ot N

‘ ‘o . s . 1 I o

Sy o

0 R S

.....

e pu
iy dhey D iy
13788 SOUTH HAWTHQRNE BOULEVARD e _H,\_\V'I‘HQ[_\ ;LCr\LIFORNI:\ 20250 & PHOMNE [213) 670-2281

L [P

ST

Technical Report No. 1092~

DEVELCFMENT CF AUTOMATIC AND MANUAL FLIGHT DIRECTOR
IANDING SYSTEMS FOR THE XV-15 TILT ROTOR AIRCRANT
IN HELICOPTER MODE

L. G. Hofmann
Roger H. Hch
Wayne F. Jewell
Gary L. Teper
Pradip D. Patel

January 1978

Contract No. NAS2-9302

Ratlonal Aeronautics and Space Administrafion
Ames Research Center
Moffett Fleld, CA 94035

[ BHANCH OFFICL cavs MOUNTALN VW - CALIFIIENTA
. 7 L . N ‘ . T




e

—

TECHNICAL REPORT STANDARD TITLE PAGE

1. Report Na. 2. Government Acceasion No. 3, Recipient's Caralog No.

4. Titla and Subtitls 5. Report Data

Development of Automatic and Manual Flight Director January 1978

Ianding Systems for the XV-15 Tilt Rotor Aircraft 6 Parfarming Organization Code

in Helicopter Mode

7. Author's) 8. Pasforming Crganization Report No.

L. G. Hofmann, Roger H. Hoh, Wayne F. Jewell, Technical Report No. 10¢2-1
G. L. Teper, and Pradip D. Patel

9. Performing Orgonizction Nome ond Address 10. Woark Unit No.

Systems Technolcgy, Inc.
Hawthorne, California

1t. Cantract or Gront Na.

NAS=2-9392

13. Typo of Report and Period Covered

12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration
Ames Research Center

Moffett Field., California 14. Sponsoring Agency Code

15. Supplementery Notes

14. Abstract

The obJective of this effort is to determine IFR approach path and touchdown
dispersions for manual and automatic XV-15 £ilt rotor landings, and to develop missed
approach criteria. oOnly helicopter mode XV-15 operation is considered. The results
will be used to support the development of certification eriteria for the XV-15. The
analysis and design sectiom develop the automatic and flight director guidance equa-
tions for decelerating curved and straight-in approaches into a typical VIOL landing
site equipped with an MLS navigation aid. These system designs satisfy all known
pilot-centered, guidance and control requirements for this flying task. Performance
data, obtained from nonstationary covariance propagation dispersion analysis for the
system, are used to develop the approach ronitoring criteria.. The autoland and
flight director guidance equations are programmed for the VSTOLAND 1819B digital
computer. The system design diepersion data developed through analysis and the 1819B
digital computer progrem are verified and refined using the fixed-base, man-in-the-
loop XV-15 VSTOLAND simulation at NASA Ames.

17. Koy Wards 18, Distribution Statemant

Autcouatic Ianding VTOL

Flignt Director VSTOLAND

Touchdown Dispersion Autoland

Decelereting Approach

Missed Approach Criteris

19. Security Classif, (uf thea repart) N. Secwity Clasuf, (of this pogse} 21+ Ne. of Pageas | 22, Priee
Unclassified Unclessified

Eorm DOT F 1700.7 (a-89)

— S VT Y | |

. e e P ¢
d e e e




TABLE OF CONTENTS

Page

I L ] MRODUCTION L ] - [ 3 - L] - * L] - -* - - L] - - 1
A. Scope - L ] - L ] - L] . [ 3 L] - * - - L) - » 1

B - Approaeh [ L] L] [ ] - [] L] Ll - L] - - L) - - 2

C. Organization of the Report L 3

IT. BSYSTEM REQUIREMENTS , . . Cr e e e e b
A, Tesk Definition . . , . . . . . . e b

B. Fixed Characteristics . , . . . . © e e e L

C. Requirements and Competing System Alternatives . . . 9

D. Sumnary L] L] - - L] [ ] L] - - k] - - L) L] & - 1 5

III. IONCTTUDINAL SYSTEM DESIGN . . s+« 4+« + .« . 18
A. System Summary . . . . . . ., . . . . . . 18

B. Longitudinal SCAS S - 1 |

€. Constant Speed Glide Slope Tracking . . . -. . . 22

D. Deceleration on Glide Slope . . . . . . . . . 323

E‘ Hover - [ ] L) - [ ] - [ L] * - -* - [ ] L] » L] uo

F. Altituce Hold in Hover . . . ., . . . . Y

G. Vertical Descent . . . . ., . . . e« o« 4 . b3

H. Approach Logic. . . . . . ., . ., . . . . . ks

I. Command Limiting . . . , . . . . . . s e 53

TV. ILATERAL-DIRECTIONAL SYSTEM DESIGN . . . . . . . . 56
A L] Sulmé‘:’y L] - L] - L) L [ ] L] » [ ] L] - . L ] L] - 56

B. Stsbility and Command Augmentation System . ., , . 59

C. Flight Director for LOC A . . v e s s s e e TT

D. Interaxis Coupling . . ., , . , . . T e . . 92

E L] Limiters . L] [ ] - L] - L} L] L ] L] L ] L] L) L] a - 96

V. SYSTEM PERFORMANCE EVALUATION . L [ o)

A. Approach to Performance Evaluation . L Te =)

11t




TABLE OF CONTENTS

VI. APFROACH MONITORING CRITERIA S

A. Basic Concepts. . . , . e e v e e,
B L Results - - L] - L +* - - L) - * - [ ] »

VII. PILOTED FIXED BASE SIMULATION RESULTS . . . , .,

A. System Modifications S e e e e e ..
B. Limited Evaluation . ., ., . “ e e e e

VIII - CONCHJSIONS - - - ] - * - s * L] - . L] a

A. Basic Observations . e e e a e
B. Design Considerations . . e s e e e .

C. Performance Evaluation . ., . . ., . e e .
D. Simulator Evaluation. . e e e,
REFERENCES - - - - . * * . - - L » L] - [ ]

AFPENDIX A. MODELS USED FOR ML3 GUIDANCE; WIND, WIND SHEAR
AND TURBULENCE; AND ATRCRAFT . f e e e .

AFPENDIX B. EQUATTIONS AND DATA FOR SYSTEM PRRFORMANCE
EvAIJlmT ION - L L s L] » - - - . *

iv




1b.

10.

1.

12.

15&.

1%.

14.

List of Figures

Response to Large Wind Shear — Attitude Command
SCAS'; V = 60 kt (51 m/s) . . . . . . . . . .

Response to Large Wind Shear —- Rate Command SCAS;
v - 60 kt (3] m/S) [} - - - . . - . . - - -

Longitudinal System Block Diagram . . . . e

Frequency Response Characteristics of the Attitude
Hold Feature of the Rate Command/Attitude Hold SCAS .

Open-loop Frequency Response Characteristices for
Pitch Attitude in Response to Longitudinal
Cyclic Piter © . . « v o« « v &+ e .

Open<Loop Response Characterigties of Longitudinsl
Cyclic Flight Director . . . + + + « o « &

Cpen~Loop Response Characteristics of Collective
Flight Director . . + + + & « o o« + & &

Perforimance Characteristies of Speed Control at

60 kt (31 m/s) « « . 4w v e e e e e e

Frequency Response Characteristics of Glide Path
Control at A0 kt (31 m/s) « . + « « & o« + .+

Time Responge Chavacteristies for a Large Wind Shear
Irput at V=60 kt (31 m/s) . . . . . . . . .

Open-Loop Flight Director Frequency Response,
Deceleration to Hover « +« ¢« « &+ o ¢ ¢ + o«

T-V Plctu fOI‘ XV-15 Aircraft - * . . . ] - - .

Open~Loop Frequency Response of Longitudinal Cyclic
Flight Director for Hover . . . . .« « + + «

Longitudinal Position Holding Performance Ciaracter-
istics of Hover Systen . + « .+ « ¢ + &« « & &

Altitude Time Response to a 14 ft/sec (4.6 m/s)
Vertical Gust, Altitude Hold During Hover . . . .

Altitude Error Frequency Responge for Vertical
Gust Inputs During Hover . . + + &+ « 4 + &+ &

Vertical Descent Profile in Calm Air . . .+ .+ .« .

19

23

=2

25

29

M

35

b1

ho

by

bl
h6




®

15.
16.
17,
18.

19.

20.

26.

27,

28.

List of Figures

Nominal Deceleration Profile . . .+ + « + &+ »
Shape of Constant Attitude Approach Trajectories . .
Definitione of Xpamd Xp .+ » « ¢ o o o 0 e

Block Diagram of Lateral System . . . . .+ « =«

Effect of Roll Loop Closure on Lateral Characteristic
Equation; V = 60 kt (3! m/s); Turn Following SCAS
(LOC A) « v v & v o h e e e e e e e
Effect of {r — g9/V) Feedback to Pedals on Lateral
Characteristic Bquation; V = 60 kt (31 m/s); Turn-
Following SCAS (IOC A) . . « .+ .+ « o & o =«

Frequenc& Response Characteristics of Roll Rate to
Leteral Stick; Turn Following SCAS (LOC A) . . . .

Bank Angle and Yaw Rate Responses to Q. = 1 in. (0.25 m}

at Outpul of Stick Shaping Network . . . . .+ . .

Effect of ¥ and r Feedback to Pedals on Lateral
Characteristic Equation; V - %0 kt (21 m/s); Wing Low
SCAS ( mc B ) L] - - L] L] L - - [ ] - L] - - .

Effect of @ and p Feedback to Lateral Stick on the
lateral-Directional Characteristic Equation; V = M40 kt
(21 ofs); Wing Low SCAS (LOC B) . . . « + . .«

Frequency Response of Roll Rate to Lateral Cyzlic
Inputs; Wing Low SCAS {IOC B) . .« .« . .« « «

Bank Angle Response to @, = 1 in. (0.025 m) Step at
Output of Stick Shaping fetwork; v = 40 kt (21 m/s);
Wing Low SCAS (IOC B) + o ¢ ¢ o + o o o + o

Heading to Pedal Frequency Response; Wing Low
Sm (mc B) L] - - - [ ) L] [ ] - [ ] * L] » L .

Frequency Response of Heading to Lateral Cyclic
Inputs; Wing Low SCAS (LOC B e e e e e e

Open-Loop Lateral Flight Director to Lateral Cyclic
Input Frequency Response; Turn Following SCAS (10C A).

Closed~Loop Frequency Response in Lateral Beam
Deviation to Side Gust Inputs; Turn-Following
SCAS (LQC A) . . . L} 3 * [ . * - . - 3 *

vi

Page

50

51

57

62

6l

66

67

TO

Th

5

81

82



e s

—

3.

33.

5.

36.

575 .
3Tb.

Lo.

W,

ko,

h}-

Ly,

h5.

Ligt of Figures

Closed-Loop Frequency Response in Beam Error to Beam
Command; Turn-Following SCAS (LOC A) . . .« + « . .

Comparison Between Initial Condition Responses of XV-15
and Flight Director B of Ref. 10 Turn-Following
SCAS (Ioc A) - - . - . [ ] . L] - LS » - L] L L]

Open-Loop Frequency Response of Lateral Flight Director
to Lateral Cyclie Inputs; Wing Low SCAS (IOC B) Mode .

Closed-Loop Frequency Response of Lateral Beam Deviation
to Side Gust Iaputs; Wing-Low SCAS (IOCB) . . .+ . .

Closed-Loop Frequency Response in Beam Error to
Beam Command . « « « 4« « & » o &« & = s + s

Lateral Beam Deviation Time Response for a 100 ft
(30 m) Initial Conmdition Offset; Wing-Low SCAS (LOC B) .

Piteh Acceleration Due to Side Velocity at V = %0 kt .

Variation in Trim ILongitudinal Cyclie Position with
Side VElOCity a-t V = I'l'o k.t . . . - . » . - . .

Frequency Response of Pitch Attitude to Lateral Cyelic
I:lputs; Ve = !I-O kt (21 m/s) . . . . ] . . . . .

Closed-Loop Frequency Response of Longitudinal Cyclic
Flight Director to Lateral Cyclic Inmputs; V = %0 kt
(21 m/B); LOC B MOde - . L] L] - . = LI L] - L]

Block Diegram of the Deterministic Section of the Complete

Lopgitudinal Model . .+ + « - « =+ o « . - e s

Block Diagram of the Stochastic Section of the Complete
I.l'ong jtud inal Mode l . . . . . . . . . . . . .

Noise and Disturbance Environment Characteristices . . .

Mean Responses for Longitudinal System on ~6° Approach
from 340' Through Touchdown . . .« « + « + =« =«

Standgrd Deviation Responses for lorgitudinal System
on =6 Approach from 340' Through Touchdown . . .+ .

Mean Responses for Longitudinal System on ~10° Approach
from 500! through Touchdown . .+ + .+ =« + & « «

vit

8k

85

86

Q0

93

95
97

98

99

103

105
109

115

122

. 129

e



L6b.

¥,

%9.

50.

51.
52 «

A-3.
A=l
A-5.
A-6.

List of Figures

.

Expanded Scale Responses for Longitudinal System
for Vertical Descent from 50' to Touchdown . =« +

Expanded Scale Responses for Longitudinal System

. for Vertical Decent from 50' to Touchdown e s s a

Standard Deviation Responses for Leteral-Directional

System on —6° Approach from 340' through Touchdown on VTOL

VTOL Pad- - - - L ] a - L) - L) L ] L] L L] - -
Standard Devéation Rnsponses ror Lateral-Directional
System on -6 Approach from zh0* Through Touchdown
on CTOL Runway .« « « = s = =+ = ¢« = * ¢

Piloted Simulation Runs Showing Effect of Flight
Director Resolution on Deceleration Trajectory — Qpen

Loop Deceleration . + « =+ « = = ¢ . e e e
Effect of Deceleration Attitude on Trajectory

(Closed-Loop Deceleration) . « o & s s e v ¢
Effect of 8qye o0 Pitch Attitude and €¢g . + » ¢ ¢

Effect of Steady Winds on Clozed-Loop Deceleration
Trajectories .« « « = + ¢+ 7 « s e e

Effect of a Large Decreasing Headwind Shear . .« «
Comparison of Trim Chaerecteristics « « + + « ¢ ¢
Addition of X Limiter . + » o & - o+ o 0 c

Final Longitudinal dystem at Conclusion of Piloted
S imulat ion L] L] - L] * - L] L] L ] L] L] - - -

Wind Profile Associsted with 10 kt (5 m/s) Wind at
10 £t (5 m) Altitude . =« + + - - ¢

Scenario for Approach and Landing for System
Performance Analysis . . o o e ¢t T . e

Perturbed Coordinates locuting the Aircraft

-
-
-
.

XV-15 ThrEe-Vj-ew * L] . . . . . . - . . * .

Typical MLS Geometry for CTOL Runway . .« - =« -+ °

*

Perturbed Coordinates focating the Alrcraft in a Horizon

Horisontal Plame . . =« =« = = ¢+ * ° . o e e

viil

Page

136

137

138

142

163

165
166

167
168

. 169

170

1M

. AT

A-1T
A-18
A-22

A-26

A-2T



11.

12.
13.

th.

15.

16.

170

18,
19.

List of Tebhles

Basie XV=15 Handling Teficiencies s f s e e e
Pilot/Vehicle System Reguirements . . . . .

Monual/Automstic Control Axis Alloeation Options
for the "Frequeney Separation of Counlrols" Requirement

Requirements and Competing System Alternatives

Considerations Affeeting Choice of Lateral Path
Control Technique (Straight Loecalizer). . . . . .

System Gains and Tiwe Constants . » . .+ + .+ .+ .
XV-15 Transfer Functions® . . . . +« .+ « « .+« .

Summary of Lateral Direcetional SCAS, Flight Director,
and Autopilol Gains and Time Constanis o e e e s

Guide to Performance Evalustion Results e s e e e
Control System Mode Code e e e e s s e e e
Pilot Acceptance Limits for Final Approach . . . .

Summary of System Limit Levels e s e e e e

Comparison of Key Variables at Touchdown with
Aeceleration Limits . v - . . » . . . - . .

Airborne Measuremcnts e e e e e e
Zomponents of Longitudinal Touchdown Dispersion
Reducible by Missed Approach Decision Rule at

50 ftl » * L] » L] - L] L] - L] L] L] - . - L] -

Corponents of Lateral Touchdown Dispersion Reducible
by Misced Approach Decision Rule at 50 ft . . . . .

Components of Lateral Touchdown Dispersion Reducible
by Missed Approuch Decision Rule at “0 ft . . . .+ .

Misged Approach Declsion Levels . + &+ o ¢« o o &

Misased Approach Deeision Ievels . . + « & & &

ix

11

12

15
20

27

5

-
I
rn

157

158
159
159




| T T T T T T YT Ty ey e,

List of Tables

Page
A=1, MS Guidance Error Model For Alfgnment . . . . . . . A-3

A-2., MS Guidance Error Model For Noise . . . . . . . . A-h4

A-3. Shear Charascteristies . . . . . .+« . .+ + .« .+ . . A8

A-Lk. Xv-15 Longitudinal Derivatives (Full Helicopter
Mode) - . - . . . . . - . . . . . . . - . A"'25

PRI

A"'sc Trim Data (W = 13000 lb) . . . . . . . . . . . . A-Qtl-

A-6. XV-15 Lateral-Directional Derivatives . . . . + . . A=31

B-1. Longitudinal Equations for System Performance
Evaluat iOn . . . . . + - - . * . . . * . . B-6

B-2. Longitudinal Control System Parameters used in
Performance Evaluation e« v & « & + « 2 <« « B~

B~3. Switch Settings for Longitudinal Performance
Evaluat iOD + * L] - - . . . - ] » ] £ - - . B"'1 3

B-k. Iongitudinal Control System Mode Switching Criteria . . . B-1k

B-5. Lateral-Directional Equations for System Performance
=] EVBlU&tiOﬂ . . L} L] - L] . - . . . . [ . L] L] B"'T 5

- | B~6. ILateral-Directional Control System Parameters Used
in Performance Evaluation s+ e+ 4 s a4 s+ s+ s «B=20

B~7. Lateral-Directional Control System Mode Switching
Criteria and Switch Settings e s+ + + + e« &« & a . Be22

A
7




ALT
AS
CTOL
DEC, DECL, DECEL
DME
GPIP
GS

HH
HOV
IAS
IMC
Loc A
1oC B
MIS
RCAH
SCAS

TRC

VIOL

LIST OF ACRONYMS

Altitude hold mode

Airspeed hold mode

Conventional takeoff and landing
Constant attituwde deceleration mode
Distance measuring equipment

Glide path initial point

Glide slope track made

Heaaing hold mode

Longitudinal hover made

Indicated airgpeed

Instrument meteorolopizal conditions
Rank-to-turn localizer made
Bank-to-translate localicer mode
Microwave landing system

Rate command, attitude hold
Stability and control augmentation system
Translational rate command

Vertical descent mode

Vertical takeoff and landing

xi

. AR L. e

P W



ALTH, Hy, h
AX, a,
AYP, ay
AZP, aj

d

DC, &
DE, dg

DEH, d

DIAT, &raT
DIN, &1y
DINS, 3pya
DLTS, Bppg
DFDS, &ppg
DS, By

e

ex

eg

ENU,V

ETA, 7

FDC, FDC

LIST OF SYMBOILS

Altitude (AGL)

Longitudinal acceleration of <¢.g.

lateral body-axis acceleration at pilot's location
Normal acceleration at ~ilot's location

Actual glide slope deviation, positive for aireraft above glide
path, linear units

Longitudinal cyclic stick deflection
Total collective pitch deflection in lever units
Indicated glide slope deviation in linear units

Input to beam rate command limiter during glide slope trackin:,
altitude command during vertical descent

Total iateral cyelic deflection

Total longitudinal cyclic pitch deflection in stick units
Longitudinal cyeclic series servo deflection

Lateral cyclic series servo deflection

Rudder series servo deflection

Lateral cylic stick deflection

Base of natural logarithm, 2.718 ...

Switehing criterion signal for point hover mode initiation

Swit *hing criterion signal {or error signal) for constant attitude

deceleration initiation (or control law)

MIS localizer structure (noise) in angular units

MLS glide slope strmcture (noise) in angwlar units

Input to flight director shaping network

Flight director longitudinal cyclic command bar deflection

Flight director collective piteh command bar deflection

xii



- —

—— o ———— — -

FDL, ¥y,

FDP, FDp

Flight director lateral cyclic command bar deflection
Flight director rudder pedal command bar
Gravity constant

Force feel system transfer function for stick deflection im,
parallel servo deflection out

Total altitude of aircraft center of gravify above.GPIPron runway
Pressure altitude

Instantaneous vertical speed indication

Altitude at ocutput of synchronizer

Aircraft center of gravity altitude at touchdown

Radar altitude

Asymptotic flare altitude

Rate of climb

Moment of inertia about ( ) exis

Complementary filtering gain

Control system gain specified by (*)

Calibration parameter, ideally equal tc unity

Wind praofile shaping gain

Trim pitch attitude gradient with airspeed, A6q/dVy

Pilot's location with respect to aireraft center of gravity
Rolling moment

Dimensionel rolling moment derivative, (1/I,){3L/3( )]

Turbulence or MIS noise characteristic wave lengths specified by

(+)

Longitudinal control system mode indicator

Maazs

Pitching moment

Dimensional pitching moment derivative, (l/iy)[aM/h( }]
x1id

Ty




e — — e -

L R

i b el a]

i

=

PSI, ¥
Q q

R, r

THCD, 8.4
THEE, O,
THET, @

Yawing moment

Dimensional yawing moment derivative, (1/1.) (AN/a( )]
Transfer function numeratorbetween [+] input and () output

Angular rate about x-axis

Effective rolling gust component
Input to bank angle command limiter
Euler roll angle

Probebility of having to execute a missed approach on any given
IMC approach because of flight technical error

BEuler yaw angle with respect to runway heading
Angular rate about y-axis
Angular rate about z-axis

Slart rangé between center of gravity of the approaching
aircraft gnd MLS elevation antenns

Slant, range between aircraft and MLS azimuth transmitting antenna
Distance between MIS elevation and azimuth transmitting antennas
Laplace transform variable

Control system switch variable specified by (*). Permissible
values are Q0. and 1.

Lateral-direction control system mode indicator and switch value
Input to sink rate command limiter

Time

Control system time constant specified by ()

Input to pitch attitude command limiter

Pitch attitude deviation from commanded value

Buler pitch angle

Perturbation x-velocity

Body-fixed x-axis component of headwind and crosswind

xiv

-k L i e T ——t——

ol b S




u Total x-veloclty

ﬁ Longitudinal, body-axis kinematid acceleration, (ﬂxcg'g sind)

uG, Uy x~axis gust camponent (body-fixed reference frame)

UW, uy Headwind component with respect to runway direction

v Perturbation y-veloclity

va Bady-fixed y-axis campatient of headwind and crosswind

' Total y-velocity

VA, Vy Alrspeed

VAE, Vi Smoothed compensated airspeed creor

Vax Adfrspeed beliw which airspeed crossfeed Lo collective piteh is
enabled

Vo Equivalent airapeed

VG, Ve y-axis gust component (body-fixed referetice frame)

Vi, Mean headwind component in runway direction at problem initial
altitude

Vias Indicated airspeed

W, v, Crosswind component. with respect to runway direction, pogitive tor
wind blowingy Urom right to lett

W Perturbation c-velocity

wa Body-fixed s=axis canponent of' hendwind and erosswind

W Totul s-velocily

W4, W a=nxin gust camponcent (body-tixed retoronce froame)

X Foree along x Lody axis

X Grouwnd range trom intended touchdown point, positive in the down-
runway direction

XD, i Vaeloclty in down-runway direction

K( ) Dimensional x-torce derivative, (1/mV[%/2( )]

Xc, X. DME nodge .

Xy

o

e o

P R S e

—-“




)

Ground range for first occurrence of e, =0
Indicated DME ground range

Ground range for first occurrence of eg = 0
Rudder pedal deflection

Velocity in the cross-runway direclion, positive when moving to
right of runway

Force along y body-axis

Lateral deviation in cross-runway direction, positive for air-
eraft to right of runway centerline

Dimensional y-force derivative, (1/m)[dY/3( )]
Lateral deviation rate
Indicated localizer deviation, linear units

Transfer function representing pilot's control action in response
to flight director specified by (-)

Force along z body-axis

Dimensional z-force derivative, (1/m)[3Z2/d( ))

Angle of attack

Sideslip angle

Flight path angle

Aerodynamic flight path angle

Control deflection

Total rudder deflection in pedal units

Transfer function denominator

Collective pitch component resulting from airspeed crossfecd
Computed pitch attitude referernce change for deccleration mode
Switching criterion signal for glide slope capture initiation
Switching criterion signal for localizer capture initiation
Damping ratio /

xvi



0.

9y
1N
Qo )

()T

p

WV

[\

V.

i

¥

YRup

(1A

\.l\( .)

L | sy e d mwie oL . . o

Piteh attitude hold reference

Computed piteh attitude reference for constant attitude
deceleration

Trim piteh attitude at hover in cero wind

Constant atiitude inerement controlling rapidity of deceleratic:
Attitude at output of synchronizer ()

Trim piteh attitude as function of airapeed

Glide slope alignment angle (= -~y )

Probability Jdensity funclisn, or correlation coofficient it
subseripted, alsao air density at altitude

Standard sea leve) air densitly

Denotes one standered deviation in general.  May be particularicod
by subacript

Yaw allitude held reterence

Tocaliver aligmment angle

Reforence heading tor heading hold controal system moade
Angalary froquency

Control system break frequency specified by ()

MATRIX AND VECTOR SYMBOLS

A

b

System matrix

Input veLor

Covapriatee matris v x

Covariance matrix for y

Input vector

State-to-outpul dstribution patrix
Diserete interval index

Pawer spoctral density matrix for w

xvif

e e i w

ettt S o i e ik, e

T T S T AP T SR I Py W v -A 1




BPR—— L ]

T
6, 6

P, ¢

Process noise vector
State vector
Alternative state vector

Qutput vector

Foreing metrix for covariance propagatiocn equation
Forcing matrix or vector for state transition equation

State transition metrices

PREFIXES AND SUFFIXES

s(+)
(+)p

Standard deviation of (+)

Derivative with respect of time of ()

SPECIAL NOTATION

E[ -]
( ap
)
(")
(1)
()]

(*max

(nin
(“)op
(*)pp
(*)o
()*

(Ve

Expected value of [*]
Touchdown-related value of ()

Denotes mean or expected value of (*)
Derivative with respect to time of (-)
Transpose of matrix (*)

Absolute value of scalar quantity (:), or determinant of square
matrix ()

Maximum allownble value for (*)

Minimum allowable value for (¢}

value of (*) Just prior to decision point
Valne of (+) just subsequent to decision point
Initial value, or valuc at trim

Value in presence of a steady wind

Cummanded or reference value
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S8ECTION I

INTRODUCTION

This report summarizes the results of a combined analytical and experimental
study to determine IFR approach path dispersions under manual and automatic con-
trol. These dispersions, in turn, are the basis for missed approach criterin.
The basic motivation for this research stems rfran recogunition that the future of
V/STOL aireratt as a viable transportation medium depends upon implementation
of appropriate teminal controel techuiques and safety philosophies, Accordingly,
the emphusis is directed at the generation of a dual {automatic and manually coti-
trolled) system for the puidance and control of the XV-15 aireraft on approaach

to evaluate performance in this critical terminal flipht recime,
A, BCOFE

The purpose of this progrm is to generate perforrance dala for the XV-19
Tilt Rotor aircraft and control system operating in the terminal area with a
digital avionics system. This data i3 required to assess effecks of Lhe system
elements (XV-19, flight paths, navigation aids, gpuldance and tlight direcler
laws, eote.), command inputs and disturbances in terms of the precision of' con-
trol, pilot workload and available margins of satety. This data, in turn,
provides insight tor dexipgn of appropriate cutamatic or manunl gpprosch monitor-
ing criteria for the XV-15.

This resecarch assumes operation within the practical constraints and operat-
ing limits of the XVe1H aircratt., XV-15 performance marging (e.5.y thrust/powur
and rete of sink), vibration, and rolor structural ratigue limits as defined in
Refs, 1 and 2 preclude descending on the steep glide slopes {e.g., —v deg
{(—0.10 rad). =® deg (004 rad) ant —10 deg (-0 rad) while decelerating in
airspeed in other than the helicopter mede or contiguration [i.0., pyvlon at W
dey (1.6 rad)]. Theretore, ieither the automatic nor the manunl systems require
congideration of a covfiguration management command mode (e.5., modulation of
pylon and flaps). Furthermore, only the conventicnal displays and control

asgsociated with the XV-19 aircraft are considered., Thus, the many and varied
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considerations associated with abort procedures, safety marging, engine-out
conditions which are of concern before and during the transition to the heli-
copter mode of flight are non-operative., Therefore, the pilot need only concern
himself with the final stages of the approach — deceleration to & hover on a
descerding, perhaps curved, flight path while in the terminal area.

B. APPROACH

The research consists of three major elements. The first of these is the
development of a compatible set of guidance, autoland, and flight director laws.
The word "compatible" refers specifically to the requirement that manual (using
the flight director) and automatic (with the autoland system) control laws be
compatible not only with the approach requirements but flso with each other.
Autoland systems capable of decelerating flight to a hover have been built and
flown (Refs. 3 and k). Flight director configuretions with similar capabili-
ties have also been flown (Ref. 4). Designs to date are not without pilot
reservations ~— primarily because the flight director wes apparently treated
as an adjunct to the autoland system rather than a separate system with its

own (pilot-centered) requirements in addition to the fundamental guidance

requirements common to both manual and automatic systems.

The second element is the assessment of this system by means of exercise of
a digital simulation of its characteristics. A statistical approach to the
evaluation of the system performonce is used., While the necessary statistical
performance data could be developed using a Monte Carlo approach, the more
effective and efficient covariance propagation technique is used. This pro-
vides statistical deseriptions of performance directly in terms of dispersions.
Further application of this technique is used to develop approach monitoring
criteria,

The third key e¢lement is veriftication of system suitability and performance

by means of man-in-the-loop simulution (fixed base) at Ames Rescarch Center.



c.

ORGANIZATION OF THE REFORT

.

The remainder of this report is organired into seven scections and three

appcendices. The next three sections detail development of the guidance, auto-

land and rlight director control laws. The first of these three sections

summarives the qualitative design reguiremenls in conaideration of the tasks,

XV-15 characteristics, pilot-centered considerations, operating environment,

eto,

Quantative development of the longitudinal and lateral-divectional desipns

is comtained in Seetions III and IV, respectively.

A statistlical analysis of the approach and touchdown disperions for these

longitudinal and lateral-directional systems is reported in Secetion V. Section

VI recommends missed appreoach eriteria based on Lthe statisticel analysis,

Results of the fixed-base, suan-in-the-loop simulation are reporied in

Section VI1, while the main conclusions from this research program are suwm-

mariced in Scection ViII.

Two appendices cover basice XV<1'» aiveratl data, equations of motton aud

parameter voalues used in the system performance analysis, and the equatione

suitable for programming the guidance, autoland and trlight director control

laws and lopie for the VSTOLAND 1819R Reseurch Computer.
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SECTION II
SYSTEM REQUIREMENTS

System requirements are established on the basis of mission phase or task
definitions; fixed characteristics of aircraft, SCAS and disturbance environ-
ment; feasible competing systems capable of meeting mission or task objectives;
and assessment of the favorable and unfavorable peints tor each competing sys-
tem. Establishing requirements is a qualitative process for narrowing the field
of potential system solutions tc be analyzed in quantitative detail in Sections
111 and IV.

A. TASK DEFINITION

The mission phases of concern in this study are limited to terminal area
vectoring, initial and final approach, and landing. The XV-15 is agsuwned to
be operating in Lhe helicopter nmode over its complete speed range in that nmode.
Vertical landing, curved initial approach path and variable glide slope capa-
bility must be provided. All navigation and guidance measurements requived for

these tasks are cobtained from the VSTOIARD navigation system.
B. FIXED CHARACTERISTICS
1. XV-15 Aircraft

The unaugmented XV-1) aircralft in the helicopter mode has the usual helicop-
ter handling deficiencies plus a anigue lateral-directional roll control rever-
sal problem in the %0 kt (21 m/s) vepime and sgigniticant lack or directional
stability below 0 kt (1 m/s) . These latter poirts, in turn, place speeial
requirements on the lateral-dirvectional S8CAS. A1l Lasic handling deliciencies
are summari:ed in Table . (Table 1 is basod upon the stability Jderivative

data in Tables A-h and A-6 and the lransfer tunction data in Table 7.
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TABLE 1

BASIC XV-15 HANDLING DEFICIENCIES p

IONGITUDINAL

Low heave damping below %0 kt*

Long-term attitude response to stick input
is near zero

Unacceptable short-term attitude to stick
responses at low speed

ILATERAL-DIRECTTOKAL

Very low dutch roll frequency at all speeds
(Low ay)

Negative or low dutch roll damping at all
speeds (low L)

Unstable spiral mode

Large shift in instantaneous center of rotation
(—Ygpea/Ngpeq) between 60 and 80 kt

Roll reversal ai 40 kt
Poor yaw rate to pedasl characteristics

Large adverse yaw at speeds below about 70 kt

1kt = 5.14 x 107 n/s.

2. Disturbance Envircnment

The disturbance environment considered includes longitudinal, normal, side i
and effective rolling gusts, steady winds and wind shears, MLS azimuth, eleva-

tion and DME noise. Math models for each of these disturbance effects are given

i
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in Appendix A. Effects of curved path commands and of pilot abuse of system
operating procedures are also considered.

5. Stabllity and Control Augmentation System
(scas)

The installed SCAS is a rate-command, attitude retention system. Installed
series actuators have very limited {41 in. (20.025 m)] authority because the sug-
mentation is single-thread. The criginal intent of this project was to design
the guidance, flight director and autoland control laws to work with the SCAS as
installed. However, the fact that the electrical inputs to the series servos
shown in Fig. 16 of Ref. 5 are not in actuality available, and that the attitude
hold (more properly, retention) feature is only introduced when there are no
pilot inputs, ceused modification of the origiral grcund rules. Modification is
necessary for manual flight director operation because the attitude feedbacks
are cancelled whenever the control stick is moved from the detent. This defi-
ciency might be corrected by using the attitude SCAS feedback full-time (an
availaple option), but then an attitude command system results. Attitude com-
mand systems demand series servo deflections which substantially exceed the
installed series servo authority. That this is so is illustrated in Fig. 1.
Parts a and b compare the series servo deflection required for attitude command
and rate command pitch SCAS systems in order to cope with a reasonably large
wind shear., It is evident in part a that much of %he series servo deflection
is devoted to cancelling the parallel servo output for the attitude command
system.

An alternative solution might be to include the required attitude feedback
signal on the flight directors, but this is sure to result in an unacceptable
level of flight director metivity from the pilot's viewpoint.

For the above reasons, the ground rules vere modified to permit design of a
nevw, rate-commend, attitude-hold SCAS operating within the authority limits for
the installed series servos.

Provisions for interfacing the VSTOLAND system with the XV-15 is through the
force feel/hutopilot actuators in the longitudinal, lateral, and dir~ctional

control systems. The cockpit control motions are also introduced into the
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aircraft primary controls through the force feel actuators. Input to the power
management system is through the power lever actuator.

C. REQUIREMENTS AND COMPETING SYSTEM ALTERNATIVES

Definition of competing candidate systems proceeds directly from formulation
of system requirements.

ously., This is possible because of a NASA stated requirement for gimilarity in
behavior and performance for the two systems. This dictates systems which are
functionally similar, that is, have similar loop structures.

However, there are a few significant fundamental differences between the

menual and automatic systems which are appropriately identified at the outset,

e.g.:

Control authority and limits — The automatic system has less
because the pilut has access to additional controls {the
flight director controls pilot inputs, not outputs); and it
allows for pilot takeover (e.g., the pilot can override the
FFS actuator because of its limited force capability).

Integration — An automatic system will often have integrators
to drive the steady-state errors to zero while the flight
director system cannot include such functions becausge of
excesslve attentional demands.

Monitoring criteria —- The monitoring and associated tekeover
eriteria for the two systems may differ for a number of
reasons. Beasically, the pilot has only conventional instru-
ments while the automatic system potentislly has access to
more variables and may operete on different computed combina-
tions of variables.

With these qualifications we can proceed to establishing requirements and
then to definition of the cendidate competing systems,

Requirements cen be grouped as follows:

Guidance and control requirements -— Fundamental and indepen-
dent of whether the controller is an automatic or human pilot.

Pilot-centered requirements — Relate to the fact that the
controller is a man (pertains to the flight director design).

Requirements for both the manual (using flight director)
and automatic (autoland plus autopilot) landing systems are addressed simultane-
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A summary of the requirements central to design of these systems is given
in Table 2. The satisfaction of these requirements from basic considerations
leeds to tle selection, sensing, shaping, and relative weighting of appro=-
priate feedbacks (and feedforards) in a way which is best for manual control

using the flight director and {with adjustments) to autoland. The pilot-centered

TABLE 2. PILOT/VEHICLE SYSTEM REQUIREMENTS

uidance and Control

®» Command Following
o Disturbanee Regulation
e Stability and Pamping

Pilot-Centered (Refs. 6 and 7)
e Minimum Pilot Compensation
— Feedback paths

—— Equalization
Responge Quality

Frequency Separation of Controls
{Table 3

Non-Interaction of Controls

® Insengsitivity to Pilot Response
Variations

¢ Remnent Suppression

requirement for frequency separation of controls is very importent for keep-
ing pilot workload within acceptable bounds. This requirement can be met by
two alternative choices for axes to be controlled by manual flight director
or automatic systems. These two choices are Option A and Option B.

Option A
® All height control is manual.

¢ FDpam goes automatic in hover to be consistent with FDry
and to minfmize workload.

® Would require series actuator on collective.

Option B

¢ lLateral and longitudinal cyclice are primarily manual controls
for entire approach.

® Heading is fully sutomatic.

¢ Display collective trim shifts on FDpp, e.g., step commands
for vertical descent

10
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The specific use of manual flight director or automatic control is detailed
by control axis and approach mode in Table 3 for both options. The require-
ments of Table 2 are relasted to key longitudinal and lateral-directional
feedbacks in Table L.

Once the key alternative longitudinal and lateral-directional feedbacks
for meeting the requirements are identified, additional pilot preferences
concerning VTOL approach technique are imposed. These preferences are sum-
marized in Table 5.

TABLE 3

MANUAY,/ AUTOMATIC CONTROL AXIS ALLOCATION OFTIONS FOR THE
"FREQUENCY SEPARATION OF CONTROLS" REQUIREMENT

OPTION A
MLS FDpr, FDLAT Automatic Automatic
{crad or
wing low)
Deceleration FDpg, FDpAT Automatic Automatic
Hover Fber, Automatic Automatic Automatic
Vertical Fop, Automatic Automatic Automatic
Descent
OPTION B
MLS Automatic FDpap FDin Automatic
+ trim
Deceleration Automatic FDpam Fhin Automatic
+ trim
Hover Automatic FDLAD FDrn
+ trim
Vertical Automatic FD Ap FDra Automatic
Deacent + trim

11
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TABLE 5

CONSIDERATIONS AFFECTING CHOICE OF LATERAI PATH
CONERCL TECHNIQUE (STRAIGHT LOCALIZER)
(From Refs. 8 and 9)

WING TOW CRAB
Pro: Flight test showed pilots con- Pro: Crab can handle large cross-
trolled localizer with greater winds.

Pprecision using wing low.
Consistently selected wing lcw
shortly after intervcepting
localizer (pages 11 and 12 of

Only way to descend verti-
cally and land in significant
wind is to point into the

Ref. 8.) vwind if X, is significant.
Con: Wing low limited to 15 deg* of Con: Precise heading control is

bank for pilot acceptance (about very difficult at low speed.

10-15 ktt crosswind). Small deviations in ¢ result

Filots show some concern for inzlarﬁs ¥ excursions since
steady lateral acceleration. 8/
Concerned about lack of excess

control capacity when at 4 or
5 deg bank.

Conclusion: Best solution is to use crabbed approach for higher speeds
wherein precision of heading control is not & problem and
wing low al lovwer speeds., At lower speed Yy is very small
for the XV-15. This permits the wing low technigue to be
used without requiring large bank angles, and avoids the
heading control problems ¢ sgociated with crabbed apprcaches
at low speeds.

* deg = 1.745 x 10~2 pad.
B kt = 5.184 % 10-1 m/s.

D. SUMMARY

The longitudinal SCAS is = rate-command/éttitude-hold system for all phases
of the approach. Analysis of each phase of the approasch has shown that attitude
command is aclually closer to optimum in terms of meeting the pllot-centered and
guidance and control requirements. In addition, it minimizes system complexity.
The decision to use rate-command/httitude-hold is based entirely upon require-
ments imposed by the limited avthority serics servo. A 2 kt/sec (1 m/s) wind
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shear for 15 sec requires a series actuator displacement of 2 in, (0.05 m) for
an attitude command system, which is double the existing authority. The rate
command system requires only l/é in. (0.013 m) seriee actuator displacement for
the same input. The basic deficiency of the rate command system is that it
adds an additional integration to the effective aircraft dynamics, requires
more complex equalization, and produces, in some cases, less desirable flight
director and aircraft response characteristics. Points favoring the rate com-
ménd system include the elimination of trim requirements (with & corresponding
decrease in pilot workload) and considerable pilot acceptance in recent years
in teat aircrait.

The lateral SCAS has been configured as a rate-ccumand/attitude-hold system
for all flight conditions from cruise to hover, vertical descent and touchdown.
It is a well-established fact that attitude command is superior to rate commend
during hover. However, lateral attitude commaend at significant forward speed is
less desirable than rate command becsuse of the need to hold & constant lateral
stick input for the wing-low mode or for the curved path tracking mode. Hence,
it would be necessary to use rate command during the approach and phase into
attitude command at some point approaching hover. To be successful such blend-
ing would require & series of manned simulator experiments io establish its

pilot acceptability. These experiments are beyond the scope of this effort,

In the final analysis, the low authority series servos [# in. (20.025.m)] of
travel] effectively eliminates all but one manual control system (rate commend,
attitude hold). It is therefore not possible to exercise the full range of
usuel considerations of guidance and control and pilot-centered requirements in
the competing systems tradecff analyses. In fact, there is considerable evi-
dence indicating that rate command is among the least desirable SCAS configura-
tions for precision IFR hovering. This results in the difficult position of
having to optimize a system within given constraints which are known to lead to
& fundementally deficient manual conirol system. Based on currently available
data Cooper-Harper ratings on the order of 4 to 6 are expected for hovering in
turbulence under instrument meteorological conditions {IMC). An advance in the
current gtate of the art would require a tradeoff between an attitude command

aend a tranglational rate commend (TRC) SCAS for hover. Issues such a&s consonance

16
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between pitch attitude and stick position with a TRC SCAS in a helicopter would
represent the key tradeoffs if actuator authority were not the limiting factor.

A good TRC SCAS would be expected to yield pilot ratings on the order of 2 to
for hovering in IMC in turbulence.

3

The system requirements developed in this section lead to the selection of

the "best" longitudinal and lateral-directional systems which are analyzed in
detail in Sections III and IV, respectively.

7




SECTION IIX
LONGITUDINAL SYSTEM DESIGN

A. BSYSTEM SUMMARY

A summary of the longitudinal system is given in the block disgram in Fig. 2.
The feedback path equalization and switching logic shown in Fig. 2 includec pro-
vision for the following modes:

® Altitude hold

e Constant speed approach on MLS flight path
¢ Deceleration on MLS flight path

¢ Hover on MLS flight path

® Hover at constant altitude

® Vertical descent to touchdown

A summary of the gains and time constants for the longitudinal system is given
in Table 6.

The basic design philosopiiy is to treat the flight director design as pri-
mary. The automatic system design is then obtained by a simple replacement of
the pilot block in Fig. 2 with an automatic system gain. The gain values labeled
Ko in Table 6 reflect the value to be inserted for the ¥p. block in the automatic
mode. The collective axis is fully automatic throughout the approach,

Plots of open-loop flight director frequency response to long'iuainui cyclic
are shown for each mode throughout this section to illustrate the degree to
which the desired &/s frequency response characteristic has been achieved. The
airplane plus flight director sensitivity (K) wes not optimized at the time
these plots were made. Reference 10 has established that the optimun XK is O.h
inches/sec of flight director bar deflection per inch of stick displacemcnt,

The values of KFDc in Table 6 reflect the final ad Justrment necessary to achieve
& 0.4/s flight director. The autopilot gain K; is simply the pilot gain used
for the closures in this section adjusted for the final KFD, -

18
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TABIE 6. SYSTEM CAINS AND TIME CONSTANTS

1. Rate Command/Attitude Hold SCAS (A1l Modes)

Kg = 12 in./rsd

Ky = 8 in./(rad/sec)
a = 1 (1/zec)

K§. = 2.09 1/sec

2. Cons%ant Speed Glide Slope Tracking, X < Xo

Twg = 5 8ec = l/og K4 = 0.01 in,/ft
b 0.67 sec = 1/ ) .
a 4 K3 = 0.19+<?.:01296vm in,/(ft/sec)
Tug = 10 sac (Vas in ft/sec)
Trp; = 0.222sec = 1/cnm1 Ky = 1.0 sec
Tpy = 0.222 8ec = ‘[/mFDe KD, = 1.43 in./rad
E = 7.5 KoL = 5.0
Koo » Cppglole = 32 Krer, = 1.0 (1/sac)
Ta = 0.25 sec = i/, Ey = =0.005 rad/(ft/sec)

3. Deceleration to Hover, Xo < X < X¢

Tep = 1sec = 1o Ki .
Tpp; = 0.222'sec = 1/%‘ Ki Seme oo for X < X

Ty = 0.222 sec = 1 /a:a;-D2 KL °

K§p = 0.5 sec X701,

kD, " 2,52 in,/rad ‘Mg = 0.23 sec

4. Bover, X > Xp

Twg = L0 sec = 1/ng Kmp, = 1.8 in./rad

Typy, = 0.5 sec = 1/%‘ EPc = Oppg(O)K, = 3.2

Trpp = 0.222 gec = 1/% Ky = K = 0.01 in./f%
Kép = 1.33 sac Ky = K = 0,053 in./(ft/scc)
Koy = 16 sec? KL = 5.0
Ex = B zec Efor, = 1.0 (1/sec)
Ex = =0.005 rad/ft

8. VYertical Descent

Twg, TP, TFD2: En = 0.0% in./ft
Képs Kay) Kxi Kify Ep = 0.20 in./{ft/sec)
Kics KFDg, ond Ko Ko, = 1.9
ssme a3 Fover Kzor, = 1.0 {1/se2)

20 H, = 7 £t (16 (t in performance evaluatlon)

L I T L . a..-uihin_*
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The romainder of this section contains a description of each of the modes of
the longitudinal system, and includes & brief account of the rationale used to
select equalization feedbacks and time constants.

A basic design concept for this system has been to limit the number of
active flight directors *o one in the longitudinal axis (and one in the lateral
axis). This design concept folleows directly from the pilot-centered requirement
for frequency separation of controls (discussed in more detail in Ref. 10).
Furthermore, a single control should remain primary throughout the approach.
That is, the same control should be primary Irom glide slope inte.cept to touch-
down. Longitudinal and lateral cyclic have been designated the primary con-
trols for this Jdesign. This turns ocut to be a fortunate choice since the
possibility of adding a serieg servo for the cellective axis i: currently
unltikely. However, a strategy for including the ccllective control as an
inherent part of the manual mode has been included to provide a backup posi-
tion. In the cvent that a series actuator should beceme available for the
collective axis, the manual rlight director signal for this axis is available

directly in the current system design.
B. LONGITUDINAL SCA3

The longitudinal SCAS is a rate-command/httitude—hold system for all phases

of the approach.

The stick shaping equalization shown in Fig. 2 was desighed to produce a
bure rate cummand in the presence cf a mechanical parallel path. The forward
loop integrator, (s + a)/s, is reqguired to get goed mid- and low-frequency atti-
tude responses. The mid~ and low-frequency attitude response of the basic XV-15
is poor in the extreme. The feedback wains Ko and Kj are set to achieve an
attitude bandwidth of between 1.5 and - rad/see. This corresponds to a Kg of
0.2 in. (0,009 m) of serivs servo travel ver degree cf attitude. Since the
maximum series servo authority is 1 in, (0.02% m). SCAS liriting will occur
at 5 deg (0.09 rad) of piteh attitude deviation frow trim, This is expected
to be marginal but acceptable., Lower values of pitch attitude feedback pain
would minimine the limiting problem at the expense of unaceeptably low attitude

bandwidth. The frequency response characteristics In attitude with and without



the SCAS are shown in Fig. 3 for 50, 40, 20 and O kt (31, 21, 10 and O w/s].
1t is not nceessary to change the gailn as a function of flight condition to
achieve these results. The rate comsand feature of the SCAS is obtained by
setting Ky, in Fig. 2 equal to 2.09. This results in 10 deg/sec (0.17 rad/
sec) of piteh attitude per inch {0,025 m) of longitudinal cyclic stick deflec-
tion. This control sensitivity was found to be optimum in the study donc in
Ref. 10.

C. CONSTANT SPEED GLIDE SLOPE TRACKING

The feedbacks which are active (switched in)} for constant-speed glide slope
tracking are listed below:

e Washed-out pitch attitude — Pitch attitude is required for
flight director equalization and is washed out te avoid
standoffs between the indicated airspeed and trim attitude.

e Pitch sttitude rate — This feedback is also required for
flight director equalization. Roll stabilized pitch rate
must be used (that is, ¢ in distinction to q) to aveid
large pitch-down commands during turns.

® Airspeed feedback — The airspeed feedback has been lagpged
by 1/, to keep high-frequency gusts from exciling the
system, This in turn results in unacceptatly low phase
margin in the flight diractor loop. To overcome this,
Iongitudinad accelerationn~independent-of-pitch 1s pseudo-
integrated and complemented with lagged airspeed. For
a perfect complementary filter, the constant % is set
equal to unity (sce Fig. 2 al right-hand side). If k is
groater than 1, a lead-lag on the spced feedback resulis;
and if k is Jess than 1 o lag-lead results. Flight direc=
tor equalization requirements dictate a lead-lng corre-
sponding to k = T.5.

The frequency responge cheracteristics of the lensitudinal flight directer
to longitudinal cyclie inpui are shown for G0 nnd W0 kt (31 and M m/k) in
Fig. 4.* This figurc indicates that the desired K/¢ response is achieved up to

about 2 rad/sec at €0 kt (31 m/s) and 3 rad/sec at b0 kt (21 m/s). While it
would be desirable to have the K/s region extend to a higher frequency, espe-

*¥Figuve b has root locus informatior overplotted on the frequency respouse,
G(Jo). This root locus Information plots the modulus for each closed-loop root
(read on the frequency axis) as o function of the inverse of the open loop gain
(reed on the 4B magnitude axis). The interested reader can find a more detailed
exposition on pages 139=153 of Ref. 1k,
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clally at 60 kt (3 m/s), it is felt that the current system will be adequate.
Extending the K/s region to higher frequency would require increased SCAS
bandwidth vhich is currently limited by the series servo authority. Therefor=
bandwidth extension is not possible with the current system.

The requirements imposed on the longitudinal flight director to achieve
regulation of the glide path with collective while pitch attitude is constrained

by means of the longitudiral eycliec control are best illustrated by the follow-
ing equation (from Ref. 7):

;
. 9 4 Ade(s + —-—)
(_g_) . Nomwser, _ Tag (1)
5CL - N8 1 1
0 =—=31N BIN s + TG] 8 + TBQ

An examination of the iransfer functions in Table T reveals the following
facts concerning the abuve equation:

® 1/Tgy cancels 1/Tq4 at all flight conditions so that
the form of d/8¢r, is

PP PP T

&, tag

® The bandwidth of d/8c;, is defined by 1/fg, and is
unacceptably low at 0 and 20 kt (0 and 10 f/s) and
is marginal at 40 and 60 kt (21 and 31 m/s).

L TNy Y PO

¢ Augmentation of 1/Tg, will be achieved by feedback of
beam rate (approximately vertical velocity) to the
collective control. This indicates that the fully
automatic collective control will act simultaneously !
as & SCAS to augment 1/Tg, and as a path control func- :
tior to regulate the glidé slope errors to zero by o]
virtue of beam deviation feedback to the collective
control,

o P LY vo) L T ey

The transfer functions for flight path angles of ~6 and ~10 deg (-0.10 and
~0.17) at 40 and 60 kt (21 and 31 m/s) (see Tsble 7) are essentially identical,
indicating that the effect of flight path angle on vehicle dynamics is small
and can be neglected.
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The sbove discussion indicates that the beam-rate-vo-collective transfer
function can be approximsted by & first-order lag located at 1/%92. The
collective flight director response to a collective control input can be

approximated as follows:

Zsn7Ke.KaTL [éa LI ~d 1 ]

BCLNe d N XS mo

e . . i Ta_%a T (3)
5CL

{ 1 1
M‘aINS\S + ;ﬁé‘)(s + T-I_.d:)

From Refs. 6 and 9 & value of K = 0.01 in. (0.00025 m). of flight director per
foot (meter) of altitude error eppears to give the appropriate sensitivity
througnout the approach. Uhe glide slope noise filter time constant Ty was

set to 0.25 sec for noise rejection. Kj was set so tnat Eq. 3 could be factored

ag follows:

1 Ka 1 1 1 :
[s2+-,i,-]:‘-.8+-K—a-TE- = (s +-,I,—BE)(S +-'.'[‘-I_E) (h)

thus providing the required zero at 1/T92. The resulting values of Kg/K§
were plotted versus speed and fitted to obtain the following expression for

Ka:

. Ka
Ki = 5T 005vgs ° (i inkt (5)

The above values for Kgq, Ki, and Tg result in a K/s open-loop collective
flight director response at all frequencies. This is shown in Fig. 5 for

80 and 40 kt (M1 and 21 m/s). While the collective exis s fully auto-

matic in the current system, the basic approsch of firet designing the flight
director was used to improve monitoring characteristics for this control axis

and to allow for possible future low-fregquency manual control of this axis.

Referring to Fig. £, the block normally allocated to the pilot { just
downstream of T) is shown as a constant Koy and a parallel integration Krop,.
The parallel integration is included in the forward loop to eliminate the
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possibility of standoffs. These sutomatic control paths provide control action
which is equivalent to human pilot manual control action. That is, a pilot
would not allow a constant flight director error to exist.

The speed control characteristics of the closed-loop longitudinal cyclie
flight director system are checked by means of the speed=-error~to-speed-command
and speed-error-to-horizontal-gust frequency responses. A pilot model with &
erossover frequency of 1.5 rad/sec and an effective delay of 0.17 sec is assumed
for longitudinal ecyclic control.

Grrs(0)p, = .8 T3¢ (6)

The frequency response characteristics are shown in Fig. 6, These responses
rcveal the following facts:

© Speed responses to horizontal gusts and speed commands
exhibit zero steady-state errors. (Ty, was set to zero
to check thig aspect of closed-loop systenm performance.)

@ A bandwidth of about 0.12 rad/sec is echieved for speed
command inouts. This bandwidth results from a tradeoff
between conflicting objectives for tight speed control
and minimum pitch attitude excursions, Aireraft with an
additional control for controlling airspced generally
have higher speed control system bandwidth; however, &
bandwidth of 0.12 rad/sec is well within the acceptable
range for an aircraft using pitch attitude to control
airapeed.

e Maximum gust sensitivity exIsts between 0.12 and 2. rad/
sec., This reflects the selection of the airspeed feed-
pack time constant of 0.67 sec at the upper end and the
basic sirspeed bandwidth of 0,12 rad/sec at the lower end.
The frequency response characteristics of the glide path control systen
ere shown in Flg. 7 and indicate a bandwidth of about 0.8 rad/sec, This is
s fairly tight glide slope system.

The final performance metric utilized to eveluate the system design is
a eritical wind shear disturbance taken from Ref. 1}. This wind shear is
2 kt/sec (1 m/s) for 15 sec, followed by a steedy 30 kt (15 m/s) wind.
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To put this in perspective, Ref. 11 indicates that this shear resulted in
marginal glide path control for 2 DHC-6 Twin Otter Aircraft. The time his-
tories of the system response to this wind shear ape shown in Fig. 8 which
is subject to the rollowing interpretation:

® The maximum speed error was only 9.5 ft/sec (2.9 m/s) out
of a total 51 ft/sec {155 m/s) disturbance .

¢ The peak pitch attitude excursion was about —0.1 rad or
~5.T deg.

¢ The maximum series Servo excursien was 0.5 in, (0.015 m)
(half its total travel).
® The peak glide path excursion wag only h £t (1.2 m) .

® The collective control moved to maximum of 1.9 in. (0.05 m)
or less than half its total travel,

D. DECELERATION ON GLIDE SLOPE

Final deceleration to hover is a constant attitude maneuver in order to
minimize pilot workload. Inasrach as the attitude vesponse to a step longi-
tudinal cyclic input is a pitch rate, equalizing the flight director to a
K/% response is a simple matter. Attitude and attitude rate feedbacks are
used to extend the K/s region as far as possible beyond the closed-loop short-
period frequency of the rate-vommand/httitude-hold SCAS, Open-loop flight
director responses to longitudinal eyclic inputs fow 20, h0 and (0 kt (10,

21 and 31 m/s) are shown in Fig. 9. The method used to computa the incre-
mental pitch attitude command (Aﬁdecel in Fig. 2} is discussed later in this
section. Inasmuch as the pitch attitude is the state variable being commanded
during this phase of the approach, it ig inappropriate te wash out the pitch
attitude feedback {o the flight director. Therefore, it was hecessary to
inelude the sWitehing logzic shown in Fig. 2 Lo remove the washout equalization
ol piteh attifude during the deceleration phase. The rationale for the switch-
ing lopic shown in Fig. 2 is discussed as follows:
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1. X <X (constant-speed approach phase)

Attitude is washed out via 691.

Attitude is fed to both sides of the pitch attitude
limiter to account for washout in the feedback.

2. X > X, (deceleration phase)

The input to Gg, goes to zero rapidly. This will
excite the washout circuit (looks like an input of
the opposite sign) resulting in a transient output
from Gg,. Therefore, a switeh is included downstream
of the washout equalization to avoid this transient.

The switch at the input of Gg, moves to the decel
bosition. The synchronizer at the input of G92
eliminates any transient at the switch point.

The initial input to Gg, is zero and becomes 6 — @55
(6o, = € at X = X5) for'X > X,.

The commanded value (Mgeee)) mMust be referenced to
the output of the synchronizer 6g.. Since Bo, is the
last value of pitch attitude befoTe switching from
constant speed flight, 602 represents the nominal
pitch attitude for zero acceleration along the glide
path at the trim approach speed. The constant atti-
tude for deceleration (ABjace1) is blended in vie the
M function shown in Fig. 2. This is done primarily
to avoid sudden pitch transients when the gsystem is
in the automatic mode. Note that as the M function
approaches unity, the speed feedback approaches zero
due to the (1 — M) function in that feedback path.

X (hover phase)

The washout circuit Gg, is switched back in and the
nominal attitude reference is 6g,. 84, is the nominal
total pitch attitude used during the deceleration
phase and is also defined as Bp.

Goos Mgacol 8nd K, are switched out.

The longitudinal position feedback for hover control
is blended in via the N function.

The awilching ranges, X, and Xp, are specified later in subsection H.2 of

this section.

Power required to maintain a constant glide slope increases drastically
during the deceleration to hover as the airspeed falls below 60 kt (31 m/s)

(see Fig. 10).

This fact results in initial excursions below the glide path
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(in the abzence of anticipatory control action) whiech are ultimately eliminated

| by the closed-leoop action of cellective system in Fig. 2. Experience has shown !
T that the initial excursions can be unacceptably large (see Ref. 6). Therefore,
— an afigpeed crossfeed signal (ABCL in Fig. 2) has been designed to add collee-
.; tive in accordance with the power required characteristics of the XV-15. This
is skin to the pilot's usual precognitive action to inercase collective in a
helicopter approaching hover, Review of the XV-15 performance dato indicated

¢ that the Abpy, required is essentinlly the same for glide path angles -6 to —0
‘ deg (010 to —0.17 rad) .. The power increase required ig sipgnitficantly greater
for the heavier weights and varies directly with the density ‘ratio po/b.

Straight-line approximations to the power-required curves yield the following:

Ador, 29 (K(W) (101 .4 = vyp9) (')

in, cm
¥ . 001 — A8 ~ ; , LA Ly, ,
| K(W) 0.021 T (o 18 - seu) ;W 10,000 1b (4536 kg)
in cm ; _
2 YO e ,:" —r—gn r—— H . ™ SHY r
OO L (U M m7nec) s W 13,000 1b (5897 k1)
. = I 'in",_. e LI N3] v 3
| 0.0352 17,1_. A (O...() m/:‘:oc) WO 15,000 16 (6RO Kke) (8)
7 A¥er in in. (aw) of collective; Vypg in ft/sec (m/soc) ()
i

The stralght-line approximation is least accurale at the 10,000 1b (936 k)
welght where the peak error ig abont 0 percent ot 30 kt (14 m/s). This is
el 1ittle practical consequence as Lhe cloged-loop glide-slope-to-collective

system tends to duppross 2mall ereors due to improper Lrim power. Wind and

wind shear will alao require small Lrim pover incerements which muat be Jdeveloped i

e

via cloged=loop regndation., !

-

5




E. HOVER

There are numerous references (e.g., Refs. 12 and 13) which illustrate that
hover cuntrol is best accomplished with an attitude command system. However, as
stated earlier, the limited authority XV-15 series actuator charascteristics pre-
clude using an attitude command system. The active feedbacks during hover
control are washed-out pitch attitude, pitch attitude rate, range rate, range
and body-fixed longitudina) acceleration. These feedbacks are weighted to pro-
duce a K/é frequency response characteristic for the longitudinal e¢yelic
flight director as shown in Fig. 11. The lead-lag network included at the input
to the flight director eliminates phase lag between the region where pitch atti-

tude leaves off and longitudinal acceleration picks up to produce a K/b response.

(Neither shaping nor body-fixed longitudinal) accelercmeter feedback is required
to produce an ideal K/é response in the design of the system with the attitude
hold SCAS.)

The longitudinal. position holdiug characteristics in hover are shown by the
frequency responses of position error to position command and position error to

horizontal gusts in Pig. 12. The pilot model used is:

Gppg(0)pe = 1.0+ 173 (10)

The position control bandwidth is about 0.3% rad/sec. This is well within the

acceptable range, The position crror response to horizontal gust characteristics

indicates effective regulation against horizontal gusts at all frequencies and
no tendency toward low-frequency standoff.

An indication of the attitude-to-position harmony characteristics of hover
can be ohtained from a physical interpretotion of the hover position feedback
gain Ky (sce Fig. 2). This gain is indicative of the attitude commanded per
unit position error. The system commands about 0.3 deg (0.005 rad) of piteh
attitude per foot (0.30 m) position error,. Thinking of it another way, 10 ft
(3 m) of position error will result in a 3 deg (C.092 rad) pitch attitude com-
mand., Hence, the bandwidth of 0.%5 rad/aec shown in Fig. 11 is not obtained at

the expense of excessive pitch attitude escursions during hover.
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F. ALTITUDE HOLD IN HOVER

When the radar altimeter reads 50 ft (15 m), the collective system reverts
to altitude hold. The beam deviation and deviation rate gains used for glide
slope tracking during the terminal phases of the approach are equally appro-
priate for the altitude hold mode; hence, Kh = Ky and Kp = Kj§ in the altitude
nold mode at 50 £t (15 m). The same forward loop gain and parallel integrator
time constant are also used [Kgg = 5 in./in. (0.13 m/m)] and Kgep = 1.0 (1/sec)].

Precision altitude control in the hover mode is required to maintain pilot
confidence in proximity to the ground. The characteristics of the altitude
hold system are verified by the frequency response in altitude to vertical
gusts and the altitude time response toa 15 ft/sec (4.6 m/s) vertical gustk.
These are shown in Fig. 13. The time responses in Fig. 13a indicate a peak
altitude error of only 2.5 ft (0.76 m) and peek collective displacement of

1.0 in. (0.025 m). Figure 13b shows that the sensitivity to vertical gusts is
low with no tendency for low-freguency standoff.

@. VERTICAL DESCENT

Once established in altitude hold over the hover point, the pilot manually
initiotes vertical descent. Inasmuch as the collective axis ia fully automatic,
the pilot simply continues to hold his longitudinal end lateral position with
cyelic stick and monitors aireraft sink rate. The vertical descent mode is an
exponential flare accomplished using collective control. The descent system
uses a sink rate command which is proportional to altitude via the gain K;, (Kﬁ
is set to unity). At initiation of vertical descent an altitude command
(ho + He in Fig. 2) is introduced through the lag network 1/(s + 1). This lag
prevents an abrupt down command at initiation of vertical descent which would
be disconcerting to the crew. The shape of the descent profile depends on the

altitude command He and the exponential time constant Kn. He is set equal to a

few feet below the ground to insure a positive but not hard touchdown (ﬁ between
~1.5 and =3 ft/sec (-04o and —0.92 m/s}. Ky is set to achieve a reasonable
fescent profile. A maximum descent rate of 300 £t/min (152 m/min) vas set some-

what arbitrarily. Also, a descent time of between 10 and 15 sec was chosen to
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ij avoid prolonging the maneuver. Because of the relatively short duration of
N the maneuver, the parallel integrator in the forward loop of the collective
system is not required. It is removed to eliminate the phase lag penalties
introduced by this integrator. Removal is accomplished by fading P to zero
at vertical descent initiation.

Time responses indicating performance of the vertical descent system in
the absence of disturbances are given in Fig. 14, This descent profile results
ir a 1k sec descent time with a peek sink rate of 6 ft/sec (1.8 m/s) [360 ft/min
(110 m/min) ] and a nominal touchdown .sink rate of 1.8 ft/sec (0.55 m/s). Devia-

tions in sink rate (-li;) are eliminated well before touchdown.

H. APPROACH LOGIC

The switching logic in Fig. 2 divides the approach into five basic segments:
altitude hold, glide slope track, constant attitude deceleration, hover and
vertical descent to touchdown,

1. Glide Slope Tracking

The altitude hold/glide slope track switching occurs when gq S 0% and
Ide| <100 ft (30 m). This logic causes the system to switch from altitude
hold to glide slope track without transients. A blending function T insures
that undesirable transients do not occur at the switch point. Specifically,
the glide slope intercept logic is as follows:

® Altitude hold (AH) when [d.| > 100 £t (30 m) or when
[d.] <100 Tt (30 m) and €q > 0.

® Glide slope irack (GS) when 60 < V) < 80 kt (31 to
41 /8j, |de, < 100 £t (50 m) and ¢4 > 0. Initiated
by star{ of blender function, T.

The glide slope tracking proceeds at consiant airspeed until the point X_ at
which time a constunt attitude deceleration is commanded.

*eq = Kqd + kgd.
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2, Constant Attitude Decelaration

The deceleration capability of the XV-15 can be obtained from the 7-¥ curves
in Fig. 10 and the following interpretations. First, note that the specific
force actiné along the flight path may be written as:

B, = Vp+gr = &I + 8Ya, (11)

where ﬁi ig inertial ecceleration along the inertial flight path, 7 is the
inertial flight path angle, and 7q is the‘aerodynamic fiight path angle (ahgla
between airspeed vector and horizon). Physical interpretation of the gircraft
specific force capability in the dewn direction is made easier if ax is
expressed ‘as "minimum achievable trim flight path aﬁgle," e.Z.s Bxpin = 58nin*
The available deceleration capabllity may therefore be read directly from

Fig. 10 a8 V , /& = Yay;, ~ 7a- For deceleration, the 20 percent power line

defines the "minimum achievable trim" flight path angle (in the down direction).

An excellent approximation for deceleration as a, function of piteh attitude

is:

v & —s(e - oep) (12)

where 6p iz the trim pitch attitude for the flight path angle and speed being
flown. Since the lines of constant attitude are nearly vertical betwesn

y = 0 deg (0 rad) and y = —10 ded (0.7 rad); a unique relationship between

trim pitch attitude and airgpeed ran be derived using Fig. 10. Furthermore,

it turns out that this function may he approximatea sccurately a linear function:

or * OH * T, Ve (13)
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where 8y = 3 deg (0.052 rad) is the no-wind hover trim attitude, and

a6,
T de deg rad
Kogya = &, - “0.117 '&-5 = -0.069 37;;? (-: —o.oohoﬁ%e;) Hh)

The deceleration is therefore approximated as:

o

8
Vi & -g(eD— BH‘“E"}';Va) (15)

where €y is the constant attitude used for deceleration. If fp < Oy, the air-
eraft will stop decelerating at some positive airspeed. Thereafter, the aircraft
will proceed at (trim airspeed for fp + wind speed). This slow elosure on the
hover reference point is undesirable. Therefore ; & deceleration attitude of one
degree greater than the no-wind hover attitude is selected [ép = & deg (0.070

rad)) to provide more fapid closure on the hover reference peint, This results
in the decelerstion profile shown in Fig. 15.

Airspeed, Vg ( kts)

0 20 40 60
O T ]

ikt = 0.5/4 m/sec
-2 - ldeg = 0.0175 rad

Flgure 15, Nominal Deceleration Profile
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For & constant wind situation (X = Vg + Vy) the approach trajectory is
defined as:

X +Kt = K (16)
where ds
T
Ky = -s(op~op) - &gy W
K dop
= -8
2 v,
Solving for X = £(X) yieids:
. K K%
1|+ K _kx
X = —Ti'é[}‘+1721n (1 g, )] (a7*

Hence, the switch from constant speed glide slope tracking to constant

attitude deceleration should occur when:

57.3 . {(ep = o) X
Ee:-—x-l-—m}{'F—'—'—d-o—r—“‘l'Vw in |1 -~ SO

¥ srw—m—r ——
“avy dva

(ep ~ oy)
( (@6n/avg) vw) )
(18)

The first value of X satisfying Eq. 18 is defined as X5. Note that the effect
of a steady headwind in Eq. 16 or 18 is equivalent to a change in the decelera-
tion attitude {1 deg {0.0175 rad) of Op is the same as 8.5 kt (4.t m/s) of
headwind]). The effect of steady winds [or equivalent 6p value) is shown in

¥ig. 16. An approximation to the hover control law (X + 8X = 0) is also plotted
in Fig. 16 to indicate where the guidance strategy would switch from the con-
stant attitude deceleration mode Lo the hover mode (X = Xr). For the large
headwing cases this occcurs at a large closing rate {50 ft/éec (15 m/s) for a

20 kt (10 m/s) headwind). Since by its definition the hover control law com-

rands deceleration proportional to ¢losing rate (ﬁ + 8X = 0), the commanded

*This solution was develeped by W. A. Johnson.
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pitch attituie at Xp could become excessive. To avoid this, the velue of €p is

adjusted to account for gteady winds in order to follow more clusely the no-wind

trajectory in Fig. 16, This is accomplished by holding Ky in Eq. 16 consitant, e&.g

(0. —6.) 25 5
D4 55 Kova Vw (19)

3

L - o2:2 - -
Ky = ~irs fme 7 PRETETS 2

Hence

9p = €y OING — KovAVw [Oluc = 1 dep (.01 7% ral),
; . - deg Nz e
gy = 3 deg (0.002 rad), Keva = ~0-009 Fo7-00 \” 0.2 Tsex

/sce (m/sec) and Op and Oy are in degrees (radians). The value

where V,, is in ft
K — Vp); closure rate mibus indicated

of Vy can be estimated by cén;puvmt_r, {

airspeed.
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(' : The effect of wind shear during the constant attitude deceleration will be
- as follows:

. ¢ Decreasing headwind shear. The initial X will be low due
PR to the headwind resulting in initiation of deceleration
at shorter range. 6Op will be less than 4 deg (0.070 rad).
As the headwind shears avay, groundspeed will increase,
. resulting in intercept of the hover mode switch line at
3 larger than normal closure rates. This might result in
relatively large attitude requirements at Xp. For example,
- If X = 50 ft/sec (15 m/s) at X¢; the commanded attitude

: will be 11 deg (0.19 rad) prior to the attitude limiter.

® Decreasing tailwind shear. The initial X% will be high,
resulting in initiation of constant attitude deceleration
8t increased range. 6p will be greater than 4 deg (0.070
rad). As the tailwind shears away groundspeed will

! decrease, resulting in a tegdency to come to hover short

of the target and the X + 8% = 0 switch line. The hover

control law will be initiated any time the closure rate

(X) decreases below 5.92 [10.0 ft/sec (3.05 m/s)] to

avoid this problem.

— —

The’ switching boundaries which define'xo and Xf-dfé“;hown in Fig. 17.

. e

Region Where
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Region Where
X>X¢
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The cquations to be mechanized are gunmarized as follows:

X = Xo
when
. 57.5 l‘.( chln( Kewxx)l (o)
E  pme———r—— ¥ 4+ — N
32.2 Koya Kova 91nc
X = X¢p
when

X+8X +16U = 0O (22a)
{The 160 term is added to the switching criterion to eliminate a pitching
trousient at Hover mode ini’ iation.)
or
X = 10 ft/scc [5-92 kt (3 .00 m/s)] (20b)

All switching is irreversible so that X5 and Xg can be defined only once during

a single approach.

Myscer = Kpual®p ~ (Opyax )
= Kpyg {911 + 6ING - Koya (R - Va)x,._xo - [o1 + Koya (Va)xg_.xo]} /5.3
= Kpug l"mc = Koya (i)xr—xo} /513 (2‘."?

(Kpyg = 1.0 nominal value)

where Mya.e; 18 in radiuna end X is in ft/sec. Kyyg is & parumeter introduced

Lo adjusl for the fuct that Op is not a completely linear function of afrspeed

for the aclual airceraft model.
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3. Altitude Hold at 50 £t (15 m/s)

The longitudinal hover bosition is defined as the point where the MLS beem
passes through 50 ft (15 m/s) above ground level. Hence the horizontal and
vertical velocities will be nominally zexo as the XV-15 reaches 50 £t (15 m/s).
The vertical descent is made using altimeter data for altitude information. The
conversion from MLS to radar altitude vertical guidance-is initiated when rader
altitude equals 50 £t (15 m/s). This is accomplished via the function T in
Fig. 2. Recall that T ramps to unity at glide slope intercept. At 50 ft
(15m/s), T = [1~0.3 (t - tso)]; where tsg is the time at which the aircraft
passes through 50 ft (15 m/s) and the minimum value of T is zevo. This blends
the MLS beam signals out and the altitude and attitude rate gipgnals in over a
tiwe of 3.3 see.

L. Vertical Descent

Vertical descent is initiated manually by the pilot at any time following
? = 0 in the altitude hold mode. It is terminated following a positive indiea-
tion for weight-on-wheels.

I. COMMAND LIMITING

The three limiters shown in Fig. 2 are included in the design to prevent the
tlight director or automatic Clight control system from commanding excessive
pitch attitudes, rates of climb, or sink rates which could lead to unfavorable
rilot opinion.

The attitude limiter (shown in the upper part of Fig. 2) must account for
Lhe output of the synchronizer, which is effectively an attitude command inserted
downstream of the limiter. "This is accemplished as follows:
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-/l - ‘ Bp is computed from

L3b . Equation 20

)

8¢ , Output of Synchronizer

IL3a = O1a — 6o

L3b

1b ~ @ (2h)
The attitnde limits are tentatively set to:

Oa = 410 deg (40.17 rad}

op = =10 deg (~0.17 rad) (25)

The beam rate limiter is included to insure that large glide slope

errors do not result in excessive rates of sink or elimb, The limits are
set so the maximm comnaunded rate of ¢limb is O and the maximum commanded /

rate of descenl is 1C00 i‘t/m.'m (303 m/min). This limiter would be romovef.

of course, i a misscd approach mode were added to the deaipgn. The uppor and

lower limit wvalues arc detfined by the following eguations:

: /
Lla = Kid o /’
Lib = Kid o // (26;
where '.!j
&m = —d, = 8.35 tt/sce (2.5 m/u)- (1)
5l
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The altitude rate limiter shown in the upper right part of Fig. 2 is set to
limit sink rate or rate of climb commands to 500 ft/min (152 m/min). This
limiter is in effect in the.altitude hold and in the vertical descent modes.
Its values are defined by the following equations: -

I2a = Kﬁﬁmax
12b = K'ﬁﬁm.’m (27)
Bpax = —Dmin = 8.33 ft/sec (2.5 a/s) - (28)
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SECTION IV .
LATERAL-DIRECTIONAL SYSTEM DESIGN

A. BUNMMARY

A block diagram which summarizes the feedback selection, shaping and switch-
ing for the lateral stebility and command augmentation system {SCAS) and the
lateral flight director system is shown in Fig. 18. The numerical values of the
time constants and gains in Fig. 18 are given in Table 8. The fully automatic
approach mode is achieved by simply replacing the pilot in Fig. 18 with a gain
element. Since-low frequency standoffs are eliminated by washing out the inner-
loop feecbacks to the flight director, ii is not necessary to add forward loop
integrations upon changing from the flight director mede to the fully sutomatic
approach mode.

The lateral SCAS has been configured os & rate-command/atbtitude-hold system

for all flight conditions from cruise to hover, vertical descent and touchdown.

Referring to Fig., 18, it can be seen that the switching involves three basic
modes, e.g., Jocalizer A (LOC A), Localizer B (I0C B) and heading hold (Hi).
A brief description of each of these modes is given as follows.
e Heading held (IM). This is a conventional headiug hold

mode and is Lased on coovrdinated Lurns Lo pilot-selecled
headings (Yper in Fig. 18).

@ I0C A. Stroight or curved localizer tracking via coordi-
naled turns to ecorrect for lateral errora.

o 10C B. Siraight loenlizer tracking using bonk angle
regulation al constant heading Lo eorrcet for localizer
errors. A constant pilot-gelected hending is obtained
vie pilot input Lo the pedals.
The XV-1H acrodytnamic data indicate Lhat the aide Corce characteristLics
(Yy) are very low. This means large magnitude erosswinds can be handled with

amali bank angles in the LOC B mode; henee, a complex syatem to enuse the

B T R L B et B it e i 2 R e ] o L
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TABIE 8. SUMM:YY OF IATERAL DIRECTIONAL SCAS,
FLIGHT DIRECTOR, AND AUTOPILOYT GAINS AND
TIME CONSTANTS

Turn Following SCAS (used for LOC A and HH)

Kp = 5.6 in%/(rad/sec) b = 0 1/sec
Kp = 11.2 in./rad . e = O 1/sec
Kg = 10.0 in./(rad/sec) Koo = 2.93 1/sec
KwH = 1.0
Wing Low SCAS (used for LOC B)
Kp = 8 in./(rad/sec) Ky = 13 in./(rad/sec)
Ko = 12 in./red b = 1 (1/sec)
Ks = O ¢ = .5 (1/sec)
Ky = 13 in./rad Kpoa = 214

K, = .087 (rad/sec)/in.
e

LOC A and 10C B Flight Directors

Ky = .002 rad/ftt Tup, = 10 sec = 1/ng
K}.r = LO17 rad/(ft/sec) ™y = .0 sec = 1/m1
Kpp = A25 sec To = .06T sec = 1/!-02
Kp, = 1.06 Ty = .25 sec = 1/n
1.0 in./rad (1OC A)
KFDL =
1.6 in./rad (LOC B)
Autopilot
KPcp = GFFS(O)YRP = 5.62 (10C A)
Kpp = GFFS(O)YPCP = 2.5 (LoC B)
¥ in. = 2.5 x 1072.m.

166 = 3.048 < 107! m.



e T N S R !

.

N ey e o o S0 Ay M 2t s s R ot A AT e N o

c') vgﬁicle to be pointed into the wind in hover is not warranted. IOC B will be
- used for localizer tracking at low speeds [below about 60 kt (31 m/s)

i: including hover.
E B. STABILITY AND COMMAND AUGMENTATION SYSTEM

: (scA8)

i

A review of the vehicle transfer functions at speeds from 80 kt (41 m/s)
l: down to hover (see Teble 7) inaicates the following basic eirplane deficiencies 1
f_ for lateral-directional control:

e Very low dutch roll frequency at &ll speeds (low uy)
o Negative or low dutch roll damping at all speeds (low ;d)

. e Unstable spiral mode

RN PSP SR Py PN

; e Large shift in instantaneous center of rotation (“¥5pcd/waped)
o between 60 and 80 kt (31 and 41 m/s). This characteristic
makes it impractical to use a lateral acceleration-to-pedal
o feedback to improve the low dutch roll demping.

P T SRS

e Roll reversal at 40 kt (21 m/s). The bank angle to lateral
{ cyclic numerator consists of two real zeros, one of which is
; ) in the right half plane, indicating that the aireraft will
| ultimately roll left to a right lateral cyclic input. This
. unusual characteristic only occurs at speeds near 40 kt
(21 m/s) and is attributed to rotor wash characteristics
; on the horizontal tail at this speed.

e Poor yaw rate-to-pedal response characteristics resulting
; in marginal improvements in dutch roll damping with a
) conventonal yaw damper feedback.

¢ large adverse yaw at speeds below about 70 kt (36 m/s) at
: = =10 deg (-0.17 rad).

+

Two separate stability and commend sugmentation systoms have been developed to
resolve the above deficiencies. At higher speeds heading changes will be made
in the conventional way, that is, utilizing bank angle to develop a turn rate.
At low speeds, the heading response to bank ungle changes becomes too sensitive >
for effective closed-loop path control (¥ = ¢w/V). Experience has shown that J
this characteristic becomes unacceptable at speeds beluw 60 kt (21 m/s); hence,
the system is designed to be switched from the turn-following SCAS to the H
i
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wing-low SCAS as the aircraft is slowed to speeds belcw 60 kt (31 m/é). The
wing-low SCAS is a constant heading mcde where-latersl position changes are

" made by varying the bank angle. It is intended that this mode be ugsed during
straight localizer tracking on final approach when speed reductions below 60 kt
(31 m/s) will occur. Nominally, the pilot will switch manually from the turn-
following SCAS to the wing-low SCAS once he is established on-the straight-in
localizer approach course. However, if the speed decreases to 50 kt (26 m/s),
this switch will be accomplished automatically to avoid getting into a region
of unfavorable dynemics with the turn-following SCAS. If the system automati-
cally switches (due to inadvertent low-speed excursions), the pilot must switch
back manually to turn-following mode if he so wishes. However, if the aircrart
is in the wing-low SCAS mode, &nd the speed exceeds 7O kt (36 m/%), the system
will automatically switch back to the turn-following mode. This is done to
avoid getting into a region of unfavorable dynamics with the wing-low SCAS.

The following paragraphs describe the turn-following SCAS and the wing-low
SCAS,

1. Turn-Following SCAS [V > 50 kt (26 m/s)]

Bank angle (¢) and body-fixed roll rate (p) are fed to the lateral ceyelic
serics gervo to stabilize the spiral mode and achieve & bank angle command
SCAS. The ratio of Kp/Kp was set 1o the desired bandwidth of the bank angle
command system, or 1.5 rad/sec. The fact that the ratio of KQ/KD is approxi-
mately equal to the bandwidth of the closed-loop system can be seen from the
following approximation:

. P
1im JR) . lm K'v"NE’s .
Koo \ %0 Koo 4, 4 Kp(s - EK'Q)NQ.
p £

/K
= %@ (29)
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Based on the flipht test results of Ref. 9, a bandwidth of 1.5 rad/éec achleves
acceptable bank angle regulation characteristics, ILarger bandwidth tends to
result in poor ride qualities due to Jerky responses to stick inputs. The
effect of feeding bank sngle and roll rate to the lateral cyclic series servo
on the vehicle lateral characteristic equation is shown in Fig. 19 for the 60 kt
(51 m/s) flight condition. Figure 19 indivates that additional augnentation is
required to incrcase the damping and frequency of the closed-loop dutch roll
mode., The possible alternatives that were considered to achieve these objec-
tives are listed below. (Sce Ref. ik.)

e Utilize feedback of yow rate and lateral acceleration to the
pedal series servo. This is a classic combination utr¥ized
to increase the duteh roll frequency via the lateral accelera-
tion feedback and to improve the dutch roll damping via the
yaw rate to pedal feedback. In order to be effectlve, the
lateral accelerometer must be at or near the instantaneous
center of rotation, which is located forward of the center
of gravity for aircratt with aft-mounted vertical tails.

In the case of the XV-15, the vertical tail effectively
moves from a forward location to a rearward location as
directional conbrol is shifted from differential cyclice

to conventional rudders. This occues as the speed is
increased from G0 to 80 kt (%1 to M1 m/s). This large
shitt is in ithe instantaneous center of rotation {approxi-
mately 0.65 ft (0.2 m) behind the c.g. at 00 kt {351 m/s)
to 2.38 ft (0.7 m) forward of the c.g. at 80 kt (M m/s)]
makes the use of a lateral aceeleration feedback impractical
for this airplane., Additionally, the location o1 the zeros
of the yaw rate-to-pedal-numerator make the feedback of yaw
rate to pedals ineffective in terms of increasing the duteh
roll damping.

e Another conventional way of increasing the duteh roll danp-
ing nnd frequency is to wse laleral acceleration-io-pedal
feedback {with a lateral acceleromeler lecated ab the
instantancous center of rotation) with a lead/ﬁag network,
However, because of the above discussed movement ot the
instantancous center of rotation at specds below 60 and
80 kbt (31 and 41 m/s), thiz scheme is also impractical
for the XV-15,

e The fecdback of sideslip angle to the pedad series georvo with
n 1qu/lug notwork i overy ofteetive for increaszing hoth the
damping and rreguency ol the duich roall mede. Recopnizing
that the mensurenent of sideslip angle in o rotor cearlt is
Lhighly impraciical, an attractive aliernalive is to leed back
obilor #irnals, wiich when combined, hiave the same characteris-
ties as sidesiip angrle wilh a lund/lug network.
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The turn-following SCAS design for the XV-15 is based on the third of the

above alternatives and uses the following approximation for (inertial) side-
slip angle rate:

B = ~(r - f__,‘_;__p) (30)

This approximation assumes that Yg and Yy are small, A review of the deriva-

tives presented in Table A-G indicates that this is a very good approximation.

Inasmuch as r — E,"P/V is being fed back to zimulate é, the fecdback gain was
labeled Kg. The effect of Kp on the characteristics equation as modified by
the @ and p feedbacks is shown in Fig. 20. The root locus plot in Fig. 20
clearly illustrates that the feedback r - g¢/V has very little effecl on the
wgp mode (the combined spiral and roll subsidence mode obtained from the bank
angle and roll rate feedback), but does drive the undesirable low-[Lrequency
duteh roll mode to the real axis to form two real rcots. fThe highest fre-
quency reaxl root becomes the dominant response to rudder or gust inputs. The
dominant resy - - to lateral cyclic inputs is wgr . w;r is nearly equal to
wgp, that is, tne (r - QQ/V) feedback does little to change the bandwidth of
the bank angle loop., The feedback gain Kg is set to 10 in, (0.25 m) of
series servo motion per ral/sec of {3 so that ihe real dominant dutch roll
rout. would be sliphtly oreater than 1 rad/sec. Consideration of pedal series
gervo limiting reveals thal a value of Kg = 10 implies that 5.7 deg/kcc

of yaw rate will result in saturation. This is felt to be mavrginal but not
unreasonable,

Two poerformance metrics are used to evaluate the turvn-following SCAS.
The attitude hold feature of the roll rate-command/atbitude-hold system was
evaluated by consideration of the m/bc rrequency response where @, is the
oulput of the luleral stick shaping in Fig. 18. The feecdback of r - mn/v
inherently tends {to minimize adverse yaw, The time responsc of yaw rate to
a step @, was used to cvaluate ithe adverse yaw characteristics of the turn-
following SCAS.
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The frequency response characteristics of Qﬁpc are shoun in Fig, 21. It
can be seen that the system bandwidth is 1.5 rad/sec ot 00 kt (31 m/s) and
1.75 rad/sec at 80 kt (41 m/s), Notice that this is consistent with the
Eq. 29 approximation which was the basis for setting K¢/kp = 1.5. The stick
shaping network in Fig. 18 when combined with the proportional-plus-integral
(1 + b/s) in the series actuator path and the parallel actuator path results
in an integration between stick end the effective p,. The value of Kéc was
set to achieve a sensitivity of 15 deg/sec of roll rate per inch (0.025 m) of
lateral cyclic on the basis of the results achieved in Ref. 6. The time his-
tories of bank angle and yaw rate to a step @, input are shown in Fig. 22.
Here it is seen that there is essentially no adverse yaw at 80 kt (41 m/s)
and & small amount of adverse.yaw at 60 kt (31 m/s), that is, there is an
effective delay between developing the proper sign of yaw rate to @, of sbout
0.6 sec. This is felt to be negligible. The steady-state turn rate at 80 ki
(41 n/s) is slightly less than that at 60 kt (31 m/s), indicating the presence
of a small steady sideslip angle during turns at 80 kt (41 m/s). This effect
is not felt to be important enough to warrant additional SCAS feedbacks.
Because the turns are sutomatically coordinated, very little pedsal usage is
expected in I0C A or HH modes. Thercfore, no pedal shaping has been included

and pedal inputs are trancmitted via the parallel servo only (see Fig. 18).

It is felt that the stability and command augnentation system :n the turn-
following mode will receive reasonably good pilot ratings because oi its snappy
but not oversensitive roll response and lack of any appreciable ailercn/}udder
coordination requirements arising from adverse yaw, The primary system limita-
tion is expected to be possible saturation of the pedal and lateral cyclic

series servos.

2, Wing-Low 8tability end Command Augmentation System
V< 50 kb (26 n/3)]

The nominal wing-low SCAS was designed at the #0 kt (21 m/s) condition,
This was deone assuming that a SCAS designed to yleld accepballe flying quali-
ties with the cxtremely poor basic vehicle dynamics at 40 kt (21 r/s) showid
also vwork well ab other flight conditions. This in Jact turned ovt to be the

Ca3a,
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Since, by definition, heading is constant in this mode it is possible to
use heading feedback to the pedal serics servo to provide the necessary
increase in the dutch roll frequency. Yaw rate to pedal feedback was also
utilized to provide the necessary damping. Proportional.-plus-integral (1 4+ ¢/s)
is required in the forward loop pedal series servo patk Lo insure that heading
error is 2ero at low frequency. Important tradcoff consideralions in this loop
closure require maximum ¢ for the best heading error suppression and minimum c¢
for stability. The best compromise is reached by decreasinmg the ratio of
Kw/Kr to make up for damping lost because of the parallel irtegrator. The ']
ultimate outcome is a small decrease in the closed-~loop duich roll frequency, +
t4- The effect on the lateral characteristic equation of heading and yaw ratet
Teedback to pedals in the presence of thisg parallel integrator is shown in
Fig. 25. Notice that for a given Kr the total damping, Q&wﬁ, is independent
of Kp/Ky tut that gé increases with decreasing Ky/K,.. Ky and K, arve set
equal to 13 (Ky/Kp = 1.0) a8 a best compromise botween maximizing g& and
minimizing KW to avoid an unacceplable degree of series servo limiting.

Ky =13 in. (0.33 m) per radian of heading results in pedal series servo
limiting when heading excursions exceed 4.h dez (0.076 rad). This is felt
Lo be marginal but probubly acceplable. Noblice also the kinemat:c rooisz at
the origin are driven into the low frequency zero (uyg) (see Piz. 25). This
lightly damped, low-frequency closed-leop mode has been labeled wiAs -

The pedal shaping network in Fig. 18 when combined with the parallel inte-
grator (1 + c/é) results in an inlegration between pedals and ?c. This
results in a rate command attitude hold SCAS in heading. Kﬁc was set to 1.1%
so that 1 in. (0.025 m) of pedal commands 5 dey/sec (0.087 m/s) of ncading
rate.

It is shown in Fig. 2 that fecdbuck of bank angle and roll rate to the 1
dateral cyclic series servo resulis in “%AS being driven Lo the approximate
locatlion of wﬁ vhile aﬁ ig driven to higher vnlues of freguency and dwnping ‘4
(resulting in uﬁ). A parallel integrator (1 + b/s) was required in ihe roll
loop for good mid- and low-frequency regululion. A value of KP = 8.0 in./ [1
(rad/sec) (0.2 m/(rad/sec)) was picked to muximize the bandwidth of the li
closed~loup bank angle-to-lateral cyelie system (e.g., to maximize aﬁ and GJ), !
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while keeping Kp low enough to minimize the possibility of lateral cyeclic
series servo_saturation. For a series servo limit of 1 in. (0.025 m) and
Kw/kp = 1.5, this implies limiting for a 4.8 deg (.08 rad) roll excursion
from the commanded value {output of the lateral stick shaping network) .

Several performance metrics were utilized to evaluate the wing-low SCAS
system before proceeding with the flight director and automatic flight control
system design. These consisted of frequency response of bank angle to bank
angle command, heading to pedal command and headiag to lateral cyelic input.

The Qﬁpc frequency response bandwidth is primarily set by mﬁ and is rea-
sonably flat out to about 1.5 rad/sec for the 0, 20, 40 and 60 kt (0, 10, 21
and 31 m/s) flight conditions. These frequency responses are shown in Fig. 25
and indicate thut the bandwidth of the bank angle response is 2 rad/sec at 60
and 40 kt (2! and 21 m/s) and improves to 2.k ra@/sec at 20 (10 m/s) and hover.

An attempt was made to relax the roll gain, Kp, from 8 té 6 and thercby
increase the magnitude of roll excursion required to saturate the lateral cylic
series servo. This gain change would allow ~n increase in bank angle error from
b8 to 6.4 deg {0.08 to 0.11 rad) before saturation occurs. Time histories
of the resulting /¢, time responses indicate undesirable transicnt characteris-
tice at the lower gain (see Fig. 26). This verifies that the design is tightly
congtroined by servo saturation on the one hand and unacceptable transient
response characteristies on the other.

The directional SCAS is also & rate-command/attitude-hold system. Llike the
roll SCAS, the rate command feature is obtained via shaping of the pedal input.
The frequency regponse characteristics of heading to pedal are shown in Fig. 27
for 0, 20 and 40 kt (0, 10 and 21 m/s). The responses are scen to be rate-
1ike out to about 1.4+ to 1.5 rad/sec at which point mppag cuts off the rate-like
vesponse. Recall that agpg i8 set by K, and K, vhich are both set to 13. Any
further increases in these feedback gains would require an inerense in the
pedal series servo authority. It is felt that the bandwidth of the heading-to-
pedel SCAS loop is adequate. The possibility of saturating the series servo is
moderate in that only M.k dey or deg/se: of heading or yaw rate will result in
1 in. (0.025 m) of serve travel,
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Ancther metric chosen to evaluate the system was the heading response to a
lateral cyelic input. For & wing-low approach we would like to minimize the
heading response to lateral cyelic inputs at all frequencies. The heading to
lateral cyclic frequency responses at 60, 40 and 20 kt (31, 21 and 10 m/s)
and hover are shown in Fig. 28. These results indicate that moderate to large
stick deflections will produce measurable heading excursions. For Qxample,
lateral cyclic excursions of 1 in. (0.025 m) at a {requency of 1.5 rad/sec
will produce heading excursions which vary from a minimua of 1.1 deg (0.019
rad) at 60 kt (31 m/s) to & maximum of 3 deg (0.052 rad) at O kt (21 m/s).
Recalling that the pedal series servo saturation occurs at heading excursions
of % .4 deg (0.076 rad), we can see again that the series servo authority could

be marginal.
C. FLIGHT DIRECTCR FOR IOC A

I0C A is o conventional beam tracking mode where bank angle is used to
develop & turn rate which results in heading changes. This mode ia nominally
used at speeds at and above 60 kt (31 m/s) for straight and curved localizer
tracking. The anelysis techniques used to select and shape the feadbacks were
taken directly from Ref. 10. From Fig. 18 it can be seen that localizer error

and derived error rate are fed back to the flight director to provide path

following and path damping, respectively. Imner-loop stabilization is achieved

via a bank angle feedback to the flight director. This feedback is washed out
to avoid requiring a trajectory-dependent feedforward. Washout use allows
tracking of arbitrary curved path without external inputs. Complementary
filtering schemes uvaing ay + g(¢ — ¢,) to replace high frequency beam rate
cannot satisfy the desired "no external inpuis” desipgn requirement. This is
because the desired design must be capable of folluwing any beem shape (within
system 1imits) without prior knowledge of the beam gecmetry. Notice that

?, = tan-] (Vﬁs/gR) depends on beam geometry (R is the turn radius). Xurther-
more, the noise characteristics of the beam must be of lew enough level an@/or
broad encugh bandwidth to allow 2 sufficiently small value of Ty (beam rate
filter time constant) so that unacceptable lags in tollowing curved paths will
not result. Normal values of Ty ara2 about 2 scc in an 105 system, wherces a

value of 0.29 sec or less are possible with an MLS system. This is so because
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the noise characteristics of microvave landing systems (MIS) are generally ol
much lower level and of broader bandwidth than for ILS.

1. Localizer Capture

The transition from heading hold (M) to IoC A occurs automatically when

€y =0 (ey = K,y + Ky¥). Transition back to heading hold rast be manually
Selected by the pilot. Transition to LOC B may be selected manually by the
pilot or automatically based upnn airspeed.

2. Parameter Adjustments

The feedback selection and shaping are as shown in Fig. 18 with the
switches set 4o the LOC A position., The values of the time constants snd
gains were adjusted by the methods of Ref. 10 to obtain a K/s frequency
response Tor the open-loop lateral flight director to lateral cyclic input
in the region of the unit gain crossover frequency for manual flight director
control. As shown in Fig. 29, the desired K/s-like characteristic is obtained
with reasonable success in that Lhe lateral flight director to lateral cyclic

input is K/s in a frequency region from about 0.5 to 5 rad/sec.

The performance metries used to evaluate the closed-loop system regulatory
characteristics in the I0C A mode are the frequency responses of lateral beam
error to lateral beam command (yk/&c) and lateral beam offset to side gust
inputs (y/vg) and the time response to an initial condition offset, These
closcd-loup performance measures were cbtained using an assumed unit gain
Crossover frequency under pilo£ control of 1.5 rud/hec and a neurcmuscular
lag of 0.17 scr. The resulting pilot model. ig:

Gprs(0)¥p, = 3.7¢1TH

The ability of the closed-loop pilot/vchicle systom to repulate agninst
side gust distwbances iz shoan in terms of the lateral beam deviation to
side gust frequency response in Fig. 0. The system is seen to regulate the
errors to zcro at f1 -juencies below 0.3 rad/sec. Thig performance is c§n~
sidered to be acceptable,
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open-loop lateral fliyht director-to-lateral cyclie input characteristic which
is essentially K/b between 0.9 and 5 rnd/hcc. ‘Howover, at. 20 kt (10 m/s) and

hover the frequency response exhibits a bulpe al about 2 rud/hcc. This ir a

direct result of a decreased closed-log, duteh roll damping ratio (&) =L lower
airspeeds in the winp-low BCAS. The origin of this may ve belter understoed hy
examining an equivalent system Lransfor funetion which is o close approximnticn

for the wing-low SCAS system:

~ i
2 2
BS B g nl (jé)

R TN R
.l_.,d(ldh + ud

where Lg and « vory with spead as tollows:

Ajrapeand L3 @y
(ki Y¥ (rad/sec?
0 00 2.02
o0 Sl 1.97
Ty LGS 1.95
&0 .79 1.8

As shown in Fig. b, an incrcuce in f':l' would require inereuwsed foedback pguins
which is_pot peasible beeunse of Lhe SCAS foedbaok oty Ligdtalions fwpaed by

Lhe limitod audbovity serics servo.

1t in also evident in Fig. 20 thal the SAS mode has an even lower degsndrg:
ratio than the duteh roll mede. However, the SAS mode poles ave nearly con-
] . . . e
celed by the (g, veros with the result that Lhere iz vivtunldly no nel orioct

upon the open-loop CLight divector frequency res ponse,

[P

Lkt = salh 107 /s,
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The K/s shape of the lateral flight director to lateral cyelic input
transfer function is obtained by adjusting the first-order :oros arising from
T/Tl and KDp/kDp to have the magnitude of wﬁ. llenice, the residues for the wﬁ
poles increase with decreasing QH from 1.0. When the residues are large
because of low damping of the closed-loop dutch rcll mode, the resul: is a
bulge in the open-lcop amplitude ratio even though the transfer funetion
asymptotes are K/s-like. This effect is significant at demping ratios as

high as 0.7, and becanes very pronounced at demping ratios less than 0.5,

It is felt that the average slope of the amplitude ratio is close enough
to K/E 80 thal the pilot opinien will not suffer excessively at gg_kt (10 m/s)
and hover. However, it must be recognized as u mar;inal situation which should
receive attenticn during the piloted simulator evaluations. It will, of course,

have little or no effect on the autcmatic g2ystem operation,

The performaunce of the closed-loop pilot/vehicle systen wes evaluated
Aassuming a unit gain crossover frequency under pilot control of 1.5 rad/sec

in the lateral flight director loop. This resuliing pilot meodel is:
- — 1 jw

The seme porformance metrics are used as Tor the IOC A system. These are
the frequency vasponses of lateral beam offsel to lateral gusts (y/Vg),
lateral beam error to lateral beom command (¥o/¥c), and time histories of

the path response to lateral initial condition offsebs.

Figure 3k indicates that the lateral pust sensitivity of the ¢losed-1oop
pilot/vehicle systam varies widely with flight condition. The £0 and 2C kt
(5t and IO:Q/:) t1ighe vonlitions exhibit the highest overall sust sensiti-
vity, followed Ly the hover flight condition. The 20 kt (?1 m/s) case
exhibited the best regulation asainst side gusts. 'The sust sensitivity twrns
cub Lo be more a function of bagic acrodynanic characteristics than of varia-
tion in closed-loop repulation characteristics with speed. This can be scen

Trom the fullowing Lable o Yy as a function of specd.
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ISR

] BRI T

Airspeed (kt)* Yy (sec”)

0 ~.007
20 -.038
Lo -.003k
60 ~.0k6

The values of Yy correlate directly with the closed-loop y/vs responses in

Fig. 3%. The lateral beam deviations at all Tlight conditions are seen to be

decreasing to zero at frequencies less than 0.1 rad/sec.

The beam error to beam command frequency responses (Fig. 35) indicate
that the bandwidth for reducing errors to zero is about 0.25 rad/sec for
all flight conditions. This is well within the acceptable range.

The time responses to a lateral initiel condition offset of 100 ft (30 m)
are shown in Fig. 36 for the 4O kt (2 m/s) and hover flight conditions.
Comparison with Fig. 32 shows the responses are essentially identical to the
60 kt (31 m/s) LOC A flight condition, which in turn was nearly the same as
the Ref. 10 response. Hence, the objective of augmenting the eirplane so
that its performance is nearly invarient with flight condition has been
achieved. Furthermore, the system performance is consistent with a lateral
flight director system which is known to have pilot acceptable performance.

D. INTERAXIS COUPLING

A preliminary investigation of the XV-15 aerodynamic crosscoupling
revealed that the pitching moment due to sideslip [M(B)] can be quite large
at sideslip angles greater than 1 deg (0.02% red). This did not show up
initially because the perturbation derviatives supplied to STI were obtained
for very small sidealip angles. At smell sideslip engle, Mlﬁl is very small,
A plot of pitching moment vs. side velocity at the 40O kt (21 m/s) flight

" kt = 5.bbx 107 m/s.
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condition iz given in Fig. 3Ta. The longitudinal cyclic required at 40 kt
(21 m/s) to trim out the pitching moment due to steady sideslip (as occurs
on & wing-low approach) is plotted in Fig. 3Tb. It is expected that these
already large trim values will be still larger at hover.

The dynamic effects of Mlﬁl were investigated briefly by examining the
open-loop pitch attitude response to lateral cyelic inputs, and by examining
the pitch flight director responses to lateral cyclic inputs with the pitch
flight director loop closed by the pilot at 1.5 rad/sec. These results. are
shown in Figs. 38 and 39 respectively. -Looking first at 6/5g it should be
noted that with a rate command SCAS, the low frequency lateral cyeclic activity
will be extremely small. In fact we would expect that the majority of lateral
cyclic activity will be concentrated in the region of crossover, say between 1
and 2 rad/sec. At o = | rad/sec the ratic of pitch to lateral cyclic is —32 dB
or 1.4 deg (0.02k rad) of @ per inch (0.025 m) bg. Put another way, & roll
rate command of 15 deg/sec (0.26 rad/s) will result in a 1.% deg (0.02% rad)
piteh attitude excursion in LOC B.

Assuming that the pilot is actively closing the longitudinal and lateral
flight director loops at 1.5 rad/sec results in the FDo/Bg response shown in
Fig. 39. This plot indicates that at 1 rad/sec the ratio of longitudinal
cyelie flight director to lateral cyelie inputs is ~i1b @B, or 0.2 in. (V.09 m)
of longitudinal ecyclic flight director per ineh (0.025 m) of lateral cyclic.
This indicates that in spite of the pitch loop closvre at 1.5 rad/kev the pllot
will observe FP, excursions which are 20 percent of full scale per inch
{0.025 m) of lateral cyclic stick. The acceptability of these excursions can
only be established in the simulator, lpnasmuch as the pitch SCAS gains are
already at a maximum, the only pessible further refinement appears to be a
crossfeed from lateral to longitudinel cyelic.,

E. LIMITERS

The bank angle limit will be sel to 0 deg ( #0.52 rad) until LOC B is
selected. At that time it will be reduced to #10 deg (#0.17 rad). Note that
this invelves setting the limits to |¢ .

| 1im|/xq>D
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Figure 37a. Pitch Acceleration Due to Side Velocity at V = 40 kt (21 a/s)
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Figure 37b., Variation in Trim Longitudinal Cyclic Position
with Side Velocity at ¥V = 40 ki (21 m/s)
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The course rate limiter is set to preclude the possibility of commanding
large bank angles rapidly. This would occur if the aircraft were significantly
offset from course due to & combination of winds and pilot inattention. The
1imit level is set as a function of ground speed to achieve a 20 deg (0.35 rad)
reintercept angle by the following method:

K - K.
l¥pim] = 5 ¥ = X Vgg sin 20° for |yy1im| > 24 ££ (> 7.2 m)
lim Ky Ky 'GS lim (34)
otherwise _
|¥y1m) = 24 £8 (= 7.2 m)

Note thet initial course intercepts are made in the heading hold mode so that
the y limiter will have no effect.
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BECTION V
BYSTEM PERFORMANCE EVALUATION

The purpose of this section is to evaluate performance of guidance, auto-
land and flight director control laws.described in Sections III and IV. These
control laws are designed in & stationary (time invarient) system context to
be suitable at several fixed speeds. The designs are also based upon perturba-
tion equetions in distinction to equations using the total quantities {per-
turbation + operating point) actually measured by sensors. Both approximations
are removed in the system model used for performance evaluation. The remaining
operative approximations then involve only assumptions of linearity and of

separability of the longitndinal and lateral-directional performance evaluation
problems .

Evaluation of the fully automatic and of the manually controlled flight
director systems can te accomplished using the same math model. This is pos-
sible because the automatic mode control laws have been designed to autcmate
the pilot's control function and use the same guidance &nd control computations
as are used for the flight director. This means that the only difference
between fully automatic and manuel flight director operation is whether the
gain constant relating flight dire:ior computer output to the force feel sys-
tem input is supplied by the ~utomat:c system or by the pilot. Since this
difference will not result in different performance for the fully automatic
and manual flight director systems (assuming full pilot attention to the
task), no distinction between these cases ig necessary in evaluation. Care
has been taken in generating performance data to include the variables for
all flight director and status cockpit instruments indications and stick and
lever positions required for complete performance evaluatiofi.

Performance evaluation is based upon the control system block diagrams in
Figs. 2 and 18 and the aircraft and disturbance models given in Appendix A.

The equations and parsmeter values actually used are summarized in Appendix B.
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A. APPROACH TO PERFORMANCE EVALUATION

The overall system model is the basis for performance eveluation, It
includes parts representing

¢ Steady wind and wind shear .
® Atmospheric turbulence
e MLS guidance geometry and structure

inputs, a dynamic model of aircraft response to the above atmospheric inputs
end to control inputs obtained from dynamic models of
¢ Automatic system response to MLS inputs and aircraft motions

or alternatively the pilot's manual control response to the
flight directors

® Flight control system SCAS response to aircraft motions
and inputs from the automgtic system op pilot.
The overall model is such that it makes the mean value and the variance of
every input and response variable available as a function of time. The model
has two sections, namely:

® A deterministic section which produces the mean value of
every input and response variable

® A stochastic section which produces the covariance matrix
for the input and response varisbles. (The diagonal ele-
ments of the covariance matrix are the variances or mean
square or o2 values of the input and response varisbles.
o 13 the standard deviation.)

Next consider these two sections of the complete model.
1. Deterministic Section of the Model

The deterministic section for the overall longitudinal system is described
by the block diagrem in Fig. 40. The block diagrem for lateral system is
similar. The mean values of variables are dencted by the bars over the vari-
ables in this figure. The block disgram indicates that the mean values of the
aircraft, flight control system SCAS and coupler response are obtained ag the
result of forcing the model with the mean wind, E;, and the mean glide path,
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EE. The level of the mean wind, E;, is the average headwind magnitude with
respect to active runv.y landing direction.

The models in the blocks of Fig. %0 are the dynamic equations describing
the particular subsystem. For example, the longitudinal aircraft equations of
motion are the aircraft dynamic model, and sc¢ on, for the approach coupler,
pilot's manual control and flight control system SCAS dynamic models. The .
camplete details of the models actually used (for the MLS wind, wind shear and
turbulence environment; the aireraft; approach couplers and flight control
systems) are given in Appendices A and B.

The model shown in Fig. 40 will not be linear in general. However, between
capture completion and touchdown an approximate linearized model of the com-
bPlete system has been shown to be eccurate (Ref, 15),

2. Btochmstic Saction of the Model

The stochastic section of the model for the overall longitudinal system is
described by the block diagram in Fig. 41. The block diagrem for lateral sys-
tem is similar. Here the variances of the varierb. -s are denoted by a%) with
the particular varisble designated by the subscript. The dynamic models of the
aircraft, flight control system, SCASeand approach coupler in Fig. 41 blocks are
different from, but are closely related to the corresponding blocks of Fig. L0,

5. Mathematical Besis for System
Performance Evaluation

Betwren capture completion and touchdown the dynamic models in the blocks
of Pig. L0 can be described by linear differential equations, It can be shown
that the time histories for the atmospheric and MLS inputs can also be des-
cribed by linear differential equations (operating upon white noise). When
this is the case, the entire system model cen be written in the form of &
first-order vector differential (state) equation and a vector algebraic equa-
tion. The specific equations are given in Appendix B for the longitudinal and
lateral-directional systems. These are of the form
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e
I

A(t)x + b(t) +w(t) , x(0) = x4 (35)

H(t)x + g(t) (36)

e
[}

where b(t) and g(t) are deterministic input vectors, w(t) is a vector of inde-
pendent white noise processes with zero meang, If we let E[-] denote the
expected value of [-], then define the mean or expected value for x as E, the

differential end algebraic equations for the mean values are

A(t)x +B(t) , X(0) = X (37)*

X

H(t)x + g(t) (38)

4
i

given that E[w] = 0. The covariance matrix for x, E[x(t)x'(t)], is C. The
differential equations for the covariance metrix are (e.g., Ref. 16):

C = A(£)C + CA'(t) +Q(t) , C(0) = C, (39)*

where E[w(t)w'(t + 1)) = Q(t)8(1). The covariance for the output, E[y(t)y'(t)],
is D.

D = H(t)CH'(t) (ko)

Now the importance of Eqs. 37 through 40 derives from the fact that x(t)
and C(t) completely determine the joint probability density function for x(t)
as & function of time, Hamely:

*Diseretized versions of Egs. 37 wund 39 are used in actual computation.
The propagation interval used for the discretized equations is 2 sec.
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exp[~(1/2)(x = %)'¢ VN (x = %))

L
(Eu)n/é\/|C| (1)

plxys .. g t)

where p(xt, ...Xp, t) denotes the n-dimensional Jjoint Gaussian prebability
density function for x{t). ¥(t) and D(t) similarly define the joint proba-
bility density function for y(t). And, of course, Xy; Xp, +.. 80d ¥1, Yo,
can be used to represent all system variables in the problem of interest. The
above equation for ¢ (Eq. 39) and the last equation for D (Eq. 40) constitute
the stochastic section for the complete model shown in Fig. 41. This model is
"closely related" to the one in Fig. 40 in that the same parameter matrices
(which represent sircraft stability deriviatives, flight control system, SCAS
and approach coupler gains, ete.) A(t), b(t), g(t) and H(t) characterize the
equations for % and y as well as the equations for ¢ and D.

Since the probability density function in Eq. 41 is Gaugsian, the longi-
tudinal touchdown dispersion OXmp is:

Xpp © ["X\P _9}2‘“}&:0 . (42)

Pxy 18 the correlation coefficient for ground range, X, and altitude, H, and
Ox is the standard deviation for X.

4. Results

Performence evaluation results and interpretations are presented in this
Subsection. Table 9 is a guide to these. results. The system mode designations
are given in terms of shorthand and code designations in Table 10. Results are
in terms of time histories for the approach ensemble meens and standard devia-
tions of key variables. The noise and disturbance environment used to produce
these results is summarized in Fig. 42, The disturbance environment includes
a mean headwind profile (UW) which is a function of altitude to simulate wind
shear. Also Included are veriable headwind (SWW) and crosswind (8VW) ccmponent

107

P AR VA k- At - iop -t




PN WL

GUIDE TO PERFORMANCE EVALUATION RESULTS

TABLE 9

*1 deg = 1.745 x 1072 raq.

TABLE 10.

LONGITUDINAL SYSTEM MODE

CASE CONDITIONS
* Disturbance Mean and Deterministic and
Environment Standsard Stochastic
Deviation Disturbances
Longitudinal Mean 7o = 6 deg”
Longitudinal Standard 7o = —6 deg
Deviation
longitudinel Mean 7o = ~10 deg
Longitudinal, Expanded 70 = ~90 deg
Vertical Scale
Dascent Mean and
Standard
Devietion
Lateral- Standard VIOL pad
Directionsal Deviation
Lateral- Standard CTOL runway
Directional Deviation

CONTROI, SYSTEM MODE CODE

Airspeed hold, Glide slope track (AS, GS)

Deceleration initialization, Glide slope track (DECL I, GS)

Deceleration, Glide slope track (DECL, GS)
Point hover, Glide slope track (HOV, GS)
Point hover, Altitude hold (HOV, ALT)
Point hover, Vertical descent (HOV, VD)

LATERAL-DIRECTIONAL SYSTEM MODE

4

Localizer track, turn following (IOC A)

Locelizer track, wing low {1OC B)
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( profiles.

Iy =

These components are also functions of altitude to simulate wind

shear and have levels which are random variables from one approach to the

next, but are constant during any cne approach.
exceedence turbulence is used.

even though representing a typical levei In operation.

Fifty percent-probability-of=-
Selection of the 50 percent level was arbitrary,
(Larger levels might

result in significant series servo limiting.) Tongitudinal (SUG), normal {SWG),

side (SVG) and effective rolling (SPG) components are included.

The levels and

integral scale lengths are functions of altitude and airspeed in the manner of

the Dryden turbulence model.

MLS noise is modeled on the basis of the so=-called

path-following error budget described in Ref. 17.. MLS glide slope (SETA),
azimuth (SENU) and DME (SXC) components are included.

Longitudinal and lateral-directional response plots have been grouped by

area of interest for Figs. 4345, 47 and 48. These areas of interest are

Part a:

Part b:

Part ¢

Part 4:

Trajectory variables
— Longitudinal: HD, ALTH, X, XD
~— Lateral-Directional: PHI, PSI, YD, Y

Cockpit indications

— Longitudinal: LSW, VA, XD, XIND, ALTH, DE,
HD, THET, DC, FDC, DCL, FDCL

-— Lateral-Directional: ©SA, YE, PSI, R, PHI,
AYP, DS, FDL, FDP

Pilot acceptance variables
— Longitudinal: Q, THEE, AZP, AX, VAE
— Lateral-Directional: P, PHI, R, AYP

Limited variables

— Longitudinal:
DEH, FDCL, DCL

—- Lateral-Dircctional:
DLTS, DPDS

THCD, FDC, DLN, DINS, SR,
PHDC, FDL, DLAT,

The criteria for pilot acceptability are limits upon variability ebout the

mean responses.

accepted-in the industry.
in ICAO Annex 10,

ui

These limits are listed in Teble 11,

Some have been stated in PAA Advisory Circulars or
In part ¢ of the standard deviation reaponse figures, these

iimits are shown by J-shaped brackets.

Variables which are limited by device constraints or by actual limiter

functions have their limiting values listed in Table 12.

These limiting values
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TABLE

11. PILOY ACCEPTANCE LIMITS FOR FINAL APPROACH

Attitude Deviation

gg, Gp < 2 deg*
Attitude Rates

op» 0gs» Or S 2 deg/sec
Linear Acceleration Deviation

Unz _<_ 001 g

Ongs Cny < 0.00 &

Airspeed Deviation (during airspeed hold) —

oupg S O ktt

TABLE 12. SUMMARY OF SYSTEM LIMIT LEVELS

VARIABLE LIMIT LEVEL
10 deg

Pitch Attitude Command Limit
Flight Director Longitudinal Cyclic

Commend Bar

Longitudinal Cyclic Pitch Deflection

{Stick Units)

Longitudinal Cyclic Series Servo

Deflection
Sink Rate Command
Beam Rate Command

Flight Director Collective Command Bar
Collective Pitch Deflection

(Lever Units)

Bank Angle Command
Flight Director Lateral Cyclice

Command Ber

Lateral Cyclic Pitch Deflection

(Stick Units)

lateral Cyclic Series Servo Deflection
Rudder Series Servo Deflection

*| deg = 1.745 «

11 kt = 5.14% x 107 o/s.

na

# in.*
i# .8 in.
#1 in.

B.33 £t /sec
#h 1 ft/sec
#1 in.
+1.78, +6.0 in.

150 deg (10C A)
£1 in.

# .8 in.

 in.
1 in.

102 rad. - $1 in. = 2.54 x 10°2 m,
1 £t = 3.048 x 10”1 m.

b it i sl




are represented by C-shaped brackets on the part d mean response plcts and by
F-shaped brackets on the part d standard deviation response plots. The upper
horizontal stroke of the "F" represents the limiting value; the middle stroke
of the "F" represents the limiting velue less the absolute velue of the mean
response. The interpretation to be made is as follows: If the standard devia-
tion for & variable is less than one-half the distance between the base of the
"F" and the middle horizontal stroke, then the brobability of encountering the
operative limit is less than % percent; if less than one-third the distance;
less than 0.26 percent; if less than the distance itself, less than 32 percent;
etc. In the case of the lateral-directionel variables, the middle und upper
horizontal strokes of the "F'" coincide because the mean response for all

lateral-directional variables is zero.
5. Interpretation of Results

a. Response Means for Longitudinal Variables

The response means may be interpreted either as the mean responses in the
stochastic disturbance environment or as the deterministic responses in the
absences of all disturbances except the mean headwind/hhear (um).

These responses (Figs. 43 and 45) show well-controlled glide slope track-
ing during the airspeed hold, constant attitude deceleration and point hover
phases of the final approach for approach path angles of ~5 and —10 deg (—0.10
and ~0.17 rad). The aircraft continues to be well-controlled in the point
hover mode through the transition from glide slope track to altitude hold at
50 ft (15 m) and during the exponential flare, vertical descent to touchdown,
Figure 46 gives the key responses on expanded scales for the vertical descent

maneuver.,

Transient responses at initiation of the constant attitude deceleration
and point hover phase are only very slightly different for the ~6 and -10 deg
(-0.10 and -0.17 rad) approach paths. Thia lack of sensitivity to approach
path angle 1s desirable. It is the result of the particular switching logic

used.

Initiation of the constant attitude deceleration maneuver results in
modest "ballooning" above the glide path {refer to DF trace) because there
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is no crossfeed of the pitch-up deceleration command to the eyclic pitch
control. A crossfeed is deemed unnecessary because the peak glide slope
deviation is only 5 ft (1.5 m) at a ground range (X) of 2000 ft (610 m)
from the hover point.

Longitudinal (AX) and normal (AZP) accelerations er:ountered during decel-
eration and vertical descent pheses are moderate. The longitudinal cyclie
stick. (DC) and collective pitch lever (DCL) deflections required are well
within the available limits. The longitudinal series servo deflection (DLNS)
required is well within the available authority.

b. Response Standard Deviations for
Longitudinal Variables

Standard deviation responses are shown in Fig. 44 and on expanded scales
for vertical descent in Tig. 46. The plots are for a -6 deg (—0.10 rad)
approach path. Plots for other approach path angles are indistinguishable
from the —6 deg (—0.10 rad) plots except for a slight stretching or shrinking
of the time axis. There is virtually no dependence of the vertical descent
results on approach path angle.

The standard deviation responses show low variability in all trajectory
variables and cockpit indications with the exceptions discussed below. Varia-
bility in altitude (SALT) and ground range (SX) grow large during the consiant
airspeed and congtant attitude deceleration phases of "the approach. This is
the (random walk) effect of the headwind (SUW) variability in producing along-
path variasiions in aircraft pesition for a given time into the espproach. This
results because slant range is uncontrolled by this system. This along-path
or slant-range component of varisbility is reduced to zero at t = 54.5 sec by
a mathematical procedure. It must be emphasized that this procedure is actually
part of the system model; it is not an arbitrary feature. Its purpose is to
avoid introducing a fictitious slant-range dependency into the hover approach
phase performance statistics. Airspeed (SVA) variability becomes large follow-
ing the airspeed hold phase of the approach. This occurs because speed regula-
tion ceases during the constant attitude deceleration phase and because ground
speed is regulated during the subsequent hover phase. Pitch attitude (STHET)
variability tends to increase transiently during initiation of the constant
attitude decceleration and hover phases. The generally larger pitch attitude
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variability during these two phases is hasically tﬁe effect of the piteh
attitude required to trim in the face of various headwind components.

Variebility in rate of climb (SHD), the flight director command bars {SFLC
and SFDCL) and the controls (8DC and SDCL) is very low throughout approach and
landing. Figure 46 shows that ground speed (3XD) and longitudinal position
(8X) variability is small throughout vertical descent.

Variability in the pilot acceptance variables is satigfactory, but the
following interpretations are required. Pitch attitude deviations from the
commanded value (STHEE) show low variability before the hover phase. During
the hover phase the high additional variavility encountered is the result of
DME noise. The actual pitch attitude (STHET) variability during hover is in
the acceptoble range (#2 deg). Varisbility in norma) scceleration (SAZP) is
larger than the acceptability level only for & very brief interval during
initiation of the constant attitude deceleration phase. The aceceptability level
for mirspeed error variability (SVAE) applies only during the airspeed hold
rhase of the approach.

Inputs to all limiting functicns except for pitch attitude command {STHCD)
are such that the probebility of limititing is less than 5 pereent, The proba-
bility of pitch attitude limiting exceeds 5 percent only during the short hover
initiation transient. This 1s nevertheless expected to result in ecceptabile
performance.

¢. Reaponse Standard Deviations for
lateral-Directional Variables

Recall that the mean response for all lateral-directional variables is
zero. Response standard deviations are included for two landing site types,
& VIOL pad in Fig. 47, and a CTOL runway in Fig. 48. The two sites have
different seperations between the azimuth and glile slope antennas. This
separation is 1000 £t (305 m) for the VIPOL pad and 10,000 ft (3,048 m) for
the CTOL runway. The level of MLS noise disturbing the lateral-directional

system is directly proportional to range from the azimuth antenna.

The standard deviation responses show low veriasbility in all trajectory
veriables and cockpit indicetions cxcept for bank angle (SPHI) ip the CTOL
runway case. The large bank angle variability is the result of coupling too

thy

R T g




X . . . - . '
W P S Y W e - } i —ed e P Fe———

tightly to the localizer at large ranges from the aximuth antenna in the
Section IV design} Reduced.K& and K& gains or range-scheduled values for
these gains.will be required in the final system. In particular, lateral
devistion (SY) and lateral deviation rate (SYD) standard deviations are small
throughout the approach. The standard deviation in heading deviation (refer-
enced to runway centerline) (SPSI) is almost entirely due to crab angle
resulting from crosswind variability, one approach to the next.

All standard deviations for pilot acceptance variables are satisfactory
for the VIOL pad case. For the CTOL runway case, the standard devistions for
roll rate (SP) and bank angle (SPHI) exceed the acceptable level by a signifi- -
cant smount. This is for the reason explained in the preceding peragraph.
This problem will be eliminated by the same fix in the final system.

Inputs to the crosstrack rate (SYE) and bank angle command (SPHDC) limiters,
and to lateral cyclic pitch (SDIAT) and stick (SDS)}, flight director lateral
cyclic commend bar (SFDP) are all less than.one-fourth of the limit level for
the VIOL pad case. The rudder series servo deflection (SDPDS) is such the
probability of limiting is 18 percent during very low speed flight. The effec-
tive.reduction in yaw demping resulting from this may be tolerable in the
final system. If it is not, low frequency inputs to the rudder series serve
will have to be shifted to the rudder force feel system actuator. Early in
the approach record the standard deviation of the lateral cyclic series servo
deflection (SDLTS) approaches the limit level. This again is the result of
overly tight coupling to the localizer.

The inputs to the limiting functions have similar characteristics for the
CTOL runway case, but the limiting is more severe in -he case of bank angle
command {SPHCD) and lateral cyclic series servo deflection (SDLIS). Less tight
coupling to the localizer in the fineal system will reduce these limiter inputs
to acceptable levels,

d. Touchdown Statistics

Criteria for a successful touchdown are compared with the ccrresponding
values resulting from performsncze evaluwation in Table 13. It turns out that
these performance evaluation values are unchanged to two significant figures
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T:BLE 13. COMPAIRSON OF KEY VARIABLES AT
TOUCHDOWN WITH ACCEFTABLE LIMITS
PERFORMANCE
VIoL
Pad CTOL Runway REQUIR=MENT SO0URCE
1.26-._ 7.35 £t* oypp < 0.1 W Touchdown point
(W= 150 £t, typical) lccation
6.36 £t O%mn < 0.1 W- (not Touchdown point
cri%ical for CTOL runway) location
1.58 ft/sec ciTD-ﬁ 5.0 ft/sec (not Roll off pad
eritical for CTOL runway)
, ~2.28 ft/sec By + 303 < 0 ft/sec Positiveness of
D {touchdown
—2.98 f{/sec bpp — 305TD > =12 ft/sec Landing gear strength
5.56 deg! Bpp + 30gqp < 12.75 deg Airframe ground
™= clearance
~2.65 deg ETD - EGBTD 2 5.0 deg Nose gear-first
touchdown limit
0.12  0.14 deg/sec orppS 2.0 deg/sec Nose gear side load
0.25 043 ft/sec Oypp < 2.0 ft/sec Landing side load
1.87 2.25 deg 30ppp < 15 deg ﬁirframe ground
earance
- -£
¥ £t = 3.048 x 10 ' m. 1 deg = 1.7T45 x 10 rad.

when the missed approach decision rule is operative. In every case, .the per-
formance achieved is far better than the criterion specified in the "Require-
ment" column. . This may be interpreted as permitting safe system operation in
£ more severc disturbance envifonment or as permitting operation with systems

of lesser effectivencss than that developed herein.

Phe besic limitations upon touchdown accuracy for the current system arise
from the significant noise levels on the DME and azimuth (CTOL runway only)
guidence g8.gnals.
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SECTION VI
APFROACH MONITORING CHITERTA

Development of approach monitoring criteria for both manually and auto-
matically controlled approaches proceeds interactively with performance evalua-
tion .— These critieria.are then implemented in the missed approach decision
rule. In this section the important considerations involved are discussed
first, then the technical results are presented.

The actual decision to break off ean approach may of course be made at any
point in the approach prior to the decision point. However, concepts hased
upon & single decision point are used since they are sufficient to protect
against a landing accident arising from an out-of-tolerance approach., The
development concepts are the same for both automatically and manually con-
trolled approsches, and regardless of whether criterion evalvation ia &
computer or pilot task. However, it is possible that distinctly different
criteria are appropriate for computer and pilot evaluation. This is so
because of the pilot~centered requirements when.conventional aireraft instru-
ments (ADI, HSI, etc.) are used. Requirements are for acceptable workload
level when sircraft is manually controlled via the flight director, ability
to discern the criterion levels accurately using the given instrument scales,
etc. These pilot-centered requirements are ps¢ operative when criterion
evaluation is implemented in the computer.

A. BASIC CONCEPIS

Approach monitoring criteria tend to derive from three bhasic considerations:
e Airframe operational performance, e.g., control power
envelope limits defining the safe operatlon corridor

e Limits upon dynamic excursions for reasons of pilot
acceptance.

¢ Limits upon dynamic excursions for reasons of achieving
Janding on the pad/funway with precision adequate for
safety
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Operational characteristics tend to establish-the "location" of the latest
point in the approach at which a missed approach may be elected, that is, it
establishes a selected altitude and/or distance ns & "decision point,” The
YV-15 decision point location is selected.to occur during the stabilized
point hover while in the altitude hold mode, just.prior to cammitting to
vertical descent. This decision point i: at the latest possible time in the
approach because missed approach execution from the vertical _descent maneuver
appears unwise in the extreme. This is the case because later execution of a
missed approach would require arrest of the established sink rate using the
modest smount of remaining collective pitch control power. On the other hand,
an earlier decision point is undesirable because the missed approach decision
rule is then less effective in eliminating unsafe touchdown conditions.  This
is the case because of increased exposure to subsequenl disturbances which
can produce unsafe conditions. These are the key operational performance

considerations. ..

Limits imposed by virtue of pilot acceptance of dynamic excursions in
attitude, speed, ete., throughout the approach have already been evalunted in
the previous section. Dynamie excursiona in attitude, attitude rate, lincar
acceleration, and speed are found to remain generally within limits which
inspire pilot confidence in the integrity of system performance throughout the
approach.

The class of limits which arise from landing precision requirements is more
difficult-to determine. It requires that limits on acceptable touchdown dis-
persion and sink rate (as well as_the other quantities listed in Table 13) be
projecteéd back up the approach path to establish limits upon the available
approach statua data at the decision point. The limits on the approach status
data at the decision point must assure a high probability of achieving touch-
down conditions which are within the "safe landing" limits without being unduly
conservative (i.e., causing an exceasive missed approach rate). By this
description it 1s clear that this aspect of determining approach monitoring
criteria can have an iterative interaction with the landing performance evalua-
tion. Fortwnateiy, selection of the covariance propagation method of perform-
ance evaluation provides a key relationship between dispersion at the decision

point and dispersion at touchdown. This rclationship cnables identification

21
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of the essential veriasbles 1.r approsach monitoring and eriticel decision
levels for those variables. These variasbles and the corresponding decision
levels define an approach "window." If an approach trajectory passes through
this window, there is a high probability that the resulting landing will be
acceptable and that approach is continued to touchdown., A1l other approaches
are converted to missed approaches as go-arounds are executed.

The method for developing approach monitoring eriteria arising from touch-
down.dispersion must accommodate two facts:
¢ Acceptable landing must essentially be predicted on the

basis of airborne Sensor measurements exiating at the
time the decision boint is reached.

¢ Acceptable values of the key variables characterizing

touchdown conditions must be inferred from a different,

only somevwhat related, set of variables vwhich are the

airborne sensor meesuremerts,
As a Pirst step, define the key variables and limits characterizing accepta-
ble touchdown. Thesge are listed in the "Requirement" column of Table 13. A !
list of the available alrborne measurements is in Table t4. (The faet that
only some of these heasurements are available to the ¢rew via conventional

instrumentation must be taken into account when approach monitering is accom-
Plished by the crew,)

The key step is to model the interaction between approach performance just
prior to the deecision point, just after. the decision point, the missed approach
rate, and touchdown dispersi.n. Define the following varisbles:

X Expected value (mean) of state vector

<i

Expected value (mean) of an alternate state vector
including the key variables determining touchdown

conditions (Table 13) and airborpe measurements
(Table 1L}, T = o

D Covariance matrix for an elternative state vector
vhich includes the key variables determining touch-
down conditions &nd airborne measurements

(*)pp (*) evaluatea Just before the decision point
{*)pp () evaluated just after the decision point
(*)op () evaluated at touchdown
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TABLE. 14
AIRBORNE MEASUREMENTS

Indicated MIS glide.slope deviation®
Indicated MLS localizer deviation™
MIS derived glide slope deviation rate
Instantaneous_vertical speed®
Barcmetric and radar altitude®

DME (distance)®

Piteh, roll, heading*

Airspeed®

Ground speed (via DME)*

Pitch, roll, yaw rate gyros

Normal, longitudinel, and lateral® acceleration

Instrument flug signals* )
Rotor speed*

Rotor cross-chaft torque® Require logical
Differential collective pitch test for valid
Flap position® range

Nacelle {pylon) angle* }

*Cockpit indications available.
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¢ State transition matrix from the decision poing )
to touchdown L
r Covariance matrix component at touchdown arising

from stochastic disturbance inputs acting quring
the interval from the deecision boint to touchdown

e Mean ctate vector Component at touchdown arising
Trom mean inputs during the interval from the
decision boint to touchdown

YIp = o¥pp + @ (43)
Drp = oDyt + p ()

(These equations may be thought of ag the result of integrating Eqs. 37 ang 39 |

between the decision point and touchdown, followed by application of Egs. 38
and 40.) [
!
I

It turns out that the imposition of a missed approach decision rule basegd
°n &pproach monitoring criteria has virtually no effect upon ;B} and }in.
Those characteristics &re determined mainly by the Selection of the nominal
approach path, Performance characteristics of the aircraft and the basic guig-
@nce and control lay structure, Drp, the dispersion in key touchdown variables,
can be very sensitive to the approach monitoring criteria bacause Dgf is vary
sensitive to the approach Mmonitoring eriteria, (Recall that Dﬁb is converten

that this s8tep iy really less complex than it might appear, 1Ip the final

8tep, the Procedure described immediately below is used to convert quantities o
Just prior to the decision point, (‘)55, to quantities just after the decision
point, (-)5}, for a trial set of approach monitoring criteris, aud Eq. 44 1g
used to evaluate dispersion in key touchdown variables. fThig Process ig
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continued iterstively until approach monitoring ecriteria satisfying all per-
formance objectives are found.. In this latter step, effects of electing
missed approach execution or approach continuation on landing performance are
evaluated and the missed approach rate is determined. The upper limit placed
ou the missed approach rate, Byp, is Bys < 0.05 in this iterative procedure.

Since out-of-tolerance approaches are converted to missed approaches at
the decision height in our model, there must also be a correction of the joint
probability density function (refer to Eq. 41) for all problem variables at
the decision height so that only those approaches which are continued to touch-
down are represented. PFor illustrative purposes only, consider example
approach monitoring criterie for indicated distance (DME), X;j, and MIS glide
slope deviation, dga. Let the decision levels for these variables be #50 ft
(18 m) and 5 ft (4.8 m), respectively. Just prior to the decision point
the joint probability density function is:

[p(Xi, de, X2, «+:Xn t)]'ﬁ=5o ft (15 m) (1"5)

Just after the decigion peint it is

(1-Bga) ! [o(Xgs Ges X3y eeeXp “”i{=5o ft (15 m) (46)

for —60 < X3 < 60 and —6 < de < 6, and is zero elsewhere., (1 ~ Pyy) is the
"yolume" under the joint probability density function surface (Eq. 41) betwzen
the above limits on Xj and dp. The joint probebility density function just
after the decision height is obviously non-Geussian. This non-Gaussian joint
probability density function for Xj and dg is approximated by & Gaussian one
having the same first and second moments. The Influence of theae first eand
second moments (i.e., the means and variances) upon the mean and covariance
for other states is modeled in simulation as the expected outcome of a single
discrete Kalman measurement update. The result of this update provides the
initial conditions for continuing the solution of Ega. 37 through 40 fram the
declsion height te touchdown for IMC operationa with the missed approach
decigion rule operative.
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B. RESUIIS

Recall that the standard deviations of the elements in the ¥qp vector are
square roota of the respective diagonal elements of Dpp. Referring to the
right hand side of Eq. hly, two terms are apparent. The first term represents
that component of Dpp which arises because varisbility in yqp just after the
decision point. This component may be modified by changing the approach
monitoring criteria. The second term represents that component of Dpp which.
arises because of the stochastic components of turbulence and MLS noise acting
between the decision point and touchdown. This component is not affected by
the approach monitoring criteria. This component sets the lower bound on the
yeduction in standard deviations of ¥¢p obtainable via the approach monitoring

eriteria and the attendant missed approach decision rule.

Tables 15 through 17 summerize the standard devietion for yrp vector in
the absence of approach monitoring criteria,\f(ﬁasjzz, and the lower bound
achievable with approach monitoring criteria,‘f(FTZ;. These tables together
with Table 13 lead to the foliowing conclusions.

e Dispersion in key variables et touchdown is well vithin
acceptable safe limits in the absence of an approach

monitoring criterion and attendant missed approach
decision rule (Table 13).

e Potential for reduction in key variable dispersions at
touchdown with use of an approach monitoring criterion
and attendant missed approach decision rule 1s slight
(Tables 15 through 17).

Regardless of the negative indication of necessity given above, approach
monitoring criteria are imposed based on estimates of likely conditions result-
ing from pilot abuse of the approach end landing system operating procedures.
These are given in Table 18. The resulting probability of missed approach
assuning normal system use is Bya = 0.0082 or & rate of about one in 122 IMC
approaches. The significant contributions to Bya are from the second and third
items in Table 18 in approximately equal amounts.

In the carlier stages of the final approach missed approach decision levels
given in Table 19 are recommended. The resulting probability of missed
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TABLE 15 _
COMPONENTS OF LONGITUDINAL TOUCHDOWN DISPERSION REDUCIBLE
BY MISSED APPROACH DECISION RULE AT 50 FT

KEY AT STANDARD DEVIATION

VARIABLE UNITS TOUCHDOWN ~ Total,V(Dpp)is  Minimum,V{r)ig
b d ft/sec v 1.58 1.52
H . ft/sec ¥ 0.116 0.083
q degt/sec ' 1.9 1.48
8 deg J 1.37 . 1.34
H £t 1.14 0.396
X % J 6.35 6.25
%7 in® 0.315 0.057
S¢r, in. 0.214 0.c51
ft/sec 0.663 0.384
X0 in. 0.00k 0.00% i
d £t 0.00* 0.00
Bg in. 0.320 0.319
0./Keo deg 2.45 2.43
X4 in, 0.105 0.105 :
FD, in. 0.115 0.115
fcd deg 5.39 2-39
X7 ft/sec 11.0 3,49
de £t 1.33 0.769
= % 20.9 20.9

* £t o=3,048 x 107 ;.
*1 deg = 1.745 x 10-2 raa.
1 in. = 2.5 x 102 m,
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COMEONENTS OF LATERAL TOUCHDOWN DI
BY MISSED APFROACH DECISION

........

TABLE 16

(VTOL PAD CASE)

SPERSION REDUCIBLE
RULE AT 50 Fr¥

STANDARD DEVIATION

VARIABLE UNITS mﬁgfmggm Potal, V(Dp) ,, Minimum, m
¥ £t/sec J 0.227 0.108
P degt/sec * 0.130 0.125
r deg/sec J 0.116 0.111
P deg J 0.625 0160
L4 deg 10.9 0.146
Y ft v 1.26 0.522

8ppg int 0.606 0.109
v - ¥ deg 0.239 0.146
3LTS in. 0.235 0.063
@ c/an deg 0.618 0.252
X113 in. 0.007 0.006
FD;, _ in. 0.014 0.014
ey deg 0.297 0.190
P deg 0.611 0.208
Yo £t 0.74#0 0.502

* £t = 3,048 x 107! m.
1 deg = 1.745 x 1072 rad.
$1 in. = 2.5 x 1072 m.

158

R S

L it ehim it w ahe L omomm cammliet . L

an_a

R T A N v



TABLE 17

COMPONENTS OF LATERAL TOUCHDOWN DISPERSION REDUCIBLE
BY MISSED APPROACH DECISION RULE AT 50 FT*
(CTOI. RUNWAY CASE)

KEY AT

STANDARD DEVIATION

VARIABLE  UNITS TOUCHDOWN ~ Total, V(Dpp),,  Minimum, V(M;:

¥y ft/sec J 0.435 0.386

P degt/sec 0.59% 0.592

r deg/sec N 0.129 0.124

P deg J 0.751 0.449

¥ deg 10.8 0.155
¥ £t J 7.35 1.53

Spps int 0.606 0.119

v - Vg deg 0.24% 0.155
s in. 0.338 0.251
¢c/K¢ deg 1.47 1.36

X1 in. 0.035 0.053

Dy, in. 0.100 0.100
&y deg 1.07 1.05
Ppe deg 1.19 1.0k
Ye £t 1.15 1.03

*1 £t = 3,048 x 10°

LI

1 dez = 1.745 x 10°2 rad.
$1 in. = 2.5 x 102 m.
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TABLE 18

MISSED APFROACH DECISION LEVELS
(JUST PRIOR TO VERTICAL DESCENT COMMITTMENT)

COCKXPIT DECISION
INDICATION LEVEL MOTIVATION
H 6 fE* Strong effect on touckdown sink rate
of hover
reference
altitude —
] 5.5, Tndicative of excessive turbulence and/or
2.5 degt wind effects upon airframe ground clearance
at touchdown
X3 #$0 £t Indicative of gross system error
Ye 115 v Indicative of gross system error
TABLE 19
MISSED APPROACH DECISION LEVELS
(FINAL APFRCACH)
COCKPIT DECISION
INDICATION LEVEL MOTIVATION
de 2 ft Indicative of gross system error
Ye ©h £t Indicative of gross system error
Xy > 20 kt At hover mode engage

(33 .8 ft/sec)

* £t = 3.048 x 1071 m.
) geg = 1.745 x 1072 rad.
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(‘ } approaci. assuming normal system use is zero during the earlier stages of the

final approach.

coputed approach monitoring criteria would be beneficial for significantly
reducing either the probability of missed approach or touchdown dispersion.

Therefore, computer evaluated approach monitoring criteria selected are the

!
The data presented above lead to the coaclusion that no intricately i
!
i
same as the pilot evaluated criteria given in Tables 18 and 19. §
i
{

i
]
]
i
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SECTION VII.
PILOTED FIXED RBASE SIMUTATION RESULI®S

An ebbreviated fixed base similation was conducted using the VSTOIAND 1819B
airborne computers for the system equations and an EAI 8400 for the equations of
motion. The objectives of +the simulation were as follows:

® Exerclse system in an actual pilot-vehicle environment.

® Tdentify deficiencies not obvious from analysis and make
required system modifications.

® Obtain preliminary evaluation of final system.

@ Generate computer program tape of final sys—em to allow
direct use in XV-15 version of VSTOIAND.

All of the above objectives were achieved. One qualification is that *he com=

plementary filtered position and derived rate information from the VSTOLAND
could not be used. This was due to the fact that the derivative relationships

between the estimated positions and estimated velocities are not preserved
when the values of the states (X, Y and Z) are small. This defect manifested

itself as a loss of phase lead in the estimated velocities, and granularity
in the estimated positions at low amplitudes. . This in turn resulted in con=
tinuous low to moderate umplitude oscillations in path. In order to complete
the program, the aireraft positions and velocities were taken directly from

the equations of moticn calculations (bypassing the VSTOLAND navigs ion equae
tions). For this reamson curved paths could not be flown.

Because of time and cost limitations, only the STI project pilot flew the
simulation. Certain modifications were made to the system described in Section
IIT. These modifications are discussed in the following subsect.on. The

resulta of an abbreviated evaluation of the final system are given in Sub-
section B.
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A. SYSTEM MODIFICATIONS

Menned simulstion identified necessary refinements for the system described
in Section III. These are discussed below.

1. Constant Speed Column Director

Unaccephbably large airspeed erroxs (order of 7 percent) tended to persist
even though the pitch flight director bar was kept reasonably centered. The
problem turned out to e inadequate resolution on the display [e.g., & kt
(2 m/s) was only 0.05 in. (0.0013 n) of flight director error]. Increasing
the flight director gain (KFDc) by & Tactor of 2 resolved the airspeed error
problem but resulted in a "twitchy" flight director. This further confirmed
the basic requirement that the overall open-loop sensitivity for a K/ s pitch
f1ight director should be sbout O.h in. /see (0.0102 m/s) of flight director
per inch of stick. (See Section III.) Hence the problem reduces to a funda-
mental tradeoff between SCAS sensitivity (Kéc) and allowable sirspeed errors.
Based on limited simuwlation, it appeared that Kéc could be reduced by a factor
of 2 in order to allow doubling of KFDc‘

Tn the final conflguration, K. was reduced from
10 deg/sec/in. to 5 deg/sec/iBS and Kp o Was
increased to 2.86 in./rad (0.073 m/rad).

2, Revised Deceleration Strategy

The constent attitude open-loop deceleration was found to be somewhat
unsatisfactory because of rlight director display resolution problems and
sensitivity to pilot sbuses (delay in initiabing deceleration, ete.). Fig. L9
shows the effect of holding the f1ight director bar high or low on ‘the center
dot. Both cases result in undesirable transients at transition to the hover

mode .

Rased on these results it was decided to reinterpret the equation for
constant attitude deceleration (derived in Subsectlion III-H)
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g —= = ING .
avy avp

where orNg = Op.— On end ddp/dVs is the change in trim pitch attitude
with air-speed (assumed to be a constant, Kova). Vhen eg = 0, the air=-
craft is on a trajectory which corresponds to deceleration at a constant

attitude, Op. Hence, eg is & logical choice for a feedback variable.

A relatively low feedback gain on eg (Keg =—0.0275 rad/ft)

(=09 red/m) ylelds sufficiently good regulation of ey and
does not alter the K/s characteristics of the flight director.

An sttractive consequence of using eg feedback to the pitch flight director
arises from the fact that pitch attitude feedback becomes an inner loop. As an
inmner loop, pitch sttitude must be washed out to evoid standoffs.. This washout
requirement, in turn, results in the constant attitude deceleration mode pitch
feedback being the same as for the other modes (eirspeed hold and hover). The
end result is considerable simplification of the original complex switching
and synchronizing used to remove the washout during constant attitude decelera-
tion. (See Fig. 2.)

The effect on the deceleration trajectory of varying the value of 6ryc in
Eq. 47 is shown in Fig. 20. The trends are according to the analysis in Sub~
gection III-H; increasing omyc (éime = Op — oy) delays the initiation ef
deceleration. The resuliing trajectories are characterized by higher levels
of decceleration and shorter deceleration times. An attractive feature of this
guidance scheme could be provision of a pilot-selected deceleration level. For
example, the pilot may select low oqyc's for IFR and larger omnc's for VFR.

The degres to which constant attitude deceleration is aclieved decreases as
oINe increases as shown in the zimulation time histories in Fig. 51. This is
simply & result of the fact that delays in the initial pitch-up become more
eritical when the deceleration magnitude is greater and initiated later. Values
of orNc between 1.0 and 1.5 were found to be desirable for IFR decelerations.
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~ Start Deceleration
Figure 51. Effect of oryc on Pitch Attitude and g

The use of ey feedback retains the basic philosophy of the open-loop,
constant attitude deceleration scheme derived in Subsection III-H. That is,
once & value of oyyc is chosen, the deceleration trajectory is imvariant with
steady winds., (In the case of eg feedback the deceleration reference pitech
attitude is automatically adjusted in the face of changing winds, whereas in
the open-loop case it is calcwldted only once at initiation of deceleration.)
Figure 52 demonstrates that similar trajectories are achieved for winds varying
from & 10 kt (5 m/s) tailwind to a 40 kt (21 m/s) headwind.

A primsry weakness of the original open-loop deceleration scheme was its
inability to cope with wind shear. (See discussion on page 48.) As shown in

Fig. 53, the eq feedback system does a reasonable Jjob of reguwlating against a
large [2 kt/sec (1 m/s)) decreasing headwind shear.
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The value of dep/dVs (also called Kova) used in Figs. 50 through 53 was
~0.0427 deg/(ft/sec) which is somewhat lower than the actual value measured from
The XV-15 trim characteristics. To further complicate matiers, the trim atti-
tude vs. airspeed obtained. from the perturbation simiiation differs somewhat

below,

Perturbation equation
simulation used in
2 . this study

I
fr o +—
(deg) 60
! \B\
-2 - R
-3 - Full Nonlinear Aero SA
-4 | (FSAA simulation)
-5 -0.0427 deg/ft/sec
Yo =-6deg d8;/dv,

Figure 54. Comparison of Trim Characteristics

From Fig. 5k it can be seep that a value of —0.0427 for Kova is somewhat less
than the actual slope (d6p/dVy ) in the deceleration region [between 60 and 20 kt
(31 and 10 n/s}]. However, increasing Kova tended to decrease the range at
which deceleration was initieted. This has the same deleterious effect ag
increasing e, €.8., attitude ig less consiant during deceleration. It is
believed that this effect is Primarily due to delays betwecn commanded and
actual pitchup at deceleration initiation. Fortunately, the constant attitude
feature of the deceleration guidance scheme is preserved as long as Orne 48 not
made too large [less than 2 deg (0.035 rad)].
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3. x Iimiter

A limiter was added to prevent large velocity commands when the aireraft is
displaced a large distance from the commanded hover position. The limiter is
mechanized as shown in Fig. 55 below. The limiter is set so a maximm ground

speed of 20 ft/sec (6 m/s) could be commanded e.g., *20 K = XpiM = 160 £t
(k8.8 m) .

X XUm X
Xe + < I/ ¢ I

_/l Y t
= TXum -

MM

Figure 55. Addition of X Iimiter

4. Vertical Descent logic

The "P" blend in Fig. 2 was replaced with a simple switching function.
This was necessitated by en undesirable transient output of the integrator
(Kycr/s) during the initial phase of vertical descent.

5. Bumary Block Diagram

A summary of the status of the longitudinal system at the completion of the
piloted simulation program is given in Fig. 56.

B. LIMITED EVALUATION

Some evaluation runs were mode by the STI project pilot (Roger Hoh) to
assess the performance of the final system. The pilot ratings given must be
tempered by the fact that the project pilot played a mnjor role in the system
design.
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1. longitudinal Systen

The longitudinal system performanc. was found to be excellent by any
standard in that the tracking errors were negligible for the following
inputs.

¢ Steady winds varying from a 10 kt (5 m/s) tailwind
to & 40 kt (21 m/s) headwind.

® 30 kt (15 m/s) wind shears at a rate of 2 kt/sec
(I m/s/s) (both decreasing and increasing headwind
shears), These shears were induced at each phase
of the approach.

e 4.5 ft/sec (1.4 n/s) rms turbulence.*

® Large pilot abuses including a 5 sec delay from
cocmmanded deceleration to initiation of pitchup.
The measured performance was essentislly identical for manual (flight director)

and fully autometic approaches on glide slopes varying from 6 deg to 10 deg
(0.10 rad to 0.17 rad).

As expected, the ratings and commentary for manual approaches reflect a
very high workload situatiun. For a naminal epproach with no disturbances,
the Cooper Harper pilot ratings for deceleration and hover were 4-1/?. Addi-
tion of the major disturbances listed above had little effect on the ratings.
The pilot's major complaints centered on the poor attitude precision during
the lerge attitude maneuver required to decelerate, and the constant attention
required on the director during hover. Neither of these deficiencies wos
unexpected (see Section III} end both are attributable to the design con-
straint fmposed by the very limited authority of the series servos on the
¥V-15. Marginel attitude precision is attributsble to the low attitude
bandwidth (sce Fig. 3) which must be used to prevent, series servo satura-
tion. Use of a rate command SCAS for hover was dictated solely by series

*Subsequent to completion of the manned simulation evaluation, the turbu-
lence representation in tha XV-15 simulator math model was found to be invalid.
The exact nature of this discrepancy is not known to the authors.
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servo saturation. It is well known that attitude command is significantly

superior to rate command for hover. (For example, see Ref. 12.) Hence the
ratings of h-]/é for hover are indicative of the best that can be done with
a rate command system when hovering in instrument meteorological conditions
(IMC). It is interesting that the ratings vary very little (maximum of 5)

with the addition of very large disturbances.

2. Lateral System

The lateral system worked well in & no-disturbance environment. The I0C B
mode was especially effective at low speeds.{below 60 kt (31 m/s)]. Unfor-
tunately, a problem in the XV-15 simulation nath model 4id not allow evaluations
in steady crosswinds. All the problems noted in hover for the longitudinal
system alse apply for the lateral system.

Time histories showing localizer recapture from a 50 ft (15 m) offset for
I0C A and LOC B are shown in Fig. 57.
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SECTION VIII
CONCLUSIONS

A. BASIC OBSERVATIONS

XV-15 flight path angle on final approach in the helicopter mode is limited
in the downward direction by =10 deg (—0.17 rad). Limitation arises from the
minimum flight idle power setting which iz the usual case for. ¥STOL aircraft.
The —10 deg (—0.17 rad) limit is much more severe than the —30 deg (—0.52 rad)
limi% originally planned for however. -

Significant force-feel system damping ratio increases with decreasing

airspeed are undesirable.

The installed "rate command, attitude retention" SCAS is only approximately
rate command. . "Attitude retention" should not be confused with "attitude hold."
The former is a part-time attitude feedback system, while the latter has full-
time attitude feedback.

B. DESIGN CONSIDERATIONS

Pilot workload considerations in the flight director mode of operatica
dictate a maximum of two active director commands. Therefore the collective
pitch and pedal control axes are made fully automatic for approach and landing.

Structuring the automatic modes of the approach and landing system in the
manner of the mamial flight director system is an effective design approach.—
This consists of replacing the pilot's control function by an automatic system
gein coupling each flight director signal into the corresponding force-feel
System actuator. All guidance and control and pilot-centered requirements are
satisfied by both systems when this approach is used. Furthermore, automatic
system operation is similar to the pilot's manual operation of the ayatem.
Still further, pilot monitoring of automatic system operation is facilitated
by virtue of both systems satisfying the pilot-centered requirements.
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Deceleration by means of a constant pitch attitude maneuver duvring final
approach is an effective deceleration strategy which tends to have low werk-.
load cuntribution and acceptable durution (e.g., 45 sec). Required pitech
attitudes (and longitudinal acceleration levels) are moderated by adjusting
the range at which the constant attitude deceleration manevver is initiated.
Range is adjusted according to estimated wind speed and sirspeed. The initia-
tion point and reference pitch attitude are computed such that the range vs.
range rate profile is not a function of steady wind speed. The latter two
points are essential to viability of this scheme.

Combined lack of directional stability and an aerocdynemic sideslip
measurement for the XV-15 in the low speed regime requires minor loop heading
regulation via the redal series servo.

Pilot workload considerations indicate "rate command, attitude hold" as
the minimum scceptable level of augmentation,

Limited authority of series actuation precludes use of higher levels of

augmentation such as "attitude command" or "transiational rate commend."

Airspeed-to-collective crossfeeding is essential to precise glide path
control below the speed for minimum power.

High turn rate sensitivity in & bank-to-turn lateral control mode at low
Speeds recommends transition to @ bank-to-translate mode in this spaed regime.

C. PERFORMANCE EVALUATION-

Evaluation of landing system performance throughout & decelerating approach
to touchdown can Le accomplished economically and effectively using non-
stationary covariance propagation techniques.

Approach monitoring eriteria are required to protect againat pilot abuse
of normal system operating procedures {blunders). The precision of control
attainable with the XV-15 + SCAS + MLS is such that reasonable disturbance
levels do not result in violation of criteria for safe touchdown or for pilot
acceptance in the case of normal system operation even in the absence of a

migssed approach Jecision rule. Therefore approach monitoring criteria are not
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required for the usual primary purpose of protecting against unsafe levels of
touchdown dispersion. Their usual purpose is to convert out-of-tolerance
epproaches to missed approaches by means of a migsed approacn decision rule.

High precision approach path and touchdown point control requires tight
MLS guidance coupling. This in turn requires gain scheduling in coupling to

the MIS guidance signals because of the range dependency of the guidance noise
when expressed in linear units.

D. SIMUIATOR EVALUATION

The system was able to regulate against very large disturbances with neglia
gible errors in the longitudinal axis. The lateral axis worked very well dut
could not be tested against disturbances because of problems with the XV-15
simulation math model. Pilot ratings of 4-1/2 were obtained for hover and
deceleration to hover with and without large disturbances. It ig felt that
these ratings would be improved with e higher bandwidth rate~-command, atti-
tude~hold SCAS during deceleration which would undergo conversion to an
attitude or translational rate command SCAS in hover. Both of these options

were disallowed in the present study due to a very limited series sServo
authority.
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APPENDIX A

MODELS USED FOR MLS GUIDANCE; WIND, WIND SHEAR
AND TURBULENCE; AND AIRCRAFT

The equations end numerical paremeter values actually used in the overall

system performance model are summarized in this appendix.

GLIDE SLOFE BEAM ALIGNMENT AND NOISE MODEL

This subseation documents the model of the MIS Glide Slope signal used in
the system performance analysis. The model represents the received signal in
the aireraft (in dictinction to representing the MLS signal in space). Conse-
quently, only the deterministic portion of the received signal model is a
function of the receiving antenna location for a given range.

The model of the received signel consists of thrae ~omponenta:

e The selected ideal straight path line at angle, &, with
respect to horizontal in the vertical plane containing
the runway centerline

» The devistion of the mean alignment by angle, &8, for the
actual beam from the ideal above,

e The angular deviation, n, erising from actual beam shruc-
ture with respect to the mean alignment of the heaun .

The first of the above components is deterministic.

The forms for the second and third components of the model are based upon
the actual MLS Glide Slope error budget (Table 2 of Ref. 18).

10CALIZER ALIGIMENT AND NCISE MODEL

The model of the MIS localizer signal to be used in the system performance
analysis represents the recelved signal in the aircraft. Consequently, only
the determministic portion of the reccived signal model is a function of the

receiving antenna location for a given range.
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The model of the received signal consists of three components::

¢ The sclected ideal straight course line at angle ¥ with
respect to the extended runway centerline as measured
in a horizontal plane.

® The deviation of the mean alignment, AY, of the MIS
localizer guidance reference in a horizontal plane
with respect to the selected course line in azimuth.

® The ahgular deviation, v, arising from irregularities
in the localizer course structure with respect to the
bezm mean alignment.
The first of the above components. is deterministic. The forms for the
second and third components of the model are based upon the actual MIS Locali-
zer error budget (Table 2 of Ref. 18),

Alignment Errors

The alignment errors represent biases or mean deviations which vary fran
facility-to~facility over a relat' ' ely narrow range. These errors can, in
principle, be reduced to zero by adjusting the elevation or azimuth transmitt-
ing antenna pattern. However, from one approach and landing to the next the
value of the mean deviation changes in the simulation model in order to repre-
sent a population of MIS facilities. The models for these components are given
in Table A-1. Alignment error effects are negligible, therefore alignment
errors are not included in the system performance analyses.

Noise Errors

The noise errors represent stochastic disturbances arising from in-besam
multipath effects. It represents the variability about the mean deviuation
which causes A noisy deviation signal to be received. This component is repre-
sented in the model by a power spectral density consistent with the actual MIS
error budget for multipath effects falling within the aircraft path response
bundwidth. The models for these noise components are given in Table A-2.

it
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TABLE A-1

MIS CGUIDANCE FRROR MODEL FOR ALIGNMENT (BIAS)

Alignment (Bias) Error (2g) 1

Elevation  0.06 deg®[1.h £t MGA at 1145 ft]

Azimuth 0.0kl deg [9.0 ft MGA at 13000 ft]
Alignment Error Math Models

Elevation
State equation and mean initial value
A = 0 , DB0) = 0
Initial value for variance of A8
oge = (0.022)2 = 4.8% x 1074 deg?
Azimuth
State equation and mean initial value
AY = 0 , M¥(O) = O
Initial value for variance of A¥
By = (0.03)2 = 9.0x 10

b geg? i

¥ ft = 3.048 2 107 m.
1 deg = 1.745 x 10~2 rad.
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TABLE A-2

M1S GUIDANCE ERROR MODEL FOR NOISE
(IN-BEAM MULTIPATH)

"Path Following" (Low Frequency) Fluctuations

Passband: (Assuned coastant power spectral density in interval
cited, 2ero elscwhere)

Elevation Passband
0 to 1.0 rad/sec
Azimuth Passband
0 to 0.5 rad/bec
Assumed approach inertial speed is 200 ftl/sec

Level (20):
Elevation
0.07 deg¥ [1.h £t MCA at 1145 ft])
Azimuth
0.0k deg [9.0 ft MGA at 13000 ft)

Fluctuation Math Models
Elevation
State ecquation and mean initial value
§ = =|VE/Dyn + o VETVEI /Dy v 5 W(O) = O
Inertial speed is V§ ~
Fluctuation scale length is LTl = 200 ft
Standard deviation is o“ = 0,07 deg

Independent, zero mean, unit white noise is W,
Azimuth

State equation and mean initial value

v o= —|VEl/Ly + o, \2IVEI/L, vy 5 0)

Incrtial speed is Vﬁ

]
o

Fluctuation scale length is L, = 400 ft
Standard deviation is o, = 0.04 deg

Independent, sero menn, unit white noise is w5

T £t = 5.048 x 1071 m.
#1 deg = 1.745 x 10~2 rad.
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Dietance Measuring Bquipment (DME) Errors

The IME output is assumed to contain zero bias (Ref. 19). Fluctuations
are budgeted to have a 2¢ error of 40 ft (12 m) (Ref. 19) over a zero to 2 rad/
sec rectangular passband {Ref. 17). The DME error, X,, 1s modeled by the

following differentisl equation and parameter velues

Xo = —weXe "'UXCV‘? we Wy 5 Xe(0) = 0 (A-1)

where wy is an independent, zero mean, unit white noise. The standard devia-
tion is oy, = 20 ft (6 m). The half-power frequency is we = 2. rad/sec.

WIND, WIND SHEAR, AND TURBULENCE MODELS

This subsection documents models for the atmospheric disturbance environ-

ment which forms part of the overall system performance model.

The atmospheric disturbance environment model represents disturbances of
three types. These are the mean wind, wind shear and stochastic turbulence.
All three types are characterized by parameters which are a function of alti-

tude, and which then_elves are possibly random variables.

The mean wind and wind shear are deterministic disturbances for eny one
approach and landing operation. However, from one approach and landing to the
next, the level of the mean wind and wind shear is a random selection from a
Gaugsian distribution having & particular mean and standard deviation. These
disturbamtes are therefore properly applied to the stochastic portion of the
system performance model. The turbulence is a stochastic disturbance. The
turbulence is therefore applied to the stochastic portion of the system

performance model.
Mean Wind and Wind Shear (Ref. 15 end 20)

Headwind Component

The headwind component, uy, of the steady headwind profile of Ref. 20 is

used. This results in & profile whose magnitude is determined by a random

A-5
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selection from Gaussian distribution. Thus, for any given approach and
landing, the profile is fixed, but from one approach to the next the profile
changes. A sample profile is shown in Fig. A-1. To obtain any other profile,
it is only necessary to scale up (or scale down) the wind magnitude. Con-
veniently, any particular profile can be completely determined by specifying
the magnitude at a given reference altitude. For the purpose of discussien,

a wind reference altitude of 10 ft (3 m) will be selected. This corresponds
to the approximate altitude of the center of gravity for & typical aircraft

ot the instant of touchdown. At this altitude the wind magnitude varies from
a 10 kt (5 m/s) tailwind to a 26 kt (13 m/53 headwind ($30) and has mean value
of 8 kt (4 m/s). These values are consistent with the design values specified
by the FAA in Ref, 21.

The probability density function for the mean wind, uy, is a Gaussian
distribution with nean and stardard deviation given by:

w, = Fhe'h*/Hﬂ(Dw logyoh* + E,)/(D, + E,) (A-2)
O, = 0.7 Uy (A-3)
where
F, = 13.5 ft/sec (8 kt) (4.1 n/s) (A-4)
D, = 0.3
By = 0.35
Hy = 10,000 £t (3048 m)
and

h* = H+ hogg

H is the altitude of the main landing gear wheels and hgeg is the aircraft c.g.
altitude at touchdown. The mean wind uy has the following shear characteris-
tics (Ref. 20).
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TABLE A-3. SHEAR CHARACTERISTICS

h* (ft) SHEAR
£t/sec/100 £ttt |kt#/100 £t
10 39.2 23 .2
100 3.92 2.32
300 1.3 0.77

1 £t =3.008 x 107k
#1 kt = 5.1 x 1071 n/s

These characteristics also tend to be consistent with 1/5 of the 8 kt/IOO ft
(30 m) specified by the FAA in Ref. 21 at an altitude of 100 £t (30 m). How-
ever, the increasing shear with decreasing altitude of the present model poses

a more severe bub perhaps more realistic environment than does the Ref. 21
model,

The state equation for modeling the reference value of the steady headwind
and its mean initial condition are

Yo = O ; u.o = Viai,, ft/sec (A-5)

where the initial value of the mean headwind Vyy, is:

] _FM%MW”%+%%yﬂmd%+MQMm )
W = N (A-6)

Ho is the initial altitude of the main landing gear wheels. The initial con-
dition for the covarisnce equation is

E[“eoj = G%wo (A"T)
where -[Ho + hoeg)/Bu
; _ O.?5Fw(Dw log,, [H, + hocg] + Ew)e ocg
o Dy + By (A-8)
A-8
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The headwind profile is then given by

w = K,
vwhere
(D, log,, h# + Ew)ehh*/Hﬁ

K = K =
(Dw logio [Ho + hocgl + Ew)e'[HO + hocg)/By

(A-9)

Crogswind Component

The probability density function for the crosswind, vy, is a Gaussian

probability density function with a zero mean and standard deviation:

v, = 0 (A-10)
Oy, = Jwe-h*/H“(Dw logyg h* + Ew)/(Dw + R,) (A-11)
Jy = 8.455 ft/ses (5 kt) (2.57% m/s) (A-12)

This model results in 3¢ crosswind components of #15 kt (7.7 m/s) at an alti-
tude of 10 £t (3 m).

The state equation for medeling the reference value of the steady cross-
wind and its mean initial condition are

Voo = 0 3 v,, = O (A-13)

The initial condition for the copvariance equation is

E(vio) = of,, (A-1))
where
Jw(D log, . [H_ +h_ ] +E )E‘[Ho + hocg]/Hw
- W 10 “ o ouy W (A-15)
e Dy + Ey
A-9
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The wind profile is then given by

Vu = Ko (A-16)
where
(D, 10g,, 1" + B)e /B

= Kq(H) = A-1T
KW () (D, logyg [Ho * hocgl + Ew)e'[HO + hocg )/t ( )

Random Turbulence Model (Ref. 22)

Longitudinal Components

The mode) for random turbulence is & simplified version of that given in
Ref. 22. Gradient effects assoclated with the normal turbulence component are
neglected. For any one approach the random turbulence components have Gaussian
probability density functions with zero meens. The standard deviation Oug
should be chosen for each approsch {rom & Rayleigh probability density func-
tion* having a characteristic speed of Ogug ft/éec. However, for the sake of
simplicity, the mean value of Oug » which is ung, is used for all approaches
in the overall system performance model.

Oug o““s = 2.79 — 0.2k5 logjp h* ft/sec  h* > 100 £t (30 m)
= 2.3 ft/sec (0.7 m) n* < 100 ft (30 m)
(A-18)

The standard deviation Oug is & function of Tug « The frequency content of the
random turbulence and ooug are functions of altitude.

*Phe Rayleigh probability density function is for ug (rather than wg as
stated in Ref. 22. This reinterpretation is based on ef. 23, paragraph
3.7.3, A, 1.
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The power spectral densities for the longitudinil and normal rendom
turbulence components at a given altit-de are respectively:

, °§gevﬂo/ Tu (A-19)
ug = 2 o
o 4+ (VAO/Lulwwmw_

oug2(1 594 /1)

¢ = (A-20)
e o+ (1o, /1,2

2 ! .
where o = fw ¢ do (A-21)

ﬁwg is a lower order approximation to the pover spectral density given in

Ref. 23. The approximation is such that the mean-square level and half-
[ power frequency are preserved.

The differentiel equations for unit-white-noise shaping filters pro-

dueing output varinbles uE and Vg having power spectral densities ¢ug and
°“g respectively are:

&g = —IVKOI/LuuG * oy, \/..?lv_gol/Lu W, (A=)
W o= = .5\)’!|V&)|/1ng + owg\’d(l Sy iy )]VKJ/T“ w3 (A-23)

where W5 and w3 are Independent, Zero-mcan, unit white noises, Vo is the
: o]
trim approach airspeed.

The integral scale lengths Iy and Ly are given as functions of altitude
h* by

-




Ly = '1&5{11*]‘/3 100 < h* < 1750 £t (533 m)

- 145[100]‘/5

675 h*¥ <100 ft (30 m) (a-2k)
Iy = b* n* <1750 £t (533 m) (A-25)

The standerd deviation for the normal turbulence component Oug is related to
the standard deviation for the longitudinal turbulence component Oug through

e o it — 4 M

the integral scale lengths.

Owg = Lu/In Oug (A-26)

The random turbulence model is used in the stochastic portion of the

system performance model throughout the approach and landing.

Lateral Components

The model for random turbulence is a simplified version that given in
Ref. 22. Gradient effects associated with the lateral turbulence component
are neglected., For any one approach the random turbulence components have
normal probability density fupetions with zero means. The standard deviation
., is chosen from a Rayleigh probebility density function having a character-
1s%ic speed of %oy ft[sec. The frequency content of the random turbulence and

i g, 8re functionsgof altitude.
£
- The power spectral density for the lsteral random turbulence components

at a given altitude is:

2
o, 2 1,594V, /L,
QV (w) = B S

: g of + (1,594 V, /L )2

(a-21)

o = W

A-12
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¢y _(®) is a lower order approximation to the power spectral density given in
g

Ref. 22. The approximation preserves the half-power frequency and mean-~-square

level,

The differential equation for & unit-white-noise shaping filter producing
A having & power spectral density °Vg is

Vg = =1 .54 VAl/lyvg + oy V201 .59 VK [/Ly wg (A-28)

where Wy 18 an independent unit-white-noise. Vﬁ is the approach airspeed.

The integral scale length Ly = I,,. The standard deviation Ovg is related
to the standard deviation for the longitudinal turbulence component °ug through
the integral scale lenghts, viz.,

Q
<
t

. VIv/In Sug (A-2y)

which reduces to

O'V = Uu (A-'jO )

24 g

The Rayleigh probability density function for av is independent of that for
Oug ) but otherwise identlical in formulation to that given by Eq. A-18.

This random turublence model is used in the stochastic portion of the
system performance model throuqhout the approach and landing,

Spanvise gradient effects associated with the normal turbulence component
will be represented by the simplified model of ralling gust velouvity in Ref. 22,
The power spectral density for this rolling turbulence component at a given
altitude is

A-13
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where

0.8 (w/10)7/3 (vy /Lf/ )

2 __
g [a?:f(n v /m;)a]

if

then ® (w) =n Qi) (w)

0.8 n (ﬂ/h‘b)w5 (V:;L /Lweb)

L2 o _
Vg lma + (n V; /h‘b)2
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(A-32)

(A-33)

(A-3k)

(A-35)
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(7 } The differential equation for a corresponding unit-vhite-noise pg-filter is

*

Py = —(n4v§|/hb)pg + cwg\/o.a u(g[hb)7/3(|vj{|/L“2/3) ua
‘ (A-3T)

where Wy is an independent unit-whitz-noise. b is the reference wing span.
The effective value of Opg is

Vo.k = (n/un)2/3
4 LM1/5

Opg = O (rad/sec) (A-38)

so that the differential equation for the Pg shaping filter might be written
in the alternative form

B, = ~(x|[Vil/)p, + apg\/a(nlv};vhb W (A-39)

AIRCRAFT LONGITUDINAL MOTION MODEL

The method used for system performance analysis requires that equations of
motion for the aircraft be in state vector form, include the pertinent kinema-
tic equations, and thot appropriate measures be taken to incorporate steady
wind effects. All of these considerations force some minor changes upon the
customary equations-of-motion model.

The next three subsections cover in turn the kinematic equations, incorp-
oration of deterministic wind effects and the final set of state equations for

the aircraft and kinematics plus auxiliary equations for sensor inputs which
are not states.

A-15




Kinematic Equationa

The scenario for the system performance model 15 shown in Fig. A-2. A
perfectly level runway is assumed. Figure A-3 defines the perturbed coordi-
nates for the aircraft body axes with respect to the unperturbed (or nominal)
coordinates .— Kinematic equations locating the aircraft cernter of gravity
with respect to the apparent source of the MIS Glide Slope and with respect
to the runway are

X = V;o cos 7o + u cos 05 + w sin 63 — (U} sin 63 — W} cos 6)0
(A-40)

H. = Vﬁo sin 75 + O(U] cos 05 + W3 sin 63) + u sin 63 — w cos 6%
(A-41)
uy = v‘T*o cos (0F = 7,) (A-42)
Wy = v;O sin (63 — 7,) (A-43)

Additional kinematic relationships of interest are

¢ = Heos 7, ~Xsiny, = 50. cos 7, (A-hk)
R = \/H2 + (X + 50/tan 7,)2 (A-45)
dg = d,—~d = Rnp-—4d (A-46)

R is the distance Letween the aircraft GPIP in Fig. A-3.

The steady wind* acts in the horizontal direction only. For a given
airspeed, Va,, and flight path angle, 7o, and steady headwind, Vyy, the

*’he "steady wind" Vyy is here taken as the mean value of the wind wy, in
the system performance model. See the second subsection of this appendix for
8 description of the mean wingd.
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A

corresponding steady inertial speed, V@o, and aerodynamic flight path angle,
7K0, are

V;o = \/vﬁo + V%W sin2 Yo — Viw 08 7, (A-4T7)
>
% 1 (\/Vﬁo + Vgy sin” 29 — Vyy cos Yo) 8in 74
7a, = s&in
Va
° (A-48)

When the steady headwind is zero, then Va, = V;U = Vo, 9: = 84, 730 = 99

a: = Uy U; = U,, and W; = W, where <he unstarred gqualities have the customary
definitions.

Determinietic Wind Effects

The mean wind and wind shear components of the atmospheric disturbance
environmen: act in & horizontal direction and therefore must be resolved into
aireraft body-fixed axis coordinates for proper application via the aircraft
equations of motion. ILet the longitudinal and normal components (with respect
to body-fixed axes) of the deterministic atmeospherie disturbance environment

be designated uy and wy, respectively.

u = -, cos (0F +9) ~u,(cos 0% — 0 sin 03) (A-%D)

Na

- i * * . * ‘

wp = —w, 8ir (¢35 +9) —u (sin 0f + 0 cos ¢ } (A-50)

w, represents the mean wind and wind shear componenlt desceribed in Lhe second

subsection of ihis appendix. The lincarized approximate expressions for up

and w, are used in the system perfommance model. up ond wy enter the ajuations
A A A 1

of motion in the meunner of U, and Wer o
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State and Output Equations for the Aircraft

Aircraft perturbation equations of motion are customarily expressed in
terms of states u, w, q and €. Assuning Zy; = 0 and neglecting normmal gust
gradient effects, the aircraft state equations are (Ref. 14)

]

q Xt + Xyw - Waq + (vﬂwoxwx‘?— g cos 63)6
+ XBI.NaLN + xﬁCLBCL - qug - x“Wg

+ XT wo ~ XV, 5 w(0) = 0 (A~51)

»

E 4
N

Zgh + Zyw + qu + (Vﬂwon'-wz-,?— g sin 9;)6

+ 2o ~ 20 5 w(0) = O (a-52)

0.
1

(My + MiZgu + (M, + MZ)w + (Mg + MUR)a
+ Vi (Mg + W20 + (Mg + MiZg )Ly
+ (Mpgp, + MaZoop)ocL — (Mu + MyZy Jug
= (My + M2 )wg + (MG + M2 K uug

- (M3 + MzDVi, 5 a(0) = O (a-53)

D
n
te]

(A-54)
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where

qu = Xu cOSs

ZE = Zy cos

ME = My cos
and

X.E = X, cos

ZE = %y cos

M.e = M, cos
The aijspeed equation is

Vy = V& cos (7’;{0-7

o o

85 + X, sin
9% + Zy, sin
9; + My sin
9; - X, sin
0: = Zy sin
05 — M, sin

) +u cos (0;—730)—1.1

oy (A-55)
o (A-50)
) (A-57)
& (A-58)
95 (A-59)
8o (A-60)

cos (9% — 3 )
g ( o A,

+w sin (95 = 7A) = wg sin (85 = 7A ) = © Vg K, sin 75

* oKy cos 7A° (A-ut)

The output equation for fis iven above with the kinematic equations.

Numerical Data for Example Aircraft
and Kinemetic Conatents

Numerical stability and control data for the AV-15 aircraft (Fig. A-b) is

given in Table A-4 for flight path angles of =6 and =10 deg (-0.10 and —0.17
rad) and airspeeds of 0, 20, 4o, €0 and 80 kt (0, 10, 21, 31 and 41 m/s).

Numerical trim map data is given in Teble A-5.

Linear interpolation- between

data points are uscd to compute HS(VRD, \'Ko) and SELO(VKO, 730) trim values,

A-1
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TABLE A-5

TRIM DATA (W = 13000 1b)

Va, N 7K° 801,
Kkt? rt0/sec _deg _deg % in.
2 3.38 2 0 80 5.02
28 47.32 o 62.5 k.08
h2 70.98 -2 51 3.45
5T 96.33 4 45 343
68 11k .92 -6 hs 3.13
(& 133 .51 -8 48 3.29
ol - 158 .86 -10 0 56.5 3.5
1.75 2.96 2 -5 80 5.02
26 43 .04 0 61 3.59
%0 67 .60 -2 h5 5.3
55 92.95 -4 33 2.48
68.5 115.77 -6 29 2.27
80.5 136.05 -8 , 29 2.27
96 162.24 =10 ) 33 2.48
1.5 2.54 2 -12 80 5.02
ol 40.56 0 60 3.9%
37.5 63 .38 -2 Lo 2.86
55 92.95 ~4 21 1.83
T 119.99 ) 1.5 1.32
85 143 .65 -8 ' 9 119
101 170.69 -10 -12 9.5 1.21

8 kt = 5.14% x 10°1 m/s.
b gy = 3.048 % 1077 o,

A-2h

Ef*

in.
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0.0

0.0

0.0
0.0
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The trim value for SENO was taken as zero for all conditions. The data for
Table A-5 was obtained from Fig. 10 supplied by NASA.

The kinematic constants of interest are the initie) unperturbed altitude
of the wheels above the runway, H,, and the pilot-selected Glide Slope angle,
8, which is also equal to the negative of trimmed flight path angle, 75+
Values for these are

Hy = 340 £ft-(10k m) for 7, = -6 deg , 500 ft (152 m) for Yo = =10 deg
(A-62)

7o = 6.0 , _~10.0 deg (~0.10,—=0.17 rad) (A-63)

Xo = (Hg — 50)/tan 7, ft (A-6h)

Xo is the initial location ©f the (unperturbed) aircraft, e.g., in the hori-
zontal direction with respect to the touchdown point. The initial altitude of
the aircraft ¢.g. above the tovchdown point is H, + hoeg -

AIRCRAFT IATERAL-DIRECTIONAL MOTION MODEL

Kinematic Equations

The scenario for the system perfommance model is shown in Fig. A-5. A
perfectly level runway is assumed. Figure A-6 defines the perturbed coordi-
nates for the airceraft body axes with respect to the unperturbed (or nominal)
coordinates, The longitudinal kinematic location of the aircraft center of
gravity with respect to the touchdown point is obtained as a tubular function
a3 the result of exercising the longitudinal model. The following mean valuc
data is collected at 2 sec intervals and stored in a file: ¢, H, X, R,

(VAO + upg) = Va, (9; + 0) = 8* and (V;o +u) = V;

Kinematic equations locating the aircrafi center of gravity laterally with
reaspect to the extended runway centerline are
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¥y = VpB 4 \lf[U* cos 6* + W* sin 6%) -W*QJ

<.
tH

r/cos 6%
P = p-l-r'tane*

By = Vhé —-W#ELJ;U*r — g cos 9*¢

- ‘Qza!; + lxai'

v o= V; cos(e* - 7o) -
W o= V% sin(6* = 75)

(A-65)
(A-66)

(A-67)

(A-68)

(A-69)

(A-70)

The crosswind and crosswind shear act horizontally and in a direction

perpendicular to the runway. The positive sense of the crosswind is directed

away from the runway centerline toward the left wingtip of an unperturbed

landing aircraft. The crosswind, vy, therefore must be resolved into alr-

eraft body-fixed axis coordinates for proper application via the aircraft
equations of motion. Iet the longitudinal, side and normal componernts (with

respect to body-fixed axes) of the deterministic crosswind disturbance be

designated uy, vy and wa, respectively.

ug = =, sin ¥ cos (6% +8) £ ~—w, ¥ cos 65 £ V
vp = =vy{sin ¥ sin (6; + 8) sin @ + cos ¥ cos @]

= -—-vw
wa = —v,(sin ¥ sin (6: + 6) cos ¢ — cos ¥ sin @]

—vy(V 8in 6: -] = 0

A-28
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(A-72)
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The linearized approximate expression for va is used in the system performance
model...vy enters the equations of motion in the manner of Vg

The lateral displacement of the aircraft with respect to the MLS guidance
raference is

Yo = Ye ™Y (A-TW)

Yo is obtained from a statistical description of the MIS guidance signal
in terms of the received signal v, (deg) as

Ve
Yo = 573 Ry (ft) (A-T5)
vhere
Ry = ‘J[RG ~{X + 50/tan 70)]2 + 1R (ft) (A-76)

8tate Equations for the Aireraft

The aircraft state variable equations are

. W* U* g cos o*
B o= WhHmp-grt g0
Ys Yy Y
LT PD v
+ VA SLT+ VA BPD-VA vg
+ I!.K v, (p & I, Vy = const.) (A-T77)
VA_ HWYWO = VA 3 YA . [

P = DB+ Igp + Lyr + LéDTaLT + LgPDBPD

= La/Va vg = Lppy + LpAip Kyvyg (A-781
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r = NgB + Npp + Nyr + Ng,n01r + N3 o 05D
~ Np/Va vg - NpPg + Na/VA Kyvyo (A-79)

The coefficients for these equations_and the kinematic equations given earlier
for the lateral-directional model are-time-varying by virtue of their depend-
dence upon kinematic variable values determined as a result of the longitu-
dinal performance analysis calculations. The kinematic variables are t, H,

X, R, Va, 6* and V%. Numerical. values for the stability derivatives in

Eqs. A=T7 through A-79 are given in Table A-6 ns functions.of airspeed and
aerodynamic flight path angle.
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APPENDIX B
EQUATIONS AND DATA FOR SYSTEM PERFORMANCE EVALUATION

METHOD FOR USING PERTURBATION STABILITY DERIVATIVES

The XV-15 parametric data are in terms of small perturbation stability and

control derivatives at specific static trim conditions in distinetion to para-

metric data wherein the stability and control derivatives are expressed as
functions of the trim variables, This and the fact that the performance

evaluation required in this research program involves fairly rapid decelera-

tion during final apprecach from 60-80 kt (31-%1 m/s) to hover, in turn, has

required development of a special procedure for using the available data,

This has been necessary for three reasons:

Validity of the (small) perturbation equations of motion
requires that the perturbation varizbles indeed be kept
reasonably small. This is particularly important for
longitudinal perturbation velocity and airspeed which
tend to grow large because of the wind shear and decel-
eration.effacts,

Coefficients in the perturbation equations of motion for
the aircraft are functions of trim airspeed, wind speed,
pitch attitude, collective pitch, end longitudinal cyelic
piteh, i.e., of the operating point.

Trim data are for static, that is, unaccelerated conditions
only. Valid appllecation of the data requires that the opera-
ting point to a constant airspeed, wind speed, flight path
angle and pitch attitude condition. Wind shear and decel-
eration to hover obviously make it impussible to select a
single operating peint for the landing approach which will
cause all perturbation variables to be reasonibly small.

The method developed for circumventing this difficulty without necessity for

additional assumptions is given bhelow.

Linear perturbation differential equations for the aircraft are in the

form:

2 = A&x+b , x(0) = xq (B-1)




e

The actual response, X, consists of the perturbation response blus the
operating point, X,.

X = x+X, (B-2)

The elements of A and b are functions of the operating point, X,.

Next consider how Eq. B-1 may bs modified to allow for periodic adjustment
of the operating point in the course of solution. This periodic adjustment is
for two purposes:

® To select & new operating point for which the perturbation
variables, x, are once again small (ideally, zero).

e s o e e

® To revise the coefficients, A and b, in the equat ons so
their values correspond closely (ideally, exactly) to
the coefficient values for the actual values of piteh
attitude, wind speed, airspeed, flight path angle, col-
lective and leagitudinal cyclice pitch.

The ideal cannot be achieved for either of the above objectives if the system
is not iu static equilibrium (i.e., x #0). However, it is possible to
approach the ideal closely for the decelerating conditions of interest. This :
is accomplished by using the actual values of airspeed, wind speed and flight {
path argle existing at the time of adjustment to partially define the revised
ocperating point. The remeining parameters defining the revised operating point
arce determined by requiring static trim given those first several parameters.
The difference between the static trim values for these latter operating point !
parameters and the actual values defines revised initial conditions for the
perturbation variables. These ére used in resuming solution of the differential
equations. The specific Procedures are given below.

Perturbation Equations

Let Xon, be the constant, incremental revision to the operating point for
the nth interval. Then the operating point for the nth time interval, Xops 1t
Gciven by




xon = xon + xon-nl ’ n = 1, 2‘- sae (B-B)

The perturbation differential equation for the nth time interval. may be
written:

x = (R+%) = Alx +x9)) +b —Axy = Ax+b (B-4)

The initial conditions are obtained by requiring that (x + Xon) at the begimn-
ing of the nth time interval be equal to (x + Xo,.1) 8t the end of the (n—=1)st
time interval. The quantities ion and £xo, are zero by virture of the defini-

tion of trim for small increments of the operating point, xop.

These differential equetions must be discretized for use in the performance
snalysis program. Let the discretization interval be . Then the transition

from the beginning to the end of the nth time interval is given by

xn+1 = (Pxn + 6b (B-‘j)

where @ = eAT and @ = jg eA(T-T) dt. The quantities used previously may be

used to obtain the recurslon equationa for x and X.

Xo, = Xop ¥ Xop_ 4 (B-6)

Xn = Xn * Xoy (value of x at £ (B-Ta)
Xp4y = OX, +Ob (value of x at tgy) (B-Tb)
Xney = Xpay + KXo (value of X at t;,.) {B-Tc)

Operating Point Reviseion

The operating point revision concept is to maintain the initial value of

the airspeed perturbation varisble zero for each time interval. Operating

o



point airspeed (vAon)! flight path angle (7,), and wind speed (V}Mn) are, in
effect, given, Calculation of aerodynamic flight path angle (7A°n) enables us
to calculate or look up values for all other trim quantities if equilibrium
flight is assumed.

-1 (Jvﬁon + V],?mn sine,yo =~ VHy, cos 70) sin 74

Trim pitch sttitud2, collective_pitch, and longitudinal cyclic pitch are
obtained from trim maps as functions of vAon and 7A°n' Trim values for
inertial speed, longitudinal speed, normal speed are given by '

Vion = Jvﬁon + V?Mn sin® Yo — Viliiy €08 7, (B-9) _

Uon Vpon co8 (8o = 7o)

1§

The aircraft stability and control derivatives are functions of V, and.y .
Aop Aoy,

Consideration of the above procedure for operating point revision reveals
that assumption of static equilibrium results in different values for cellec-
tive pitch, longitudinal cyclic pitch, end pitch attitude than exist in the
actual, cdecelerating case., The differences tend to be small. The pitch atti- ‘
tude difference, in turn, affects the longitudinal and normal trim speeds, but l

also in a small way. These differences in each case are, of course, compensated
by initial conditions on corresponding perturbation variables.

B-4 :
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Equations and Date

Longitudinal equations used in. performance evaluation-are summarized in
Table B-1.. Numerical values. for the control system paremeters, switch settings
and switching criteria for the longitudinal system modes are given in Tablas B-2
through B-4. The latersl-directional equations used are summerized in Table B-5.
Numerical values for. the control system parameters are given in Table B-6...
Switch settings and—switching criteria for the lateral-directional control
gystem modes are given in Table B-T.
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TABLE B-4
LONGITUDINAL CONTROL SYSTEM MODE SWITCHING CRITERIA

CONTROL, SYSTEM MODE

CYCLIC COLLECTIVE LSW CRITERION
AXIS AXIS CODE .
AS Gs 1 Problem Initialization: eg >0 ft,*
101. & < V) < 136.0 ft/sec
AS Gs 2 e >0 Tt
DECL I 68 3 ep <O T, T < 2.1 sec
DECL as b Tp 2 2.1 sec, ey > 0 £t, X > dypy ft/sec
HOV GS 5 ey <O It or X < iMIN ft/sec and
H>51.0 ft
Hov ALT 6 H < 51.0 ft, T < 15.0 sec
HOV vD T Ty 215.0 sec, H>0 ft

* £t = 3.048 % 10”1 n.
*Elapsed time from initiation of mode.
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IOC A AND IOC B
Kp .
Fin%/(rad/sec)]
10.0

l’f..“r
[»~a/(ft/sec)]
0.017

“FDy
(rad/sec)
4.9

IOC A (84 = 1.0)

K

P
[in./(rad/sec)]
5.6

KppL,.
(in./rad)
1.0

TABLE B-6

Ky
[in./(rad/sec))
12 .0

Kpp
(-)
1.06

“

(rad/sec)
4.0

(in./rad)
11.2

Ko
(=)
5.62

™ in. = 2.5 x 1072 n,
£t = 3,048 x 1071 m.
*Number shown is for landing on VIOL pad. CTOL runwey value is 10,000.
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Ky
(in./rad)
13.0

(sec)
0.425

Re
(£t)

1000%

(1/§gc)
2.9

LATERAL-DIRECTIONAY, CONTROL SYSTEM PARAMETERS
USED IN PERFORMANCE EVALUATION

KsyN
(rad/sec)
10.0

(rad/sec)
0.1

%
(rad/sec)

0

Ky

(rag/stt)

0.002

“FDy
(rad/sec)

2.0

%e

(rad/sec)
0




' 10C B (8y = 0)

.
[in./(rad/sec)]

KppL,
(in./rad)

106

TABLE B-€ (Concluded)

Ko e
(in./rad) (1/sec)
12.0 3.4
Kpp
(=)
2.5

(rad/sec)

1.0

Do

(rad/sec)

0.5
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TASLE B-7 g

LATERAL~DIRECTIONAL. CONTROL SYSTEM MODE ]
SW1TCHING CRITERIA AND SWITCH SETTINGS b

CONTRCL ..
SYSTEM SA CODE/
MODE VALUE CRITERION

—

10C A 1 Va > 84k.5 £t*/sec

IoC B 0 Vy < 84.5 ft/sec

PRI

PO S,

*1 £t = 3.048 x 10°) .
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