig, 29). If this control power is the maximum level, it means that the
pilot is operating within the linear range 95 percent of the time, which
seermg to be a reasonable recuirement for a marginally satisfactory rating.
The rating, of course, improves as the available control power increases
beyond this level, and degrades more rapidly for lower available control
pover.,

B. BENBITIVITY

In hover-like attitude control situations [i.e., Yo =Mz/s(s+My) in the
region of crossover]| where maximum control power is not required, pilot
ratings are, for a given damping (Mq), strongly influenced by the gradient,
or gain, Ms. It has been established from the previous studies (e.g., Refs.
21 and 22) that such influenceg are best explained in terms of the pilot's
gain required for clcsed-loop operation rather than in terms of the wvehicle
gain, My. From Ref. 21, it was shown that the pilot gain in the crossover
region is his chief concern for the simple attitude tracking task. That is,
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if |¥ (w )Y (w,) | = 1

P
2.2
1 La T wc-+1
then [To(wa)| = =
P | Yelae) | My
where € - —Mq = !
Thus for constant at roughly 2.5 rad/sec, the resulting values of

|MgT¥y(we) | depend on the damping term, T. The results showed that for
weT < 1 the controlled element gain of most importance to the pilot is rate
gain, MgT, Furthermore, for high damping (low values of T) the controlled
element is primarily a rate conirol, so that either gain or pitch angle
responee is proportional to the rate gain MgT. On the other hand, for
weT > 1, the acceleration gain, My is most important. Here high values of

T {low damping), control motions produce accelerations, so that the response
or gain is proportional to the sensitivity, My.

This concept of pilet gain selection and the equivalence between
sensgitivity and response time was exitended in Ref. 1 to gpecifically
cover hovering vehicle dynamlcs characteristics (i.e., include the
effects of My). The results of this study showed that optimum control
sengitivity corresponds to a constant attitude excursion in 1 sec, 84, of
about 0.1 rad/in. of stick. However, we expect that for increasing gust
inputs, (Myous), the pilot will want increased sensitivity to reduce his
contrel activity to acceptable levels. The data of Fig. %0, taken in a
compensatory hovering task with constant dynamics, show that the pilot-
gelected optimum sensitivity initially increases with increasing excita~
tion but eventually becomes esgentially constant for oy, greater than about
5-1/2 ft/sec (usually considered a medium turbulent day;.

The current explanaticn for this upper limit on My is that it represents
an inecipient oversensitive response, i.e., the value of 8¢ is about 20 per-
cent greater than that normally desired, Apparently the pilot is willing to
trade off some oversensitivity to reduce his gust-regulating control activity,
but he draws the line at about a 50 percent increase. Of course, as oy
increases and oy goes up (see Fig. 30) his raiting also goes up (degradeS),
but apparently not as fast as it would if My were higher (and oy lower).

The implication is that the pllot is more concerned with maneuver sensitivity
than with "excessive" control activity for occasiomal very gusty air. In any
event he still retains adequate control power up to the maximum gy, tested
because even at 30 he never uses more than about 2-1/2 in. of contFcl (from
trim) .

The foregoing data and analysis suggest a rationale for the variation of
optimum control sensitivity with the governing parameters, My and Mg, as
follows:
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1. For a given M; and Oug the hovering control activity
is given by op = KMuoy /Ma vhere K is approximately
1.7 £.3, depending upon pilot gain variations [see
Ref. 1 and data set (a), page 61]. To keep og
(control motions) within acceptable limits requires
a minimum value of My regardless of crug.

2. A given My also demands a minimum —My (generally
greater than 1.0} to give satisfactory dynamic charac-
teristics, as discussed earlier (e.g., see Fig. 3).

5. The My and My resulting from Items 1 and 2 must be
compatible with & "desired" pitch response in 1 sec,
81 of about 0.1 rad/in., of stick. The pilot may com-
pramise this value by no more than about 50 percent
on the high side in deference to reducing Item 1
control activity.

An obvioug question at this point, How do the optimum control sensitivities
for a precision hover task (i.e., compensatory pilot control) compare with
those selected for a rapid maneuver situation (i.e., precognitive or open-
loop pilot control)? Results from a moving-base similator study of the
Short 8.C.-1, which was conducted by Perry and Chinn (Ref. 23), can be used
to partially answer this question and simultanecusly lend some credence to
the importance of closed-loop aspects. Figures 31a and b show the appraisal
of lateral* control sensitivity on the conventional plots for the two control

Maximum Disturbance Tested
—

_____ No Disturbance

| i L | |
0 2 4 augltt/sec) 6 8
| I | | i
0 4 B B

2
MS(mdiffec ) oy lin) Mso-s(rad/secﬂ

Figure 30. Control Measurements as a Function of Rating and Disturbance

*The form of the lateral and longitudinal hover dynamics are identical.
In Figs. 31 and 32, I and Lp may be interpreted as My and My, respectively.
with no loss of generality.
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tasks — precision hover and quick stop maneuvers. The two control factors
observed fram the results of this experiment are:

1. The optimum response line for precigion hover is
approximately 0.1 rad in 1 sec and this response
is suitable for rapid translational maneuvers, also.

2., The minimm damping requirements are the same for
the two control tasks (i.e., the basic damping
level required is unchanged regardless of the
maneuver c).

When the "free from criticisms" boundaries for each of the control tasks are
coambined (Fig. 32), the final compromise sensitivity region selected by the
pilots is formed by a lower boundary described by the optimum precision

hover sensitivity and the upper boundary which is approximately 50 percent
greater. Significantly, we see evidence to support the desired response in

1 sec of about 0.1 rad/in. of stick; furthermore, the pilot will compramise
this value by no more than about 50 percent on the high side to obtain the
desired maneuver control. This basic limitation again appears to be founded
on the tendency at the higher sensitivities for the system to be oversensitive
to the pilot in the precision hover (i.e., compensatory) control task.

Key to Criticisms
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& Under Damped

A Oversensitive

12 12
10 _Ormw " ©
“ .o (]
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o 6 £ 6 - —~-
=t =]
E S ©
ot e w -
s | m ®
2 2l
\ -
| Q| Under Dampe 4@ Qversensitive
0 0o ! ] |
4] .2 4 .6 B 1.O 1.2 0 .2 4 6 B 1.0 1.2
Lg ,Sensitivity (rad/sec?/in) Ly ,Sensitivity (rad/sec?/in)
a) Precision Hover b)Sideways Translational Maneuver

{Rapid quick stop maneuver)

Figure 31. Summary of "Criticisms" for Precision Hovering
and Iateral Quick Stop Translations
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L, Roll Control Sensitivity (rad/sec?in)

Figure 32. Roll Control Characteristics Which Were Free
from Criticism Tor Both Hovering and Maneuvering

C. CONCLUSIONR

The results of this section suggest that consideration of the closed-loop
aspects of the piloting task will define minimum levels of control power
necessary for satisfactory pilot ratings although additicnal control power
may be reguired for reasons of safety, rapid maneuvering, and the like, These
minimum levels are dependent primarily upon the magnitude of the disturbances
encountered, and pilot remnant. However, the latter represents a relatively
gmall increment on the total power requirements for all except the low My
cagses —and generally speaking, such cases are of little practical concern
from a gust regulation standpoint. The data discussed herein shows that a
control power equal to twe (or at most, three) times Myoy, will suffice for
gust regulation control in hover when X; is small, substantiating the results
of Ref', 1.

With regard to sensitivity, pilots generally prefer those levels yielding
attitude responses in one second of approximately 0.1 rad/in. of stick travel.
This regponse depends on not only the sensitivity, Mg, but alsc on the dynamics
of the controlled element, However, the sensitivity levels actually rated asg
"best" for a given vehicle configurstion will cover a broad range depending
upon the nature of the task (as well as pilot idiosyncrasies). In particular,
as a greater premium is placed on the rapid maneuvering aspects of a mission,
50 will the preferred sensitivities increase—but only to a limited extent.
Past this point, the wvehicle will be termed "over sengitive," becauze of the
fundamental necessity for the pilet to accomplish the precision control task.
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SECTION IV

PRELIMINARY CONSIDERATIONS OF LONGITUDINAL
CONTROL TECENIQUES IN TRANSITION

This section presents the results of exploratory analyses to determine
the probable piloting techniques for stability and control chsaracteristics
assoclated with transition flight. The identification of the control tech-
nigues and the delineation of the configuration-dependent derivatives which
determine applicable techniques is an important part of understanding the
trangition maneuver. The preliminary results presented here ghow how certain
dynamic and control properties in transgition influence pilot control technique
and potential augmentation systems.

The piloting techniques employed for longitudinal control during transition
involve both trim and closed multiloop control. The primary control variables
are pitch attitude, altitude, and airspeed, and the controls are longitudinal
stick or cyclic, de, throttle or collective, 5, and a conversion control such
as wing tilt, iy. In this analysis of closed-lecop manual control, the prime
concern is with the perturbation dynamics about trim conditicong, and therefore,
the conversion controller (e.g., wing incidence) is assumed to serve as a
"trimmer" and not a primary control. This assumption is based upon recent
comments by pilots of the CL-84 and XC-142 aircraft [Ref. 20) who state that
wing tilt angle sets up the trim airspeed and is not changed unless it is
desired to accelerate or decelerste. This ig basic to the tilt wing concept,
since wing incidence and sirspeed are strongly related.

In this section, the effective control characteristics of a VICL in the
mid-transition flight regime are defined in subsection A. Subsection B con-
giders various likely control schemes, i.e., various loop closure possibilities,
and their relative merits and demerits. Subgection C extends the preceding
results by examining the effects of VIOL configurational changes on the
piloting techniques used. The results of all subsecticns are summarized
in subsection D.

The "baseline" configuration for these analyses is the X0-142 tilt-wing
configuration, for which considerable aerodynamic data exist at various
operating points in the transition filight regime. The major differences in
the longitudinal dymamics of this sireraft relative to other VTOL concepts
originates in the location of the thrust vector and its method of rotation,
Subsection C concerns itself with such configuraticnal changes.

A. EFFECTIVE VEHICLE CONTROL CHARACTERISTICS

The pertinent wehicle dynamic features are the attitude, airspeed, and
altitude responses to the two longitudinal controls — elevator, de, and
collective, 8,. As in the previous study of hover control, we again assume
that the pilot always controls the pitch attitude with the elevator (i.e.,
longitudinal stick). In other words, we envision that in transition he uses
pitech control, the elevator, either to hold a preselected gttitude or as the
series inner command loop structure, to change attitude as necessary to
operate on the cuter-loop errors. As a preliminary to the more realistic
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multiple-loop control situations implied from this latter statement, it is
worthwhile to familiarize the reader both with the general properties of
the pole/zero locations in transition and with the features of the simple
single-loop closures. Both the elevator and collective are explored in
the following subsgections to relate how pilot's contreol might be affected
by the "bare" airframe characteristics.

1. "Bare" Alrframe Features

The attitude response will serve as the indicator of how the "bare"
airframe characteristics change in the transition from aerodynamic (i.e.,
conventional ) to thrust supported (i.e., VIOL-like) flight. The open-loop
e/ﬁe frequency response sketched in Fig, 33 illustrates this change in both
characteristic modes and control numerator factors. The three steady-state,
trim level flight conditions shown are for hover, 60 and 80 knots. These
response diagrams were derived from the transfer functions tabulated in
Table XTIV for the XC-142A aircraft.

The low frequency features associated with the phugoid mode dominate
the dynamic regponse diagrams shown in Fig. 33. In fact, without the aid
of the asymptotes shown in the diagrams it would be difficult to identify
the significant changes in dynamics from only the amplitude characteristics
of these plots. As such, a suitable identification is that the responses
appear as low frequency, second-order modes which change from a stable lightly
damped situation at 80 knots to an unstable situation below 60 knots.* A
closer look at these dynamics as well as at the remaining transfer functions
of Table XIV reveals the more subtle aspects of the dynamic changes. For
example, at the 80 knot condition both short-period and phugoid modes are
evident and the vehicle characteristics may be judged more or less quasi-
conventional. At the 60 knot condition the static stability, defined by Mg,
is essentially zerco and the phugoid mode dynamics dominate entirely; that
is, the speed stability term, M;, dominates, Further, from the Table XIV
transfer functions we see that at the 60 knot condition the vehiele heave
response is essentially uncoupled from pitch by the almost exact cancellation
of the mumerator (1/Tgp) and denominator (1/Tgp,) temms, both strong functions
of the effective lift curve slope. Thils characteristic cancellation was also
evident in the hover mode analysis in Section II of this report. In fact,
it was this aspect that we used to identify and classify the hover character-
istics. Note, additionally, that the altitude numerator at 60 knots shows
the vehicle to be on the front side of the drag or power required curve since
the factor I/Th1 is positive, Front side operation at this high powered,
high 1ift condition is unusual and is an artifact of the XC-142 configuration
which is given more detailed consideration later in this section.

*The reader is reminded that for unstable (i.e., nomminimum phase condition)
the phase angle features provide the means of determining stability from the
Bode responses,
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TABLE XIV {Concluded}

XC-142 HOVER DYNAMICS

Denominator
p = —0.373
Qp = 0.570
8¢ Numerators (Elevator)
1/Tg, = 0.210
/Ty = 0.0663
1/TW2 = _—
1/TW3 = —

B¢ Numerators (Collective)

1/T91 = -0.0457
1/Tgp = 0.210
1/TW1 = -0.0457
Ty = —

1

1/TSP‘]

1/Tsps

1/,

I

il

n

il

0.0650

0.722

0.83k4
-0.228
0.531
0.751
—0.386

0.562

—0.375
0.571

0.722
—0.373
0.570



2. Single-Ioop Control Characteristics

Because the hover-like qualities at 60 knots are not representative of
conditions throughout transition, the 80 knot case was selected as the base
for generic examination of the single~loop pilot/vehicle control aspects of
transition flight. This examination starts with the elementary attitude/
elevator loop and progresses through variocus other loops pertinent to the
camplete control situwation., The closure features are illustrated by root
locus diagrams assuming that the pilot function is a simple gain feedback
with no additional compensation.

a. Pitch Attitude Control, 8 —=B8e. The 6 -= B, single-loop closure

is sketched below. Although the short-period and phugoid mode are relatively
close, the unequalized closure shows the conventional tendency for the
attitude closure to stabilize the phugoid by driving the roots into the
attitude numerator zeros 1/Tgi and 1/Tgo. Because of the low frequency

short period mode of the "bare" airframe, the closed-loop bandpass will be
less than the desired 2.5 rad/sec. However, this condition (i.e., we<2.5) is
readily alleviated by the pilot's generation of a reasonable attitude lead,

1/TLg .

Kg Increasing

O ) —

ng Tgl

Attitude/Elevator Closed-Loop Control

T2



b. Altitude Control, h —8e or h = B¢. The closure features of h —= Bg
and h -= &, single loops are shown below in the root loci sketches. Altitude’
control with the elevator indicates that this condition is on the front side
of the drag curve (i.e., 1/Th1 >0). Altitude control bandpass with the collec-
tive is limited by the unstable second-order zeros which are approximately equal
to the phugoid mode. These unstable uy, zeros are due to the large thrust line
offset (above the c.g.) in the XC-142. TNote, also, that 1/They is determined
by thrust axis inclination, i.e., X3./Z5,.. In this closed-loop situation,
the short pericd can also be driven unstable; however, since the short period
is reasonably well damped (§3p2>0.5), no significant control problem exists
in this respect. For both types of control, the limiting crossover frequency
is set by the tendency to drive the phugoid unstable; obviously the counter-
tendency of the attitude loop to stabilize the phugoid (preceding sketch) will
be helpful in this respect when the multiple-loop situation is considered later.
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1h3 1Bl Tha Control

Altitude/Elevator Closed-Loop Control

e. Alrsgpeed Control, u —=8a Or U —=Be. The u —=3e and u ~=be single
loops are shown in the following sketches. The u —=8e control, in effect,
acts to increase My (i.e., increase mp), which results in a phugeid mode
ingtability at very low gain, TFor collective control the large thrust offset
displaces the u —= 5B, numerator second-order to a relatively high frequency.
Feedback of the collective control thus increases the phugoid frequency and
damping because of this high frequency zero, Wy, »

The right-half plane location sketched for the u —w=pe zero, 1/Tu1, results
from the positive Xy, in turn due to the combined high-power and 1ift necessary
for trim level flight. That is, from the approximate expression for 1/Tu1 shown
below, when ¥g =Ug¥Xy is greater than g, the zero is unstable. However, its
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magnitude i generally too large (as in the present example) to be of concern
in the freguency range of interest; and conventional elevator control piloting
techniques are usually unaffected in the region 50<Ug < 120 by {negative)
1/Tu1 consideraztions, However, such considerations can become important for
very short coupled (i.e., Mg/Zs small) vehicles (e.g., Jet 1ift or tilt duct
aircraft where short tail arms may be desirable from engine failure considera-
tions) or for high gain velocity feedback systems employing u —w8g feedback,

Although not indicated by the XC-1%2 transfer functions the X, term may
also modify the & numerator and produce a similar nomminimum phase zero in
the attitude loop. In this instance, the negative root (1/Tg,) occurs when
Xy is a large negative value, and the effective Zy is low. The approxinmate
expression below for small X5, Zs (see Appendix B) shows the dependence of
the zero location on these two terms:

T g S Fulw — Kl

Obviously, then, X2y, >Xuly is the condition for this unconventional location
of the 1/Tg, zero., The only apparent significance of this gituation is
related to a pitch attitude/rate stabilization system (see Section II).
Because of the right-half plane zero, the resulting closed-oop phugoid for
high gain will consist of two apericdic modes, one of them slowly divergent.

In summary, the major problems of single~lcop control are associated with
the low frequency (phugoid)} characteristics poles and with certain of the low
frequency numerator zeros, some of which can be nomminimum phase (right half
plane location) and thereby contribute to an instability near the phugoid mode
when the loop is closed by the pilot., Because of this we can see that the
modifications of these poles and zeros resulting from an inner-locp 8 closure

will constitute an important aspect in the appraisal of the multiloop control
gltuation.
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B. CLOSED-LOOP MANUAL CONTROL TECHNIQUES IN TRANSITION

By analyzing the possible loop structures the pilot might use we can
determine the technique the pilot 1s most likely to employ, the probable
reasons for his preference, the parameters that govern hig choice, and the
situations under which he might advantageously change to a different technique.
This procedure is of advantage not only in preliminary design and specifica-
tion activities, but alsc in clearly identifying problem areas and interpreting
ground and flight simulation, or flight test, resulftis. Our experience has
showvn that pilot are not generally fully aware of their flying technique at
the detailed level available through such analyses. In fact, using the analy-
ses as a base on which to frame proper questions to the pilot will make him
more fully aware of his activities and control problems; and generally lead
to better cammunication between him and the handling qualities or flight-
controcl engineer,

The two multiloop control techniques studied here relate to the pilot's
ability to control flight path using the awvailable controls., Two competing
control structures are considered in which the pilot is assumed to exercise
a different closed-loop strategy. The conversion control (i.e., wing inci-
dence) is not included because, as shown in the next subsection C, its charac-
teristics are similar to those given by direct thrust variations. A study of
these alternative techniques provides an effective basis upon which to judge
the needs for manual control in transition snd the consequences of variations
in basic airframe stability and control derivatives., The two technigues
involve either contirol of altitude with collective and airspeed with elevator
or, conversely, altitude with elevator and alrgpeed with collective (or
throttle}. 1In either case, attitude control with elevator is the basic inner
loop, The block diagrams in Fig. 34 illustrate schematically the control
structures involved., To simplify the identification of these piloting tech-
nigues in the following discussions, we will utilize the variable being con-
trolled directly by the collective (or throttle) as the key. Thus the control
technique shown in Fig. 34a in which pilot's control of altitude ig accomplished
via attitude commands controlled with the elevabor and airspeed with collective
is denoted simply as airspeed/collective control,

The succeseive loop closures which are implied for each of the rultilcop
control situations follow the analysis techniques already discussed in pre-
ceding sections and are developed in detall in Ref. 24; however, for the
readers' benefit, an example clogure ig presented in Appendix E.

1. Pltch Attitude Control, 8 —=8, Locp

As noted above, attitude control with elevator (& —=5%g) is the fundamental
inner loop for the two control structures. Figure 35 shows the 8 —=fe closure
for the B0 knot condition; ncte the sheorthand convention used to degignate the
nunerical open-leoop transfer function, The phugoid and short-period frequencies
are relatively closely coupled (i.e., wgp=2wp). The combined effect of the
2w éamp condition and the closely related numerator terms, 1/T91 and 1/T92,
is that, without pilot lead (TLG)’ the Bode ig similar to that of a lightly
demped low frequency second order attitude system, as noted earlier (Fig. 33).
The K/32 agymptote above wgp requires lead by the pilot to obtain the desired
K/s crossover near 2.5 rad/sec; and Fig. 35 shows an appropriate lead of 1/‘I‘Le
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approximately equal to wgp. This level of lead (i.e., T/TL =1 rad/gsec) is
demanding but is not considered excessive for satisfactory pllot ratings.

Note, however, that with this compensation regulatory control of attitude dis-
turbances appears marginal because of the resulting low de gain. The impor-
tance of having a tight attitude control loocp as the basic inner loop and a
high bandpass ( = 2.5 raed/sec) "effective airframe" on which to erect the
Tinal multiloop f?lght path control structure will be more clearly demcnstrated
in the later phases of thieg survey.

2. Altltude Control Features

Altitude control with attitude and airspeed loops closed I1s shown for the
airspeed/collective and altitude/collective in Figs. 36 and 37, respectively.
These show the resulting altitude outer locop after both the attitude loop,
Just discussed, and the appropriste airspeed loops have been properly closed,
Thus the open-loop factors appearing in Figs. 36 and 37 are double-primed,
signifying that twe loops (in this case, attitude and airspeed) have slready
been closed., The detalled process of getting from the single-primed factors
resulting from the attitude-~loop closure (Fig. 35) to the outer-loop double-
primed Tactors is given in Appendix E for the Fig. 36 exampie. Such details
would detrzct from the straightforward digcussions and resulting conclusions
sought here and they have therefore been deleted from the main text.

The Tinal outer-loop characteristics displayed in Figs. 36 and 37 show a
reasonably broad K/s-like range (e.g., K/s region ¢ <0.7 rad/sec) for both
techniques with a scmewhat higher maximum uncompensated system bandpass for
the airspeed/collective technique. The near equivalence of the two techniques
is somewhat unexpected since we would have anticipated from the pilot comments
(Ref. 20) that collective control of altitude in a manner analogous to DIC
(direct 1ift conmtrol) would be superior. The explanation, in this case, as to
vhy altitude control with elevator appears equivalent if not supericr, lies
partly in the favorable interactions of the two intermediate closures — attitude
with elevator and airspeed contrel with throttle., These interactions are traced
in detail in Appendix E, and essentlally consist of replacing the phugoid with
two first orders near 1/Ty. and 1/Tp; [designated 1/Tpf and (4/78),, respec-
tlvely, in Fig. %6] because of the increased effective Mﬁ and Iy terms., The
?, wh high frequency second-order dipole-pair shown in Fig., 36 is akin to a
surface-actuator mode although wﬁ does lie, in Fig, E-3 of Appendix E, on the
locus emanating from ué. In any event, thege roughly cancelling factors are
outslde the frequency range of most interest and exert little influence on the
final closure shown in Fig. 36. However, the reduction in {gp attending the
u 5o closure is important and tends o detract from the beneficial effects
on the phugoid which basically stem from the influence of the thrust line
offset characteristics of the tilt wing XC-142 configuration. An extremely
tight closure (high gain closure for intermediate u —m8,) of airspeed is
indicated here which has a very broad bandpass airspeed control {we,>2 rad/sec)
(e.g., see Fig, 38). Such tight control of airspeed is not con51dered repre-
sentative of normal pilot control; however, this somewhat unrealistic situation
does not detract from the validity of the foregoing discussion.*

*The reader may verify this conclusion from the loci of the u —w=Be closure
of Pig. BE-3 of Appendix E, where it is evident that, while a lower pilot gain
would reduce the bandpass, the basic cloged-loop characteristics are not modified.
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In fact, if collective ceontrol of airspeed (1 —=8c) were eliminated,
altitude control with the elevator would remain essentiially unchanged, as
shown in Fig. 39, Note here that the altitude bandpass is established by the
wp root instead of the two first-order roots [1/Tgr and (4/18)5] cited in
the cage where the collective control ig employed (see Fig. 56%. In either
cage these sitvations are similar to those discussed in the carrier approach
studies of Ref. 25. This study showed that the altitude bandpass with the
elevator is restricted by the closed-loop phugoid mode (mﬁ) which is approxi-
mately equal to the value of 1/T82- Here the intermediate closed-locp,

(Fig. 35), is strongly influenced by the attitude numerator zero, 1/Tgs; and
the final wg is, again, nearly equal to 1/Tap.

Even with the beneficial effects of the intermediate sairspeed contrel leoop
eliminated, altitude control with elevator (Fig. 39) is still at least as good
as that for the complete altitude/collective technique (Fig., 37). However, we
can improve the latter by eliminating the intermediate airspeed/elevator control
loop which now has & detrimental effect on altitude contreil. Altitude/collective
characteristice without airspeed control as displayed in Fig. 4 are much
superior {e.g., higher crossover) to those with airspeed control shown in
Fig, 37. The potential ingtabilities exhibited irn Fig, 37 (e.g., mumerator
mh% located in right half plane) are not present when the airspeed control
loop is elimingted. Furthermore, the available bandwidth is about the same
as that attainable with elevator control of altitude (Fig. 39).

On the basis of the foregoing analyses and considerations, the simpiest and
best technique for control of altitude is to pay little, if any, attention to
airspeed, hold and regulate attitude tightly with elevator, and control altitude
separately (as with DLC) with the collective. This conforms with pilot com-
mentary, but =till leaves the guestion of airspeed control unresolved.

3. Alrspeed Control

On the basis of the lcop closures and sketches thus far considered, it is
clear that airspeed control with collective is superior to that with elevator,
That is, the comparative sketches for single-loop control of airspeed on p. Th
indicate stability problems for elevator conftrol that don't exist for collec-
tive control, Also, the foregoing exercise shows that multiple~loop control
of altitude is degraded by elevator control, but unchanged by collective con-
trol, of airspeed. TFigure L1 solidifies this tentative conclusion by showing
very broad K/s~like characteristies and high available crossovers for air-
speed — ccllective control, regardless of whether or not the inner, attitude
loop is closed.

But if the pilot tries to control airspeed with collective, what happens
to his preferred technique for collective control of altitude? Figure L2 shows
that, if anything, his control of altitude is improved over that without col-
lective control of airspeed {compare with Fig. 40). However, we note that the
lightly damped closed-loop short-period mode, wgpn, which 1s a consequence of
the high gain u ~=&, closure mentioned previousfy, does tend to restrict the
potential bandpass somewhat. Of course, the time-shared usage of collective
to alternately control altitude and alrspeed would theoretically imply that
both loops cannot be cloged simultanecusly; therefore, the applicability of
Fig. 42 to the real-life situation cculd be guestioned. However, we should
recognize that pilot describing functions are necessarily a smoothed-over view
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of the pilct's experimentally-observed behavior, rather than a second-by-second,
time-history description., Therefore, it is wvalid, for the relatively low
activity involved (i.e., low gains in both loops) to consider that on the
average the pilot is in fact closing both loops simultaneously.

Fortunately, in the present case, we can eliminate the above argument by
noting that wing tilt is essentially equivalent to collective control (as shown
later), Therefore, the pilot can use wing tilt to control airspeed, collective
to control altitude, and elevator to regulete attitude. This complete sepa-
ration of control function yields the very good performance corresponding to
Figs. 40 and 43 and avoids the requirement for parallel control of two motion
parameters (altitude, airspeed) with a single input device (collective).

4, Inner-Loop (5 —=Be) Campensation Effects
end Implication for Desired Augmentation

The preceding analyses assumed that pilot compensation in the attitude
loop was sufficient to cancel the adverse phase effects of the short-period
mode and provide an attitude bandpass in the region of 2.5 rad/sec. This
regquired a substantial, but not unreasonable, amount of pilot lead compensation
(1/Ty,, =1 rad/sec) which suggests a relatively high degree of concentration.
We wifl now reexamine the two basic control technigues to consider the effects
on closed-loop performance of eliminating pilot compensation in the attitude
loop (i.e., the simple-gain describing function form Yp,=Kp.e® will be used).
From these results an assessment can be made of the relative effort the pilot
must devote to the inner-loop task.

Figures 44-45 show the final outer-loop closures for the two original con-
trol techniques to permit direct comparison with Figs. 36 and 37. The distinc-
tive feature of these closures 1s the fact that closed-loop short-period sta-
bility considerations now limit the gain and crossover frequencieg. Furthermore,
the overall superiority of the collective control of altitude (i.e,, h —=5c)
is clearly evident from a comparison of the resulting bandpasses shown in
Figs. 44 and 45; the h —=3; control (Fig. 45) shows almost twice the bandpass
even with the detrimental effect of ilncluding u —»&e.

The presence of the lightly damped short-period mode in both cases could
lead to a PIC type of condition when the pilot attempts to obtain a "tighter™
control of altitude. For example, if we assume that the pilot is operating
with a emall lag in the altitude control (e.g., smoothing the contrel inputs)
the pilot may increase his gain, which correspondingly increases the altitude
bandpass., With this lagged control technique the system is stable; however,
if this lag is removed (i.e., abrupt rather than smooth inputs), for this same gain
setting the h-loop is unstable. In exerting this tighter control, the pilot/
vehicle instabilities or PIO oscillations are then possible at frequencies
cloge to the closed-loop short-period {wdh). This situation is caused by the
low bandpass characteristics of the attitude loop which resulted from the
inadequate lead compensation. Neither the u —=3, nor the u —=B8¢ closures
improves the damping of the short-period mode (the critical factor).

In summary, the overall task of longitudinal flight path control in tran-

sition is critically dependent on the performance of the inner pitch atiitude
loop. Generation of the reguired lead compensation in the attitude loop
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appears to be essentlal., Judging from the cverall dependence con attitude
control, augmentation for the longitudinal sxis ghould include both attitude
and attitude rate feedbacks. In general, without pltch augmentation the manual
flight path control task appears excessive from a closed-loop control viewpoint
for the transition configuration below €0 knots because the outer-loop control
functions are relatively intolerant of changes in the 8-loop

C. EFFECTS OF THRUST AXIS CONFIGURATICON ON PILOT CCONTROL

From the foregoing closed-loop analyses it is evident that the thrust axis
configuration of the particular VIOL is the underlying physical situation
determining the appropriate manual control technique. In the conversion from
aerodynamic 1ift to the thrust support configuration, all VIOL wvehicles have
in common the rotation of the thrust vector from horizontal to approximately a
vertical position. The position of this vector relative to the vehicle center
of gravity is the single configuration variable which may change significantly
throughout transition {i.e., at a given inciination) or may vary between
vehicles due to the individual geometry of each {e.g., power plant location).
For the generic surveys to follow, we will consider the thrust inclination to
affect the relative magnitude of the 1lift and axisl forces, and the thrust
offset to affect the control pitching moment.” The variation in control
dynamics due to the thrust offset will be considered first and then the thrust
inclination aspects briefly reviewed.

It is worthwhile recalling from the preceding analyses that the uncompen-
sated vehicle modes asre dominated by relatively low frequency dynamics which
are marginal for good manual control; thus the pilot's primary task is to
utilize the available controls (e.g., collective, elevator, etc.) to achieve
the degired higher bandwidth characteristics. The 60 knots dynamic features
are used ag representastive characteristics since at this flight condition (as
previously noted in Section IV.A) the vehicle exhibits a decoupled attitude
control, 0 —=&g, characteristic associated with hover; and front-side-of-
minimum-drag features usually expected for aercdynamic flight conditions —-
i.e., it's halfway between hover and cruise in characteristics as well as speed.

1. Effects of Thrust Offset on Control

The effects of thrust~offset arm, zp, on the alrspeed and altitude control
responses are analyzed by isolating the zq-dependent terms in the pertinent
numerator equations defined in Appendix C and plotting the locus of numerator
zerog for variations in gzp.

e. Altitude Control. The root locus illustrations of the thrust line
offset effect on the location of the collective control zercs is shown in
Fig. 46 with and without the attitude inner loop closed.

The N5 zeros without the attitude loop are shown in Fig, L6a. When the
thrust llne is above the c.g., as it is for the XC-142, the zeros are all real
and two zeros are located in the right half plane, Thig limits pilot control

*The change in the basic airframe derivative, My, due to thrust offset
ig omitted.
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of altitude because the h —» 8. closure tends to drive the phugeid mode toward
these unstable zeros. The location of basic XC-1L2 numerator zeros is
determined primarily by the combination of thrust offset affected terms

(i.e., My, and My) and the thrust inclination terms (i.e., Xp/Zs ratio) for
this flight condition (i.e., 60 knots). This can be seen from the approxima-
tions for the three mumerator zeros which are indicated below:

1 y glsMy x5
g © T Ok, % o
5 1. UdMeZy
Ung or Thep Thc3 = 7

1
Eghﬂfh or "I-E;- =+ 'IEhc

The above approximate factors are reasonably valid (Ref. 2 ) since the static
stability term, My, is small and the wing incidence {thrust inclination) is
much greater than gzero.

Thrust line location below the c.g. as might cccur in a jet 1ift or
vectored thrust vehicle potentially improves the control of altitude with
the collective by inecreasing the frequency and damping of the numerator
zeros. This suggests that proper control of offset or vertical c.g. posi-
tion during transition may provide a means for alding pilot control.

Effect of 2zq variation on the roots of (N%c)e - 5. are shown in Fig. 416bh,
Closure of the 8 = &, loop is essential to good altiftude control because it has
a stabilizing effect on the numerator zeros. The pertinent numerstor equation

becomes
(5,) - W, t LS,

c’8 =8, Py PcCq

where Yp, 1s of the form er(s-+1/TLs)e_TS. For the nominal XC-142 offset

(2p = =2.6) all zeros are stable and altitude control with collective is easily
accomplished without outer-loop closures or additional pilot compensation, as
already noted. As thrust offset decreases to zero, the damping of the complex
zeros increases, indicating further improvement in control with smaller values
of offset. For thrust below the c.g., the complex zeros again move out to high
frequency and the real zero moves toward the origin, An interesting point is
that with sufficiently large values of offset below the c.g., the real zero,
1/Thc, becomes dominant. For a well damped short-period mode this lead term
would negate some of the (short-pericd) phase lag and permit a higher bandpass
in altitude control. However, for a lightly damped short-pericd mode, the
effective ‘I/Thc lead term can be detrimental to the bandpass of the altitude
loop because it accentuates the pesking of the short-period mode.
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b. Alrspeed Control. The effect of zp on the basic vehicle numerator, N%b’
is shown in Fig. U7a. For thrust line above the c.g. (as in the XC-142)}, all
numerator roots are stable, whereas for the thrust line below the c.g. there
exists an unstable zero (1/Tu1) which becomes increasingly divergent as offset
distance is increased. Because of the stable location of the u —= 5, zeros,
single-loop control of airspeed with throttle appesrs ascceptable for negative
zp such as tilt-wing type vehicles,

The effect of zp on the closed-loop numerator, Ngc-kYPeNgége, ig shown in
Fig. 470, C(losure of the § —=5g loop, as in the altitude control case, again
has & stabilizing effect on the numeretor zeros, especially for the thrust line
above the c.g., and to some extent for relatively small values of offset below
the c¢.g., For large positive (i,e., below c.g.) values of thrust offset, a
divergent root exists which would be detrimental to the u —==3. closure because
of the tendency of the phugeid to drive toward the zeros, TFor this reason
control of alrspeed with collective may be a more desirable control technique
for tilt-wing vehicles than for jet-1ift type.

2. Effect of Thrust Line Incldence on Control

A simple isolation of thrust line incidence effects on the collective
altitude and airspeed numerators is somewhat colored by the similarity between
either small varistions in thrust or incidence, For exasmple, in the sketches
of Fig. U8 the similarity at intermediate wing incidences (iy<U45°) is made
quite spparent, The results are not identical because of the fact that an
increase in thrust provides an increase in both the Z and X components, whereas
a corresponding positive incidence change increases the 7 force but reduces the
X force; X; is negative while Xy is positive.

The similarity means that some anslogy may be drawn between the control
with collective and control using thrust (wing) incidence. As previously noted
from Ref. 20, the pilots consider wing incidence the primary means of control-
ling speed. Thus we may use the control response features of the collective at
various wing incidence to galin some apprecliation of the thrust line effects.

The attitude-loop-modified airspeed rnumerator zeros remain relatively
unchanged for varistions in the thrust line incidence, as shown in Fig. 49D,
This is confirmed by the collective numerator zeros tabulated in Table XIV for
the steady-state level trim points in transition. Closure of the u-loops with
either collective or thrust line incidence results in a stable closure as
sketched on page 98 so long as the thrust axis is inclined slightly, which means
that the real root, 1/Tu1, remains stable.

The effect of thrust incidence on the modified altitude/throttle numerator
is shown in Fig. 49a. Relatively small increases in i result in a large change
in the 1/Thc root. The increase in vertical force camponent, ch, as the inci-
dence ig increased, stabilizes the altitude second-order numerators, and as a
result the collective control of altitude (h —=5,) improves as wing tilt
increases, i.e., becames akin to "pure" DILC — a not-unexpected result.
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D. CONCLUSIONS

The system analyses pregsented in this section have shown that a key factor
influencing the handling quelities in the transition regime is the effective
low frequency pitch attitude characteristic, which tends to be dominated by
the phugolid mode dynamics. Purthermore, the appropriate piloting technigue
and multiloop control structure for flight path control are traceable to
configuration-related aspects, in particular, thrust-offset and inclination.
For the XC-142, the fundamental control task is pitch attitude control, which
serves the purpose of providing compensation for the outer control locps. To
provide a clear division of control functions between the three available con-
trollers: elevator, collective, and wing ineidence, the pilot control of
either altitude or airspeed is achieved with the inner, pitch attitude,
loop closed. Thus the multiloop control structure during transition is similar
to hover, i.e., the inner, attitude, loop is closed.

The pilot desire for separation of control functions may well bhe the major
facteor underlying the control problems associated with transition. This bkeing
the case, future experimental efforts should emphasize the control situations
in which complex control interactions and couplings are involved.

While these analyses have established attitude-loop features which appesar

as fundamental requirements for compensatory pilot control, it 1s worth noting
that other noncompensatory control techniques or functions may be substituted
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by the pilot. For example, the primary function of the attitude-loop closure
for the XC-142 is to equalize the thrust offsef effect on the h —= 5, numerator
{i.e., cancel the thrust moment term, Mg, in 5c)' This function could be
accomplished by the pilot's crossfeeding between collective and elevator with-
out closing the attitude loop. Such crossfeed control possibilities represent
a potential area for additional studies.

gpecific results related to the XC-142A vehicle are:

1. Flight path control at a fixed-wing incidence can be
achieved with the collective, although a moderately
tight closure cof the &-loop is necessary. Control of
airspeed with thrust incidence (wing incidence) is
supericr and suggests that the conversion controller
serves a primary role in airspeed regulation.

2. Because of the large negative thrust offset (i.e.,
thrust line above the c.g.) and compensating effects
of the intermediate closures of attitude and airspeed,
& piloting control technigue emplioying airspeed to
collective appears feagible. This would allow the
pilot to control altitude with the elevator at speeds
somewhat below 80 knots for the "frozen" configura-
tion (i.e., wing tilt angle fixed). The ability to
control altitude in such a frozen confipuration by
conventional use of the elevator is significant.

This implies that employment of airspeed to ecllective
or throttle has application to STOL vehicles having a
configuration gimilar to the XC-1424.

3. Alrframe stability derivatives having a prime effect
on the closed-loop dynamics are those associated with
the collective control, since in general the charac-
teristic dynamic modes are dominated by low frequency
phugoid features similar to the hover mode.
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BECTION V
SUMMARY OF CONCLUBIONS

A. ILONGITUDINAL HOVER DYNAMICS

Based on correlations and study of available ground-simalated and flight-
tested configurations (about 100 considered in detail) "satisfactory™
(3 <PR<4) characteristics for the general transfer function forms

P Mg, (s + 1/Tg;)

(s +-1/Tsp2)(52 + 248 +—a%)

o
1]

"’gMae

o

e s(s + 1/Tsp2)(32 + 2§ﬁmps + w%)

are connected primarily with the existence of K or K/s asymptotes in 8/5e
near weg = 2 rad?sec. Such characteristics are consistent with good closed-
loop pilot control of §; i.e., adequate gain and phase margins, noncritical
lead requirements (TL<:1), good error performance (i.e., low frequency gain
near 1). In addition the outer, x-loop musi have reasonable crossover charac-
teristics (i.e., no worse than K/s2) in the neighborhood of 0.5 rad/sec, but
these are seldom an issue (see Section II, Conclusions)}. The distinction
between satisfactory and unsatisfactory (6<PR<7) characteristics is clearly
evident on the basis of the exemplary closed-loop situations illustrated in
the text which show very low inner-loop dc gain and resulting poor error (og)
performance because of adverse sensitivity to lead which in effect makes
system performance dependent on the pilot's neuromuscular lags.

The foregoing general conclusions have been more specifically related to
a variety of satisfactory and unacceptable pole/zero combinations for the
above, "effective vehicle" transfer functions (for Myoys, < 0.1 to avoid
extreme gust effects), as shown in Table ITI for conven%ional dynamics and
tabulated in Tables V and VI for attitude and/or position augmentation.
The satisfactory dynamic situations can be summarized as follows:

1. For 0<:1/T81'<“?/2 Risults in "conventional" low dec
a Be gain

Also applies for "low-stiffness"
attitude augmentation

wp < 0.5 rad/sec Implies |gMu/Mg|<¢1 and m% = —eMyTsp,
Sppop > 0.5

1/Tsp, > 1
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2. For 1/Tjz, > e.g., Tor X; augmentation; results
B4 Wp u
in high dec 8/8e gain
m.F.’>1 rad/sec

gi)wf)>0-3 ) Ef)>0-25
1/Tdp, > wp or 1/Tg, 5 1/Tgp, > 2.0
3. For 1/T91 = l/'.I.‘SP2 e.g., for My augmentation; results
in high de 9/5¢ gain
22wps5 rad/sec

§p>0.25

It seems obvious from the above diverse situations that a specification
written in terms of the above parameters and classifications would, although
feagible, be fairly camplicated, Thig is particularly true if one notes that
the variety of possible SAS configurations indicated here is not necessarily
all-inclusive. This canplication is not greatly alleviated by considering
the requirements in terms of the basic aerodynamic derivatives, Mg, My, and Xy,
because the boundaries shift between conditions 1 and 2; and must be expanded
to include Mg for condition 3. The really bright spot in this is that such
diverse results can all be consolidated and explained in terms of the closed
multiple-loop situation, which also yields an agppreciation for the effects of
practical SAS design considerstions such as control system lag.

B. LONGITUDINAL CCNTROL POWER AND SENSITIVITY
1. Benaitivity

Analysis of extant data leads to the following rationale for pilot's
selection of optimum control sensitivity; My for longitudinal control.

a. For a given M and Oug the hovering control activity is
given by oy =KMuGug/M§ where K is approximately 1.7+ 0.3
depending on pilot gain variations; to keep gy within
acceptable limits (say, 1/2 in.) requires a minimum value

of Ms.

b. A given M; also demands a minimum —My (generally greater
than 1.0) to give satisfactory dynamic characteristics,
e.g., Fig. 3.

c. The Mg and My resulting from a and b must be compatible
with a "desired" pitch response in 1 sec (0,) of about
5 deg per in. of stick. The pilot may compromise this
aanpensatory value level by no more than about 50 percent
on the high side in deference te reducing Item z, control
activity. However, open-loop tasks such as "quick-stop™
maneuvers may result in a broad range of control sensitivity
selections which are considerably in excess of the compen-
satory or precision tracking requirements, but not less
than the "desired.”

101



2. Control Power

Must be adequate for trim, gust regulation and necessary maneuvering,
The requirements for trim and gust regulation in clesed-locp tasks can be
easily checked (e.g., by considering a 20 or 3¢ value to be adequate
coverage Tor maximum gusts). However the maneuvering requirement as a
function of mission or size is presently poorly defined. As a pracitical
matter it seems that 3 in. of stick travel at the optimum My corresponding
to 81 =5 deg is generally adequate.

C. PRELIMINARY CLOSED-LOQP ANALYSIS CF TRANSITION

System analysis of the multiple-loop aspects of manual pilot control in
transition has yielded insight into the problems asscciated with flight where
thrust provides a significant amount of wvehicle 1ift, Theoretically, the
appropriate flight path control technique is traceable to configuration-related
factors, in particular, thrust offset and inclination; however, the key piloting
control deficiency in this flight region stems from the inadeguacy of the short-
period attitude control features (i.e., low msp). More specific conclusions
derived from the transition analyses are summarized as follows:

1. Flight path control at a fixed configuration (i.e., fixed-
wing incidence, iy >0) in transition is clearly adequate
(wep = 0.75 rad/sec) with the collective. However, while
the height control with the collective is analogous to DIC,
a moderately tight closure of the 8-lcop (e.g., wey =
2.5 rad/sec) either by the pilot or a suitable augmentation
system is essential, Control of airspeed with thrust inci-
dence (e.g., wing incidence} appears more desirable than
uging the elevator.

2., Generically, a control technigue employing the collective
for airspeed control (i.e., h, 8 -»=8g, U == 3g) also
appears feasible for the XC-142. The primary reason is that
with the large negative thrust offset (i.e., thrust line
above the c.g., >>0) the u w8, ¢losure greatly stiffens
the phugoid modeM? ' >>ay ), eliminating the bandpass restric-
tion on the h —=%, control which is normally imposed by
this mode.

3. The airframe stability and control derivatives depend
primarily on the combined high-power (thrust level), thrust
inelination, and 1ift condition reguired for trimmed flight.
The derivatives' effect on the dynamic features is shown by
the unstable mumerator factors {i.e., zeros in the right
half plane) of the altitude and airspeed response for col-
lective input and the attitude response for the elevator
inputs,

4. Whether or not the conversion controller (e.g., the wing
incidence) should be considered as a primary compensatory
control for airspeed as suggested by pilot comments in lieu
of the trimmer function appears to be a2 moot point as the
results of this study have shown that: There is generically
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some equivalence between the effects produced by thrust-
angle control and the thrust mesnipulator (e.g., collective)
inscfar as cloged-loop control is concerned.

From this analyticsl treatment some appreciation of the
pilot's manual control problems in transition which will
affect all VTOIL configurations, not Jjust the tilt-wing,
has been gained,.
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APPENDIX A

DATA COMPARIBONE AND FACTORS
INFLUENCING HANDLING QUALITY RATING

Intersource correlations and comparisons were made using the four
primary date sources listed in Table A-IT. These sources are documented
in Refs. 7, 9, 12, and 17. The experimental conditions differ some-
what for each source, and some variance and overlapping between rating
levels were anticipated. To judge the extent of the differences, direct
comparisons were made bebween the results for tested control situations
having essentially the same controlled element dynamics. The effects
of three subjective factors, envirommental conditions (e.g., gust level),
task, and type of simulation, were determined and expressed as an effective

change in the level of pilot rating.

The basic¢ procedure used in the comparison effort was first to make
a detailed review of the nature of the decumented experiment noting the
piloting task involved, instruction to the pilcots, and the type of simu-
lation facility. Then, in the second step, the effects of control power
and sensitivity were minimized by selecting cnly the optimum.and/or the
best rating given for the specific control element dynamics. This
involved cross plotting the "raw” opinion data for constant dynamics
and disturbance levels versus either control power or sensitivity. The
final step involved the specific comparisons and determination of the

separate effects.
DISCUSSION CF TEST DATA

The distinguishing features derived from the detailed review of

documented experiments are presented in the following paragraphs:

a. A'Harrah and Kwiatkowski, Ref. 12

The experiment was conducted on a fixed-base six
degree of freedom visual presentation flight simulator.
The pilots rated each of the more than seventy longi-
tudinal dynamic characteristics separately in still air
and then gave an overall rating in slightly turbulent



air (rms gust velocity of 5 ft/sec)- These evaluations
were conducted primarily in precision hovering task,

but included discrete low speed flight and takeoff and
landings. Thus the rating given by the pilct included
congideration of the vehicle dynamics and the performance
aspects; however, the weighting placed by the pilot on
his effort and resulting performance is unknown. One
may conclude that his still air capabilities were empha-
sized because a greater percentage of the testing was
done without turbulence.

The one unique feature of this experiment is that
the values of Xy and Mg were interchanged for fixed levels
of My . The characteristic dynamics remained unchanged
from those associated with the variations, because the
characteristic equation is [s(s-—Xu)(s-Mq)-+gMu]- The
attitude numerator term is modified by the Xy term. The
higher levels of Xy (e.g., —0.5 > Xy = -5) are considered
representative of velocity demping augmentation in the
position loop.

Introduction of the large Xy values does increase
the vehicle response to gusts and may have negated any
potential advantage of the translational damping term.
The results do suggest that the combined effects of the
higher pitch damping (qu>>2) and the emphasis placed on
still air handiing qualities compensated for the increased
gust sensitivity due to Xy. In fact, it should be recog-
nized that the immer-loop damping level suggested for a
satisfactory rating by the authors (i.e., gpu@ > 0.25)
may well have been influenced by the additional gust
sensitivity for the high X; conditions.

b. Breul, Ref. 7

These experiments were conducted using a visual
reference system in conjunction with pitch and roll
moving-base simulator. In Breul's experiments the
test condition matrix covers slightly more than 80
different longitudinal dynamic configurations out of
the approximately 300 control configurations evaluated.

The unusual aspects of this experiment were the
flight control task and the basic philosophy for handling
quality rating. The flight task was a minimal type of
mission envisioned and required the pilot to hover over
a spot, move smoothly to another point and establish a
new hover (e.g., an air taxi maneuver). The pilots were
instructed as follows: "... to evaluate each vehicle
with emphasis on the ease with which they could get it
from one spot to another, and not on the precision with
which they could control hover." By de-emphasizing the
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precision hover control and performance aspects in general,
the major factors reflected by the opinion data are wvehicle
stability and c¢losed-loop regulatory contrecl. The above
conclugion is partially supported by the rating trends
derived from cross plots of the pilot rating and the primary
variables in the experiment {i.e., M(3), Mg, My, and vug) -
Also, the closed-loop analysis presented in Section IT of
the text further substantiates this assessment. The trend
resulting from the cross plots is shown schematically in

the three dimensiocnal matrix of Fig. A-1. Here a constant
rating level (PR = 3.5) is defined by the surface composed
of various combinations of aerodynamic parameters. This
iso-opinion surface is independent of the gust level (i.e.,
0< < 9 ft/sec). We note, also, that no aerodynamic
parameter is singularly indicative of the opinicn level.
However, the combinations do represent various dynamic
properties from which a valid correlating parameter, the
characteristic phugoid mode frequency, wp, can be identified.
Figure A-2, also, shows that this frequency is near wp =

0.5 rad/Sec.

The correspondence of the phugoid frequency and the
satisfactory opinicn level is associated with the pilot's
ability to maintain good attitude-loop stability (see
Section I1I) and to regulate againgt low-frequency dis-
turbances such as gust. Two Tactors may be cited for the
lack of cpinion change with gust:

1. The pilot was instructed to neglect
precision performance as a merit.

2. For satisfactory vehicle dynamics, the
gust levels tested are not a significant
factor in the pilot's rating.

¢+ PSeckel, Ref. 17

These tests were conducted in a variable stability
helicopter where the task consisted of precision hovering
and low speed air taxi maneuvers under moderate gust con-
dition (i.e., oug = 6-3 ft/sec). An overall pilot rating was
given by the pilotes which was to consider stability, perfor-
mance, and environmmental factors. No weighing of these
factors was suggested Lo the pilots.

The sensitivity of pilot rating to disturbance level
was demonstrated in the test by interchanging the gust
response levels. The major point was that the precision
hover rating may be degraded by changing the gust sensi-
tivity factor, Myocys. Thus the importance of attitude-
loop regulatory control was confirmed. In addition, the
correlations of gMy and Mg presented in this reference
strongly supported the dependency of pilot opinion on the
basic vehicle phugoid mode properties (i.e., wp = 0.5 rad/sec)
derived from Breul's results {see Fig.A-3).
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Figure A-1. Schematic of Rating Trends
ag & Punction of Primary Variables
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d. Miller, et al, Refs. 5 and 9

These most recent VIOL experiments were conducted using
a contact analog visual display and a fixed-base simulation.
Precision hover and low speed air taxi maneuvers were
stressed and the overall pilot ratings were given under
various gust levels and vehicle dynamics-

The major aspect of these results was the rating
correlations established between vehicle dynamics, error
performance merits (e.g., og, ox), pilot effort, oz, and
gust level. In addition the pilot compensation features
which were derived from the error measurement data have
supported, in general, trends given in ratings due to
changes in either gust or vehicle dynamics. The separa-
tion of the rating due to gust aspects suggests a strong
dependency of rating on the performance achieved. Data
showed almost a near linear dependency of pilot rating on
gust level for dynamics rated good in still air.

EFFECTS OF SIMULATICN TECHNIQUE ON RATINGS

The pilot rating variances which are attributed to the differences in

similation technigque are congidered broadly as either:

1. Intersource variances of the f{ixed-base
experiments. References 12 and 9.

2. Intersource variance between the above fixed-
base experiments and the moving-base and flight
test in Refs. T and 17.

This deacription of our apprcach to the data compilation has been used to
illugtrate general trends and thus avoid accounting for the detailed

differences in the display and simulation facilities.
1. Comparison Between Fixed-Base Results

A direct comparison has been made between the results of the fixed-
base experiments from Refs. 12 and 9. ¥or convenience Ref. 12 data are
superimposed on the contours of the average ratings derived from Ref. 3.
The resulting comparisons are shown in Figs. A<4 and A-5. With some
extrapolation of the contours, & direct comparison of seven dynamic
conditions is obtained. Note that the extrapolation of the contours

has generally followed the constant fredquency, Wy conditions.
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Basically, no discernible difference is indicated in the level of rating
given by the pilots fram the two sources. Additional comparisons for
different dynamic conditions would be desirable, but these limited

results do suggest that with all other factors being equal, good correla-
tions can be expected for fixed-based results. Certainly in the present
case this is true. It is also apparent that good comparisons were obtained
at the higher gust response conditions (i.e., Myoy > 0.1) even though the
exact use of gust input (Gu_g = 5 ft/sec) for each condition and the

specific influence on pilot ratings is not indicated in Ref. 12.

2. Rating Variance Due to Moving-Base and/or
Flight Test Versus Flxed-Base

Of course, motion cues are the major factor contribufing to rating
differences between the fixed- and moving-base experiments where VTOL
vehicles are concerned. In general, the motion effects have been some-
what avoided in the present survey by considering primarily ‘he sakis-
factory pilot rating data. However, the satisfactory dynamics of
Table IITY do indicate that less stable dynamic properties are acceptable

where motion cues are available.

The effects of motion become more obvious when the vehicle dynamics
approach the marginal control regions. These marginally stable or
slightly unstable vehicles require more lead compensation than that
easily generabted by pilots visually, which partially accounts for the

rating differences.
3. Batlisfactory Ratings

Figure A-6 shows that the cutoff point for the fixed-base data appears to
be the aperiodic mode 1 /TSPE =1 rad/ sec which is approximately Mq =,
whereas, the satisfactory boundary for moving-base data appears to follow
the condition that wy, = T/TSPE as the vehicle dynamic properties collapse
into an effective inertial body (i.e., 6/5 = K/s°).

In this region of low-frequency aperiodic and phugoid modes, the
conventional dynamics modes become equal and a direct function of gy
{i.e., wp = 1/Tsp2 = V@Iu) - The damping ratio, gp, approaches a
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constant, = —0.5. Under these conditions the vehicle dynamics are

€
classicallypunstable and K/52 in appearance in the crossover region.
This difference between fixed and moving base is shown in the following
s-plane sketch of the characteristic root of the attitude mode. Note
that this difference ls reflected by the phugoid mode damping, i.e.,

Co = 0 for fixed base and { = —0.5 for moving. Thus, motion cues
apparently account for the inclusion of slightly more unsiable control
situations for the satisfactory ratings. Also, with moticn, a marginally
sabisfactory rating can be maintained as the vehicle aerodynamic

properties are eliminated.

Satisfactory
Fixed Base(Ref. 9) -

1 210 Fixed Base

\ Tsp, Moving Base
L - (Ref. 7)
TspaMowng /
] | L I | 1
-l -8 -8B -4 -2 . .2 4 6

By excluding the above small region of wvehicle dynamics (i.e., where
1/TSP2 <1 and wy = T/Tspg): the effective change in pilot rating between
fixed~ and moving-base results amounts to about i1/é point in rating at

the satisfactory conditions.

L, Unacceptable Ratings

Significant rating differences are evident between fixed- and moving-
base results from Fig. A-6 in the region of unacceptable dynamics. However,
the rating difference between fixed- and moving-bage results is not clearly
pictured in this figure (i.e., 1/Tsp2 versus mp) because the divergence

properties of the phugoid mode are not identified. A moderately high



frequency phugoid mode (i.e., wp > 0.8) is characteristic of the

unacceptable rating indiecated in the figure.

A gelective comparison of data from the primary scurces is shown in
Table A-1 for evaluating fixed- and moving-base differences. In these
comparisons, both characteristic dynamic properties (i.e., wp > 1/Tsp2,
and QP) and the aerodynamic features (M;, X, and Mq) have been matched as
closely as possible using the available dats. Basically, the unacceptable
dynamics from Refs. 12 and 17 correspond to high M, and Myg,; conditiqgns;
therefore, the ratings are possibly clouded by the gust response aspects.
Based strictly on the few case comparisons shown, motion cues apparently
account for bebter rating for the highly unstable dynamic situations
(i.e:5 Ly > —0.2) but at the lightly damped (i.e., (o = 0) conditions

motion doesn't appear significant.

Logically from these limited data, we can conclude only that for the
very unstable, moderately high frequency dynamics (wp >1.0) the rating

increment between fixed and moving base approaches *1.3 rating points.
EFFECTS OF GUST

As a starting point, the data assembled for the present study was

specifically restricted to conditiong of low gust sensitivity, Muﬁug'

n

These "base line" dats were defined as having a gust sensitivity,

Muoug < 0.1+ Figure A.T identifies the available data relative to this
gust response merit. It will be noted thal several dynamic conditions

(indicated by gMy level) from each source fall in this region; in fact,

the data conditions from Ref. 7 were all tested at low gust levels.

Generally speaking, the desirable VTOL dynamics identified in the
text have application to gust conditions greater than Mjcy; = 0.1, but
we are unable to establish the level at which gust aspects dominate.
Some general conclusicns concerning the effects of disturbance
level have been observed as a result of the present efforts, and these

are reviewed in the following:



TABLE A-L

FLIGIT TEST, MOVING-BASE, AND FIXED~BASE DATA COMPARISON
OF RATING POR UNACCEPTABLE CONTROLLED ELEMENTS

REFERENCE

GUST FACTOR

1

SOURCE, /Tsp bp “p *u MiOug &
Seckel 1.90 —0.30 1.28 —0.15 0.66 6.5
A 'Harrah 1.80 -0.29 1.20 —0.24 0.k0 8.5
Seckel 2.60 -0.19 7.10 —0.15 0.66 6.0
A'Harrah 2.60 —0.17 1.00 —0.05 0.4o 6.0
A'Harrah 2.60 ~0.25 1.40 —0.075 0.80 8.5
Seckel 5.30 —0.06 0.81 —0.15 0.66 6.0
A'Harrah h.ob 0 0.80 —0.16 o0.40 hk.5-5.0
A'Harrah 5.2 -0.087 1.00 —0.20 0.50 5.0=5.5
Seckel 2.4 -0.17 0.95 —0.085 0.4326 6
A'Harrah 2.6 —0.17 1 .00 -0.05 0.40 6
Miller T4 -D.112 0.736 | —0.36 <0.1 5.75
Breul 1.69 —0.175 0.767 | —0.25 <0.1 6.0
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a. Relation of Closed-Loop Regulatory Ceontrel and
Gust Response Level

Results of the flight test of Ref. 17 are shown
in the table below. We note here that a satisfactory
precision hover rating deteriorates to a marginally

Pilot Rating

Gust Sensitivity, Myou gr?szo;er
EI\_IIE I\E (‘LE —Loy 1/ TSP Low Medium Highg 1731_'2 = I;q.
0.28 -0.99 0.48 0.091 1.19 3.7 0.48
0.28 -—-1.98 0.37 0.024 2.05 3.2 0.37
1.13 ~1.98  ©.71  0.107 2.21 L. 0.71
3,38 —1.98 1.13 0.259 2.52 Z, 0% 6.6 1.13
3.38  -4.95 0.81 0.0%6 5.08 6.0 G.81

*PR = 4.5 for low-speed maneuvering task

acceptable rating in medium turbulence. In addition, the
high M, case (gMy = 3.38) in precision hover (low disturbance)
is rated satisfactory and becomes unacceptable for high gust
response. While these results confirm the correlation of

the pilot opinion with the attitude response factor, Myoy.s
the crossover point freguency (1/TL = a@) which is indicative
of pocr attitude loop low frequency regulatory control is
equally as good. The crossover point as described in the
text (Section II.B) as the frequency at which the pilot does
nct improve his performance by increased lead compensation.

b. Pllot Rating Trends for Various Dynamics

Reference 1 data presented in Fig. A-8 provides a good
indication of the trend resulting as the gust intensity is
increased for constant dynamics. Basically, a poorer rating
corresponds to a deterioration in mean-square error perfor-
mance level and an increase in pilot effort. These results
indicate that either hovering accuracy or effort can become
a major factor in the pilot's rating of a vehicle.

EFFECTS OF TASK DIFFERENCES

Task differences appear to be reflected only in the results from
Ref. 7. In these results, the pilot was instructed not to consider
the precision hover task or hovering accuracy in rating the handling
qualities. The pilot's task is cobviously less demanding if he doesn't

strive to maintain good hover performance. Furthermore, since the gust

A~16
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level primarily affects performance and the change in rating basically
follows the deterioration in performance (as noted in the preceding
paragraph), we can anticipate that the gust level will have had less
effect on the pilot ratings in Breul's experiments. Although it is
difficult to gay conclusively that this task aspect alone is the
dominant factor, the carpet plot constructed using best rating data

in Mg. A-9 does reflect this conclusion. No change is indicated as
the gust level is increased regardless of the level of vehicle dynamics

or gust sensitivity factor Muoug -

Thus, when task performance merits are eliminated in judging =
vehicle, the pilot does appear to be less sensitive to gust disturbance

level based on the somewhat limited results.
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APPENDIX B

IONGITUDINAL DYNAMIC CHARACTERISTICS, TRANSFER FUNCTIONE,
AND STABILITY DERIVATIVES DERIVED FROM VTOL EXPERIMENTS

The data contained in this appendix represents a partiasl listing of
aerodynamic parameters and transfer function expressions derived from this
review of VIOL handling cualities experiments. From the listing in Tables B-I,
B-III, and B-IV the vehicle dynamic response characteristics and Bode diagrams
discussed in the text were calculated. Optimum control sensitivities or power,
"best" pilot rating, disturbance conditions (e.g., gust rms levels), and experi-
mental condition are included in the tables in this appendix. For convenience,
the data from each source are listed as a group.
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APPENDIX C
EQUATIONS OF MOTION AND APFROXIMATE FACTORS

EQUATIONS OF MOTION, HOVER

When terms which are usually negligibly small are omitted, the
longitudinal eguations of motion can be written:

s — Xy 0 g u X5 Xy
~Zy 8 ~ Zny Y W = Zg p 8= {2y pug  (C-1)
~My 0 82 -Mgs | o Mg My

The control-fixed motion of the VIOL-type aireraft in hover congists of one
mode, described by s =Zy, which involves only the w-degree of freedom plus
two other modes involving only u and 0.

The characteristic equation is:

Als) = (s~ Zy) [55 - (Xu+Mq)52 + XyMgs + gMu] = 0 {(C-2)

The {s—7y) factor characterizes the plunging mode, which is controlled with
the throttle or collective pitch. The other factor is called the "hovering
cubic" and characterizes a motion which is controlled with the attitude
control.

The lateral hover eguations are generally identical in form to Eg. C-1
with the following changes in symbols-

u =V i o o 8- .
X, =Y, g — Z, — Ny
Zg —=Ny ¥y =L, Mg — Ip
X5 =15 2y —Ng My = Ig

TRANSFER FUNCTIONS AND LITERAL EXFPRESSIONS

Al]l the approximate factors are for straight and level flight and for
stability axis derivatives. If the conditionsg of validity are met, the
approximate factors should be within *10 percent of the magnitude of the
root {real or imaginary part).
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CHARACTERISTIC EQUATION ("HOVERING CUBIC")
The approximate factors for the "hovering cubic" which may be applied to
relate root factors to specific stability derivatives are reviewed helow for

the two pertinent damping regimes.

Regime I: High damping conditions

&My
M—5 < 1.0 H Mq’>> X,u
q
Then
1 =
Top, ¥
I DR VA
Tsp, b 1 Mg
. ) My M&:  eM,
9% = Fu-7 V5 oy
op = MTep,

If Mg > 1.0, these expressions may be reduced to

1 z

TSP2 -_/’ _Mq. .
egpa-b = _Xlu
. 8M,
@ = S

and in the s-plane, associated root lacations are:

y

3

NS

b

a0

SSSNNaSs

/i

Short Period
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CONTROL RESPONSE FUNCTIONS

The appropriate numerator factors for attitude and speed response to
longitudinal comtrol inputs are as follows.

1. Attitude Numerator: Ng,

8 1 [
Ny = Ke(s + ——) (s + —-——-)
e Te.l Te2

where: Kg = My

L YoM, =T + (KM - M) F M (Z X, X Z,)

Tg, 2y,
1
Tog Ly
when
1 1
— | «< |—
‘Te1 Tg2

2. Veloclty Numerator: Ng e

u 1 1 1
10} = Kyfs +s—V [s + 75— {s + =—
Pe u( Tu1) ( Tue) ( Ty )

where Ky = Xg
1
— = _ZW
Ty

¥
*

Note: Ng, = —
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Regime II: Low damping conditiona

| > 1.0 UMy << ZyMy

Thus,
LI or if My = Xy = 0
Tep,
P e (IS e
Tsp2 gM, 3 Tsp2 1
: \?_ 2 2 R
2pwp = Vel +”5“Xu‘MC1) Epp = u

: L S -
“%‘gMuTspx “’123_@‘%

Practically speaking, the gl term is the dominant factor in this
situation. If the boundary condition |gMy| = IMal is used, the root
locations as traced in the s-plane by Regime IT are:

A
R

1.0
Short Period

Alternate presentation — after derivative of numerator factors, whence the
"pole and zero" locations of the "attitude dynamics" are given below —
same applies to diagram on p, C-2.

C-L



In this regime the attitude and velocity numerator factors are as follows.

1. Attitude Numerator: Nge

—1—-+-l—=§§(zm+m)+§§(m—xm)~-(x+zw)
TB‘I T82 :M6 0 u M6 W u !
Lol 2B (a2 + 28 (k=) + (B —XuZu)
N P T - M - u u
TEJ]TBQ 1\,15 o i’ M5 VAW 0 W
when |ZBM&| << [MS[
2. Velocity Numerator: Nge
fu = Zelly
. %
()
e\ 2y~
L .
Tup (Ugky — &)

GUST RESPONSE FUNCTIONS

The gust response numerators

1. Attitude: Nﬁg
X

2. Position: Nug
B x

3. Coupling: Nugbe

for both

Regimes I and II are:




HOVER TRANSFER FUNCTIONS FOR MULIILOOP
CONTROL AND FOR GUST INFUTS

The pilot/vehicle system most often assumed in the longitudinal hover
studies is given by the block diagram of Fig. C-1. The transfer functions
required in the closed-loop analyses are given in Table C-I.

,:i

f

i PILOT N VEHICLE |

|
®

_ch &7
&

Figure C-1. Pilot Conbrol Structure for the x, 8 —=38, "Series" Closure

TRANSFER FUNCTIONS AND LITERAL APPROXIMATE
FUNCTIONS — TRANSITION

Due to the large variation in approximate factors for the {ransition
Tlight regime between wvehicle configurationg, they are presented in
Tables C-II ard C-IIT without derivation for reasons of brevity. Their
derivations are given in Ref. 3. These literal expressions provide a
bagis for identifying the relationship between aersdynamic derivatives
and transfer function pole/zeros location for most types of vehicles
at representative transition conditions.
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TABLE C~-I. CLOSED-LOOP REIATIONSHIPS'’ FOR 0 —=8¢ AND x - 8e
CIOSURES IN "SERIES" FOR VTOL-TYPE AIRCRAFT IN HOVER

ITNPUT OUTPUT TRANSFER FUNCTIONS

Mo YoM,

A+ YeNge + YKYeNge

n
Ngg A + Y Yol

e
% AT S A
No, Yo,
Be X AT S TR
1t
N}ecg ~YolNpe
Xe AT T AW
6"
Nog 1A
Be A" = Ah
9!1
Nxo YkYGNge
o ST
it
Nﬁg "YkYGNg
% T TE
"
XC x -ZS"— = T
1t
N  A+TeN,
*e aoE A T
6"
N XL
Be AT = N
En
+ YkYBNﬁgﬁ
0 g _ g 2 Ugle
A A"

Xe

=¥
ug _ 9[ " "
e AT A Nﬁg + Ixﬂﬁé]

o)

1Signs shown correspond to "Negative Feedback" of both locps.
SInputs 6oy Xc» ug are considered one at a time.
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APPENDIX D
PIZOT MODEL CONSIDERATIONS FOR VIOL ATRCRAFT CONTROLLED ELEMENTS

The selecticn and formulation of the pilot model features used
throughout these studies are adapted from the concepts presented in
Refs. 14 and 28. The basic models stem from the so-called "crossover"
model concept which has had wide application to single-loop feedback
control situaticns. However, more recent experiments with multiloop
control structures (Refs. 13 and 29) have illustrated the concept's

application to more complex multiloop situations.

The VTOL hovering task involves the pilot in a single controller
meltiloop task analogous to the situation in Ref. 13. The pillot des-
cribing function data derived in this reference has direct applicaticn
to the VIQL control task. In particular, both contreol tasks require
stabllizing or compensation for an imner attitude-loop to set up a good
outer-loop control situation for tracking. Also, since these results
indicated that the inner-loop (attitude) closures are quite similer to the
single-loop attitude closures, we may apply the adjustment rules presented
in Ref. 14. These rules for the human pilot model are reviewed in the
following discugsion. Some implications and apparent restriction
imposed by neuromuscular systems dynamic are shown, in connection

with VIOL controlled elements having unacceptable dynamics.

In controlling a system having several degrees of freedom, some of
which are directly sensed within the general visual field and some of
which are observed via visual displays, the human pilot evolves, during
a learning and skill development phase, & particular multiloop control
structure. The feedback structure he chooses will be similar to that
selected by a skilled controls designer who has available certain system
variables to use for control of the system's fixed characteristics; and
who also has available a relative preference guide for the selection of
those variasbles. The fixed characteristics include controlled element
dynamics, forcing function and disturbance properties, and actuaticon
characteristices. System variaeble charmcteristics comprise sensing

channels for each of the feedback possibilities available to the pilot

D-1



and possible equalization in each loop which is tailored from a flexible

but restricted class of equalization form.
The loops selected will have the following characteristics:

¢ To the extent possible, the feedback loops selected
and equalizer adjustmente made will be such as to
allow wide latitude and variation in pilot charac-
teristics.

¢ The Joop and equalization structure selected will
exhibit the highest pilct rating of all practical
loop closure possibilities.

e Sampling is minimized; i.e., the information used
will come from the following scurces, in order of
preference:

General visual field
Integrated displays
Separately displayed quantities

A. GENERAL DESCRIBING FUNCTION FORM

For visual Inputs each loop willl have a pilot element which has the
general describing function form®

v, = o aT —,](m.' TLJcn+‘I\ TK,]m+1\ 1 @-1)
P op Trjo +1 Wk +1 2
g X + 1) Jo\®, iy, +1
(TN‘I Ja oy + —,]a)
Kp e—,ja./ @ 1) o 9N
Tnj(l) +1
where K = open-loop gain
Kp = human pilot gain
T = reaction time delay

(transport lag)

*Perms in the second line are simplified approximations for the more
exact forms shown in Eq. D-1.



Tijo+1
m -] = equwlization characteristic

TIjt.l)'l"l
ar) _ indifference threshold describing func-
k\&p/ = tion [1 ~ V/2/n (agp/op) when am/ op << 1]

Tk, Tg = 1lead and lag time constants in precision
model of hwwan pllot describing function

= peuromiscular system characteristic

Ty = Cfirst-order lag time constant approxima-
tion of the neuromuscular system
a = low frequency phase approximation

parameier

The describing function is written in terms of the fregquency operator, jo,
instead of the Iaplace transform variable, s, to emphasize that this
describing function is wvalid only in the frequency domain and exists only
under essentially stationary conditions. Por instance, it cannot be

used to compute the system response to a discrete input, e.g., a step
regponse. For conditionally stable loops, an appropriate simplified
version of Eq. D-1 is

. Trjo+1} -J [m( TH) + a./u)]
p = KP(EE&{?T) © ©-2)

For loops essentially unaffected by the low frequency phase lag term,

e9%/® 5q. o2 can be simplified to

. Trdo+1) —jo(t +Tg)
Yp = Kp(‘@}m)e (b-3)
This simplified version of the human pilot describing function is the

one adopted in the analyses of this report; however, the Eq. D-2 is used
for discussion of certain unacceptable control situations. Equation DL3

has a considerable range of validity for a variety of operators, forcing
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functions, controlled elements, and manipulstors. Reference 13 discusses

some of the properties of Eq. D-3:

“Most of the parameters in the describing function are adjustable as
needed to meke the system ocutput follow the foreing function— i.e., the
parameters as adjusted reflect the pilot's efforts to meake the over-all
system (including himself) stable and the error small,

"The pure time delay represented by the e_jaﬂ term is due to sensor
excitation (the retins in the visual case), nerve corduction, computa-
tional lags, snd other data processing activities in the central
nervous system. It is closely related to, but not identieal with, cer-
tain kinds of classical reaction times. T 1s currently taken to be a
constant because it appears to be essentially invariant with foreing
function and controlled element dynamics for elther single or dual
random-appearing input tasks. However both inter- and intra-subject
T varistions occur. Ohserved 7's run as low as about 0.1 sec and as
high as 0.2 sec.

"The neuromuscular lag, Ty, is partislly adjustable for the task.
The nature of the adjustment is somewhat obscure due to the lack of high
frequency data, although the general trend is a monotonic decreasge in Ty
with increasing foreing function bandwidth (see Table 13, Ref. 14). The
cbserved variation of Ty with forcing function bandwidth ranges from
less than 0.1 sec to somewhat greater than 0.6 sec....

"The equalizing characteristics, (Tyjw+1)/(T1jw+1), coupled with
the gain Kp are the major elements in that adaptive capability of the
human which allows him to control many differing dynamic devices. Their
function is the modificatlion of the stimulus signal into a suitable
neurcmugcular command which is properly scaled and phased for suitable
over-all man-machine system operation. For given input and controlled
element characteristics, the form of the equalizer is adapted to com-
pensate for the controlled element dynamics and the pilot's reaction
time delay.

"The describing function adjustment rules sre not simply stated since
they depend intimately on interactions of the elements in the man-machine
system. In general, the adjustments can artificially be divided into two
categories —adaptation and optimalization. Broadly speaking, adaptation
is the selection by the operator of a specific form (lag-lead, lead-lag,
pure lead, pure lag, or pure gain) for the equalization cheracteristics;
and optimalization is the adjustment of the parameters of the selected
form to satisfy some internally genersted criteris. The result of the
adaptation process is fairly well understood, since the form selected is
one compatible with good low frequency, closed-loop response and the
absolute stability of the system. The internal optimalizing criteria are
not known, although they appear to be generally compatible with the mini-
mizatlon of the rms error (Refs. ik, 28)."
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B. ADJUSTMENT RULES FOR OUTER (COMMAND) LOOP

The following sdjustment rules are adopted from Refs. 14 and 28.
1. Equalization Form Selection and Adjustment

A particular equalization is selected from the genersl form
KP(TLJm-+1)/(TIja)+1) such that the following properties are attained:*
8., The system can be stabilized by proper selection of gain,
preferably over a very brosd region.

b. IYPYQI has approximtely s —20 db/decade slope in the cross-
over region —that frequency band centered on the crossover
frequency, wn..

c. IY Yc, > 1 at low frequencies to provide good low frequency
closed-loop response to system forcing functions (commends).

2. Effective Time Delay

After the appropriate equalization form has been adcopted, the net
effect in the region of crossover of high-frequency (relative to cross-
over) leads and lags can be approximated by replacing these terms in
Egs. D-1, D-2, or D-3 with a pure time delay term, e 9“"©, The effective
time delay, Te, is the sum of all the humen pllot's pure time delays and
high-freguency lags less the high-frequency leads, i.e.,

fle

T 4Ty - gy, (D-4)

Te

The notation Tlhi implies that only those Ty 's used to compensate partially
for high-frequency phase lags (e.g., see Table D-I) are involved here;
otherwise Try; = O. In gereral 7, depends on both the controlled element
dynamics and the forelng-function bandwidth, wj. These dependencies are

approximtely serial, viz,
Te(Ye ,01) = To{Ye) — Atelawy) (D-5)

where Ate(0) = 0.

*Yo is the controlled element (vehicle) transfer function for the
outer locop with the inner loops closed.
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TABIE D-I.

TRANSFER FUNCTIION IN CROSSOVER REGION

EQUALIZER ADJUSTMENTS VERSUS CONTROLLED ELEMENT

CONTROLLED ELEMENT

PILOT FQUALTIZER ADJUSTMENTS
APPROX. TRANSFER -
EQUALIZER | 10w Freq. | Mid-freq. High Freq.
FUNCTION IN FORM -
CROSSOVER REGION (0 << we) [(ae Region) (0> ap)
a1 . T1, to partially
Ke Lag/lead TT offset T + Ty
. Ty, to partially
EE ng? f;eq' — — offset T + Ty
I =8 (Trewe <1)
Ke Iow freqg. a1 _ Tr, not avail. to
(juﬂg lead T7, offset T + Ty
Mid-freq.
lead —_ T, =T —
Ko (T > 1)
Jo(Tjo+1) High freq. Ty, to partially
lead — _ offset T +Ty+T
(T < 1)
Low freq. .
lead T_ -_ —
Ke (o, << 1/7) L
L2
49 Eﬁ-m_+1 Iag/lead 1 Tr, to partially
P oo (v, > 1/7) T _—- offset v + T
n I N

a. Estimation of 715 for continuous control eituatlons.

For one-

handed spring-restrained stick control, T, can be estimmted
from the effective order of ¥, in the crosscover region using
the data of Table D-IT.

b. 7o increment for other actuation modes.

If another mode of

actuation is used, an incremental At, 1s added to that found

above.

This AT, is the difference between the step reaction

times for the actuation mode and for hand actuation.

To increment due to displey sampling. When the display

situation is such that either eye movements are required or
several displays must be sampled, an additional increment,
Ta, the effective time delay due to eampling behavior, is

added to T4
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TABLE D-II. 17, ESTIMATE VERSUS EFFECTIVE ORDER
OF Yo IN CROSSOVER REGION

dl¥elyy
Y, d1na . o
W = g (sec)
{db/decade)

K, 0 0.33

K

= —20 0.36

Jw

K

: CE 40 0.52
(Jw)

d. Incrementel T due t0 forcing funetion. The portion of 7g
given by To is all there is when the forelng-funetion band-
width, ay, is zero or very small. As wy is increased, how-
ever, the neuromuscular lag, Ty, or the equalizer lead Tr.;
is adjusted to reduce the net lag. A first-order approxi-
mation for this effect, good for all controlled elements in
continuous control tasks, is

ATe = 0.08wy (L-6)
where ATg is in seconds and w; in radians/second.®
3. Continuous Control Crossover Freguency
&, Basic crossover frequency, wep. The bagic continuous control

crossover frequency for tasks where wyi is zero or very small,
denoted as wey, is found by adding the phase angle, -wt,, due

#*"Forcing function bandwidbth" is a vague term unless the forcing
function spectrum is low pass and rectangular in shape. For other
spectral shapes the effective bandwidth can be defined as follows:

£ o1s w0)?

j;m (¢51)% dw

Wie
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to the high-frequency phase lag to that of the controlled
element and the previously estimated Yp equalizer character-
istics. Estimates for the basgic crossover frequency, Wegys
and the continuous control gain are then made by determining
the conditions for neutral gtability.*

b. w, invariance properties.

(1) e —Kg independence. After initial adjustment,
changes in contrelled element gain, K., are offset
by changes in pilot gain, Kp; i.e., system crossover frequency,
e, 1s invariant with Ka.

(2) wy—w independence. System crossover frequency
depends only slightly on forecing function bandwildth
for ay < 0.8cnco.

(3) @, regression. When w; nears or becomes greater than
0.8 g the crossover frequency regresses to values
mich lower than weg.

(4) Phase margin adjustment with ay. Since a, is essen-
tislly independent of wy and Ate ile directly propor-
tional to wj, the system phase margin, ¢y, 1s directly pro-
portiomal to wj. Thie strong dependence of phase margin on
the forcing function bandwidth 1s associated with the linear
veriation of Ate with wj, and is essentially an alternate
statement of Eq. D-5.

C. ADJUSTMENT RULEE FOR INNER LOOP

Ordinarily the inner loops provide subsidiary feedbacks which act
as equalization for subseguent loops, or provide feedbacks or
crosefeeds which suppress subsidiary degrees of freedom which have
undesirable effects on subseguent locps. Because the role of the inner
loops is so dependent on outer—loop requirements, the rigid rules given

above are not generally applicable, e.g., even stablility may not be

*In the present study of manual control of VTOL aircraft, the
basic crossover frequencies, we.'s, were taken as 2 rad/sec for the
inner loop (attitude) and i rad?sec for the outer loop (position).
The pilot's effective time delay was held constant at a nominal
Q.35 sec.
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required. The types of inner loops closed and the equalization selected
will generally be compatible with one or all of the following consider-
ations:

¢ Outer loop adjustments per the outer-lcop adjustment rules

become more feaslble, e.g., IYPYCI can be made approxi-
mately —20 db/decade with less outer-loop equalization.

¢ The sensitivity of the closed-loop characterlistics to
changes in either inner or ocuter loop pilot characteris-
ties is reduced from that in an outer-loop-only situation.
This includes the lmprovement of gain and phase margins.

e The loop structure and equallzation selected are those for
which total pillot rating is the best obtainsble.

o Sampling ls minimized.
D. CROSBOVER FREQUENCY RANGE

The crossover frequencies estimpted using the above rules are meximum
values for ground simulstors without motion feedbacks. These will ordi-
narily be considerably reduced in flight, or when full sttenticn is not
demanded. The maximum extent of this reduction can be readily estimated

for conditicnally stable systems on the basis of stablility alone.
1. Tull-Attention Flight

To obtain an estimate of the full-attention flight value, consideration
should be given to

Gain reduction (longitudinally) between flight and simlator
® To increase due to conflicting demands

e T increase due to manipulator, especially when holding trim
loads

e "Netural" statistical variation in we

2. Intermittent Control

In meny similated and actual flying situations the pilot's regulation
of control activity is only intermittent, so the average w,'s will
invariably be less than those estimated for full-attention flight. (This
reduction is due primerily to an increase in indifference threshold, and
hence will not constitute much of a reduction for large amplitude motions.)

A matter of some importance 1s the spread between the highest and lowest
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e values possible (the lowest often merges with the umattended condition),
which ie a measure of the degree of configuration forgiveness. This or an
associated measure also implies limitations on indifference threshold,
sampling, minimum and meximum average movements per second, miniwmum and

meximm information rates, ete.
E. PILOT RATING PENALTIES

In the iterative process of determining the likely inner loop structure
and both inner and outer loop equalization estimates, the key design
criteria are not confined to the objective consideraticns outlined above;
they also include consideration of subjective pllot ratings. Although all
the connections between pilet ratings and pilot/vehicle dynamics and per=
formnce are not yet firmly established, enough are available to provide a

relative preference guide.
1. 8ingle-Axls Penaltles

The pilot rating penalties associated with gain variations are perhaps
the best defined. TFor fixed controlled element dynamics pilot gain will
be inversely proportional to controlled element gain (crossover [requency
is constant). The optimum (best pilot rating) gain will depend on the
manipulator characteristics and possibly on other factors such as con-
trolled element dynamic characteristics. The degradations in pilot ratings

for nonoptimum gains sre shown in Fig. D-1.

In addition %0 gain, pilot ratings depend on the system closed-loop
rerformance and the sensitivity of the performence to variations in
elements of the pilot's describing function. For good ratings the pilot

must be able to obtain satisfactory performance with a relatively broad
set of characteristics. Ratings will be degraded if good performance can

be obtained onliy with a tightly congtrained set of pilot characteristics.

There ig aldo some evidence that pilot rating may depend directly on
the amount of lead he is required to generate (see Ref. L4). For example,
rating variations with Tg for controlled elements of the form
Yo = K/jo(Trjw+1) are shown in Fig. D-2. As shown in Table D-I, for
this type of controllied element the pilot adopts a lesd which nearly



50.0 I—

10.0

0.5
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Figure D-1. Degradation of Pilot Opinion Rating for Nonophtimum Gains



cancels the lag, i.e., Ty, = Tg. Whether the rating increments shown in
Fig. D-2 are due to the changes in average performance, sensitivity to
pilot characteristies, or pllot lead directly cannot be determined at
this time. Consequently Fig. D-2 should not be interpreted asg the rating
penalty for lead operation by substituting Ty for Tg.

34 ) Ye =Kc /(jw)?
I
|
AR |
|
|
|
| YC=KC /]w
0 |
0.2 log I/ Tx 2

Figure D-2. Degradation of Pilot Opinion Rating
Versus Pllot-Generated Iead

2. Conversion of 8ingle-Axis Increments to Multiaxie Ratings

The above rating penalties are based on single-axis data. A simple
approximation (Ref. 5) to the total system rating can be made using a
"base" multiaxis rating and adding incremental single-axis ratings. The
hese rating is that glven by the pilot for the multiaxis control task
mede up of the easiest-to-control (or best rated) single axes. Equa-
tion D-T7 describes the relation:

N
PR, = + AR D-
m = ERp 1)31 i (0-7)
where PR, = predicted pllot rating for the multigxis
situation
ERm_best actual pilot rating for the miltisxis situation

consisting of the best rated single axes
(experimentally determined)



ARy = increment between the actual pilot rating
for control of the ith single axis and the
best pilot rating for the ith axis

Reference 5 states that "...this technique predicts multiaxis ratings
quite well, with only a gradual tendency to predict higher numerical

ratings as the vehicle dynamics become more difficult to control.”

F. ADDITIONAL CONSIDERATIONS OF MANIPULATOR
AND NEUROMUSCULAR SYSTEM EFFECTS

Recent experiments in Ref. 30 have provided a basgis for gqualitatively
considering the effects of pressure, free-moving, and spring-restrained
type controls for the compensatory control task. Conventionally, VIOL
aircraft have very light spring-restrained type controls which approach
free-moving systems. For free-moving type contrel, the inertial properties
of the manipulastor can become a factor in the pilot's cloged-loop compen-
satory contrel. This aspect can be indicated by using the crossover model

form given below:

wce_J (Tew+ a/®)

Ych = 3o
where w, = crossover frequency
Te = T + TN - TLhi
a = approximate to low

frequency Lerms

Thus, the Ty component of T, contains the first-order effects of the

neuromiscular system within the measured bandwidth, i.e.,

EEI\T

LA oy
o ——ep— M
actuation effective time
lag constant of the

second order
terms of motor
load dynamics
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Therefore, T, will tend to be increased by increases in inertia and
decreases in spring rate (i.e., load). The overall effects of these
changes in T must be considered in 1light of each controlled element

and pilot closure features.

Unfortunately, the present reference data did not include unstable
controlled elements in the survey of manipulatory effects with wvarious
controlled elements. The K/s2 controlled element result can be used
only to estimate the appropriate first-order trends for the neuromuscular
system. In Figs. D-3 and D-4 the effects of spring restraint and inertia
load on the neurcmiscular components are indicated by the effective change
in the Bode diagrams of YpYe. For our purposes, we may summarize the
effects of these manipulator features on the neuromuscular system dynamics

as follows:

1. Y, = K,/s® spring (Fig. D-3)

Crossover frequency is constant except for a slight
decrease for the stiffest spring while T decreases
slightly as spring rate increases. The T, decreases
indicate that the spring increases help push the second-
order neuromuscular lag to higher frequencies. In addi-
tion, the best of the pressure controller configurations
had lower gain at low frequency. This is offset by a
lower 1, in the crossover regiom.

The basic trend in the data is that k + causes Tg *
which correlates with the findings of the various manipu-
lators experiments.

2. Yo = KC/S2 Inertia (Fig. D-k4)

Inertia increases cause steady decline in gain,
increase in ce/Ui and an increase in Tg. There is
a resonance at high frequency for the larger inertias.
Clearly the inertia inecreases are reducing wy of the
second-order neuromuscular lag which affects Te and
for the larger inertias the break point is within
the measurement bandwidth. Here, without guestion,
the position loop of the neurcmuscular system plays
a central role in retaining the characteristic ¥,Y,
fegtures since the lead equalization capabilities
are used up at low frequencies to compensate for
the controlled element.
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The basic effects to note are (neglecting the
highly variable phase data at the lowest frequency)

I * causes we +, Te 4, o +

Both the low frequency term, a, and the equivalent time delay, Tq,
guantities contained in the phase descriptor term, e_j(wfe'ka/&) of
the neurcmuscular system are involved in pilot control of conditionally
stable systems. In general, the conventional VICL dynamic features
described in Section II are an example of these systems. Figure D-5
illustrates the nature of pilot describing function data and applica-
tion as descriptors of a conditional control situation. The fypical
data shown are from a so-called subcritical task involving the contrel
of a first-order divergence [Yc = Kc/(s~—k)]. The o and Te aspects do
not affect the amplitude ratio at all, slthough they are clearly showm
in the phase. The wie phase due to time delay dominates the high fre-
quencies, whereas the a/w phase lag is the major low frequency effect.
Their joint action tends to make the phase look like an umbrells, with
o controlling the left side and T, the right side, i.e., changes in 74
shift the right side of the umbrella, while changes in a sghift the left.
Simultaneols increases in both a and 1/t shift the umbrella to the right,

whereas decreases shift it to the left. (See Fig. D-6.)

Some idea of the variation of ¢ and T, and their comnections is
provided in Ref. 31. Figure D-T, which is taken from Ref. 31, indicates
that a and 1/Te vary together for the experiments considered there. In
terms of the describing function phase curve shown in Fig. D-é, both ends
of the umbrella are shifted together in an adaptive response to forcing
function bandwidth, wi, changes [for Yo = KQ/(S)E] or controlled element
dww@mtmewmmm,mcmM%[mr%=KJM&4ﬁ”.

One implication from the preceding discussion is that the level of
tension has an important part in the pilot's ability to reduce the
effective neuromuscular time constant, Te. In fact, Ref. 14 noted that

for unstable elements the neuromuscular system can be forced to its
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tightest mode of operation to achieve minimum neurcmuscular contributions

to Tg-
G. CONSIDERATION OF SPECIFIC VIOL CONTROL ELEMENTS

In the preceding discussions, we have identified the features of
the pilot model and now have scme appreciation of the factors influencing
the individual components of the model. Basically, the mcdel features
illustrate that the pilot's control capabilities are limited by the
properties of the neurcmiscular system. As fhe control element dynamics
become more complex, the pilot is taxed heavily by adapting the proper
compensation needed for a stable closed-loop situation. The conventional
VTOL dynamics described as umnacceptable in Section IT will be examined

here to illustrate the limiting aspect of the neuromiscular system.

Figure D-8 indicates by the Bode and root locus plots the effect of
time delay term, 7., on the potential region for closing the attitude
loop. The controlled element dynamics used are Configuration 2 taken
from Section II of the text. It is obvious that reducing Te will greatly
expand the frequency region for stable control and reduce the supplemental
lead compensation reguired for estabiishing a stable closure with a
desired crossover frequency and phase margin. Figure D-9 verifies that
the potential closure region is quite large for the low T end nominal
lead condition (i.e., Te = 0.15 sec and 1/T7, = 1.28 rad/sec).* We note,
however, that the stable gain region is reduced by applying excessive
lead compensation (i.e., 1/TL < ¢p). We can conclude tentatively that
a reduction in the time delay, Tg, is a more effective means of improving

the pilot's contrel situation than increasing his lead .

The apparent advantage of the T, is subject to some qualification
because of the ccmnection between eguivalent time delay and low-freguency

phage lag, a. An exemplary tradeoff study of consequences of the o term

¥The value of time delay (i.e., T, = 0.15) should not be considered
typical since available measured data suggest that a minimal te of
0.25 is more appropriate.
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may be considered by assuming a linear relation between a and T, which
is implied from the data in Fig. D-9. An a value of 0.6 second is
assumed for the T, = (.15 condition. If the first-order approximation
to the phase characteristics of the o term 1s used, the stable gain
region is somewhat reduced. The net result indicated here is that the
a effects do not greatly change the overall closed-lcop situations.
However, the pilot will have a difficult time improving this low

frequency region because of the o term.
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APFENDIX E

APPLICATION OF MULTILOOP ANALYSIS TECHNIQUE
TO TRANBITION CONTROL

The purpose of this appendix is to illustrate the multilcop analysis
technique employed in the study of longitudinal flight path control tasks
in transition. The problem of controlling altitude and atititude control
with elevator, airspeed control with collective will be considered. The
appropriate dimensional stability derivatives and aircraft transfer func-
tione are listed in Table E-I.

Altitude control outer loop transfer function with attitude and airspeed
loops closed is:

u
1 Y?hYPe[ﬁge * YPuNgeac]
h - g u B u
€l9—=Ba A+ YpeNae + Ypu(Nac + Ypemaeac)

u—.'ac ~ s
h"'-'ae

&H

Loop closures will be taken in sequence and their effects on the altitude
control transfer function numerator and denominator terms will be examined in
detail.

8—8e LOOP CLOSURE

Pitech attitude loop closure characteristics are shown in Fig. E-1.
Closed-loop roots are given by the equation®

A= A+ TN
py (0-943)(=10)7(0.234)(0.635)
A = [0.745, 0.943][0.105, 0.459] + -
(10)
when KPg = 7.9

[0.84, 0.413][0.294 , 3.072](1.52)(19.56)
)2

(10

*The notation (1/Tq) == (s+1/T1); ({1, 0] = [s° + 2L jos + (w)?].

E-1



Closure of the 6 —=58z loop has no effect on the outer lcop altitude numerator
since in this case both attitude and altitude are controlled by elevator.

TABLE E-I

CHARACTERISTICS OF XC-142 AT 80 KT8

Dimensiongl Stability Derivatives

Xy = 0.065 g = —0.68 M, = -0.004
X = 0.2 7 = ~0.198 My = 0.007h
L, = 1457 Zse = 0.953 M, = —0.00127

Xg, = O 25, = —25.5 My = —0.62
Zo& = O M, = 0
Mz, = —0.k29
My = 0-265
Uo = 13 ft/sec h = 0ft m = 1,160 slugs

5,950 slug Ft°

Ix

Aircraft Transfer Functions

A = [s2 + 2(0.745)(0.943)s + o.9u52][52 + 2(0.109)(0.459)s + 0.4592]

0.264(s + 0.234}(s + 0.6%H)

=
o
1
!

h —0.953(s — 4.59){(s + 0.142)(s + 5.438)

e S

Ng, = 14.51(s + o.5h5)[sz + 2{0.381){(1.105)s + (1.105)2]

Neot, = 2+83(s +0.561)

o _13.83(s — 5.6)(& + 6.738)
B

EBC s




Az A+ YPeNge

Kpgls +-943)s-10)*

Yoo (s+10)?
N - (1.52)(19.56){ 84 , .413][.294, 3.072]
) (102
Note:
()= (/T
[]=[8i»w]
B Kp, = 79

Figure E-1. 8 — &, Loop Closure
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u—~8, I0OP CLOSURE

The appropriate transfer function for the u-=&, closure with the 6-»d,
loop closed is:

u

u u g
( u ) Ypu(Nac + YPBN5c5e)
8—-—53

€ A+ Yﬁemge

2
.9(0.943) (=10
14.51(0.3245)[0. 381 ,1.105]-+7 4 ? ;; ) X 3.83(0.561)
10

i

u u e
Nac + YPBNE" De

Factorization of this pol:ynbmia.l in root locus form is shown in Fig. E-2.

14.51(0.461)(1.721)(19.54)[0. 246 , 3.134]
(10)°

u u 0

u—=5%, closure characteristics with the 6—+8, loop closed are shown in
Fig. E-3.

1&.51Kpu(—1o)2(o.h61)(1.721)(19.5&)[0.2&6, 3.134]

u —
(ue)e__.ae (10)2(1.52)(19.56)[0.84, 0.413][0.294 , 3.072]

Closed-loop roots for (u/uc)e_.__ae are given by

g
A = A+ YPeNae + Ypu(Ngc + YPBNgegC)
e, crmv—’
At
For Kp, = 0.178 (30° o, 5 dB Ky)

(0.578)(1.8¥(19.47)(21.02)[0.167 , 2.816][0.308 , 3.974]
' i
(10)

&"

These are the denominator roots of the outer-loop altitude control transfer
function.
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N ’ 0 u
AN= N3 Ypu(N§c + YPaNBeSc)

_ La78)(1.8)19.47)(21.021[ 167 , 2.8I6][.308 , 3.974]

(oy*
Kpgls - 1OY
Vou™ (s + 10)®
Note:
{ ) =1(W/T;)
[1: 18]
BK, = 0.178
4
Te”
_m L
*:2 W -3 ! BRI i & 2
_a, _(i) 5 " T, (i)
Te Te Lg Tp

Figure E-3. u -+ &, Closure with 0 —»~ &, Loop Closed



u-»5, closure modifies the mmerator of the outer-loop altitude control
transfer function by adding to the basic airframe altitude numerator (Nge) a
coupling term, YPuNﬁegc .

n{; + Y g u . 0-953(4.59)(0.1h2)(5.438) | Kp,(=10)7 o T13-85(-5.6)(6.38)

g oede p (10)2 S

Pactorization of this polymonial in root locus form is shown in Pig. E-k.

For Kpu = 0.178

—0.953(—4.663)(6.487)(20-75)[0.127 , 3-906]
Nge + xPumgegé - (10)23

Final altitvde control open-loop transfer function with 8-+ 5 and u—=5.:
leoops closed is given by

h _ ¥ph¥?8{N§e_FYPuNgegé]
he )9_,-._6e Al'l'
u—5.
h—5g
) Kphlg)e(0-9h3)(—1o)2X_o.955(_1+.663)(6.h87)(eo.75)[o.127 , 3.906]
(10)2 (10)23
(10)"*

X

(0.478)(1.8)(19.47)(21.02)[0.167 , 2.816][0.308 , 3.97k]

752K, (~10)(0.943)(—4-663)(6.487)(20.75)[0.127 , 3.906]
s(0.478)(1.8)(19.47)(21.02)[0.167, 2.816][0.308 , 3.974]

Final altitude control loop closure characteristics are shown in Fig. E-5.
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