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This material is an extensive revision of work at Douglas Aircraft Company,
Long Beach, California, Contract AF33(616)-6460, intended originally to be published
as part of the USAF Stability and Control DATCOM, That volume, however, has grown so
full of aerodynamic data that it seems more appropriate to issue the flying-qualities
estimation methods as a separate report. The work, spanning the last several years
as time has been available, has been conducted under Project 8219, Stability and
Control Investigations, by the authors. The manuscript was released by the authors
in December 1965 for publication as an RTD technical report.
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ABSTRACT

Methods, ranging from rigorous and complicated to simple and approximate, are
presented for estimating flying qualities in accordance with such specifications as
MIL-F-8785 (ASG). Aerodynamic and inertial data are assumed to be known. Intended
mainly for design use, the report gives enough detail to indicate derivations and
conditions for validity. Topics include the static and dynamic, controls-fixed and
controls-free aspects of aircraft stability, control, and trim. Although emphasis
is on linear analysis, methods are given or indicated for such nonlinear problems
as drag, pitch-up, inertial coupling, and spinning. Appendixes give an introduction
to aeroelastic effects, ways to analyze control tabs, a derivation of the controls-
free equations of motion, and an introduction to root locus analysis.

iii






AFFDL-TR-65-218

SECTION
I

I1

III

TABLE OF CONTENTS

INTRODUCTION

STATIC LONGITUDINAL STABILITY AND CONTROL

A,

B.

C.

D.

STATIC LATERAL-DIRECTIONAL STABILITY AND CONTROL

A,

LONGITUDINAL TRIM

1,
2,

3.

4,

General Remarks

Trim Drag

Linear Trim Equations

(a.) Nonzero Pilot or Actuator Force

Trim Changes; Release of Stores

SPEED STABILITY

1,

2,

Stick Fixed
Stick Free
(a.) Reversible Longitudinal Control

(b.) Irreversible Longitudinal Control

MANEUVERING FLIGHT

1,

2,

Stick Fixed
Stick Free
(a.) Reversible Control Systems

(b.) Irreversible Control Systems

TAKEOFF

STEADY SIDESLIPS

1.

Controls Fixed

(a.) Sideslip and Aileron Feedback to Rudder ([3,5a — &r)

(b.) Lateral Acceleration Feedback to Rudder (ay — Sr)

(c.) Nonlinear Aerodynamics

PAGE

10
11
13
13
15
15
17
17
19
19
20
22
22
23
23
27
27
27

30

31



AFFDL-TR~-65-218

SECTION

IV

c.

D.

TABLE OF CONTENTS (Continued)

2, Controls Free
(a.) Reversible Control Systems
ROLLING PERFORMANCE
1, Steady Roll Rate
2, Time to Bank
3. Aileron Forces
CROSSWIND TAKEOFF AND LANDING
CONTROL WITH ASYMMETRIC THRUST

1. Rudder Free

DYNAMIC STABILITY AND CONTROL

A,

B.

c.

D.

E,

F.

GENERAL REMARKS
l. Initial, Steady-State, Maximum Values
STICK=-FIXED DYNAMICS
1. Longitudinal Motion
(a.) Short-Period Mode
(b.) Phugoid Mode
2, Lateral-Directional Motion
STICK~-FREE DYNAMICS
1, Longitudinal Motion, Stick Free
(a.) Short-Period Mode
(b.) Phugoid Motion
2., Lateral-Directional Motion, Stick Free
RUDDER USE IN ROLLING MANEUVERS
PILOT-INDUCED OSCILLATIONS

INERTIAL COUPLING

vi

PAGE
33
33
34
36
37
39
40
45
47
49
49
50
53
53
53
56
62
67
68
70
72
72
75
78

79



AFFDL~-TR~65-218

TABLE OF CONTENTS (Continued)

SECTION PAGE

G. SPINNING AND SPIN RECOVERY 82

1, Developed Spin 83

2. Recovery 84

3. Aerodynamic Factors 85

\' SPECIAL TOPICS TREATED LIGHTLY 88
A, STALLING AND PITCH-~UP 88

1, Stall Warning 88

2, Roll-Off 88

3. Pitch-Up 88

B, DIVE RECOVERY 90

C. FUEL SLOSH 91

D, FLIGHT CONTROL SYSTEM DESIGN 91

1. Normal Operation 92

2, Failure Considerations 92

APPENDIX I, AN ILLUSTRATION OF AEROELASTIC EFFECTS 95
APPENDIX II, CONTROL TABS 98
APPENDIX III, CONTROLS~FREE EQUATIONS OF MOTION 106
APPENDIX 1V, EFFECT OF BOBWEIGHT ON ROOT LOCUS 111
REFERENCES 119

vii



AFFDL-TR~65-218

12,
13.
14,
15,
le,

17.

18,
19.
20,
21,
22,

23,

ILLUSTRATIONS

Axes System and Sign Conventions

Determination of Oe Versus @ at Constant Thrust
Determination of Operating Point

Longitudinal Control Force Related to Surface Deflection
Nose~-Wheel Lift-Off Calculation

Determination of &r and &a in Sideslips
Lateral-Directional Control Terminology

Idealized Roll Response to Step Aileron

Crosswind Relationships on Runway

Lateral-Directional Ground Reactions

Damping Ratio of Oscillatory Transients as a Function of
Subsidence Ratio for Second Order System; (a).0l< ( <|
() o<f<03

Phugoid Characteristics

Definition of | |/lvel

Inertial Coupling Trends with py and da

Tail Damping Power Factor

Side Area Moment Factor

Influence of Mass and Side-Area Distribution on Nature
of Spin

Control Required for Satisfactory Spin Recovery
Geared Tab

Linked Tab

Pilot Force Related to F,

Linked Spring Tab

Spring Tab

viii

PAGE

10
18
24
32
34
39
41

43

51-52
57
62
82
85

86

86
87
98
99
99
101

103



AFFDL-TR=-65-218

ILLUSTRATIONS (Continued)

FIGURE PAGE
24, Tab on Tab 105
25, Ixrr Calculation 108
26, Block Diagram with Bobweight 111
27. Gust Response with Bobweight 113
28, Properties of Roots 114
29, Root Loci for Bobweight 117
30. Root Loci for Pitch Damper 118

TABLES

TABLE

I Flying Qualities Estimation Summary b=7

II  Dynamic Stability Parameters 50
ITI  Short-Period Dynamics, Control Fixed 55
IV Phugoid Dynamics, Controls Fixed 61

V  Lateral-Directional Dynamics, Controls Fixed 65

ix



AFFDL-TR-65-218

SYMBOLS

(Ft-1b-sec units; one can hardly go wrong inusing radians for all angular measure. Directions
are generally from the pilot’s viewpoint. See Figure 1.)

a

b

ol

cg

Acceleration, ft/sec?

Wing span, ft

control-surface hinge moment (total)
control-surface hinge moment (pilot effort)

Boost ratio =

Reference chord, ft

Mean aerodynamic chord (of wing, unless subscript), ft
Center of gravity, percent m.a.c.

Drag, Ib

Exponential base = 2,718

Equivalent airspeed, V «/I_DTp—S—E

Stick or pedal force, 1b (positive when tending to move the stick aft or right, or
right pedal forward)

Acceleration due to gravity, 32.2 ft/ sec? at aircraft altitudes

a3
Surface-to-stick (or pedal) gearing,——d—Ajﬂic—c—e , rad/ft (See Figures 4 and 7).
G. = —93a G = - 93r stick
a ans ' r dAp
Altitude above sea level, ft

Hinge moment, 1b-ft; generally aerodynamic hinge moment (same sense as 3).

Incidence of horizontal stabilizer to a = 0 reference line, rad (positive trailing
edge down)

Horizontal stabilizer deflection from incidence for trim, rad

Thrust-line inclination to a = 0 reference line, rad (positive in direction of
positive a ).

X <. 2 . .
Moment of inertia in roll, slug ft [ I, = prcoszn + Izpsmzn where subscript

p denotes principal axes and 1) is the principal-axes inclination in the sense of a .
See Reference 6, ]

PR 2 s 4 , ]
Product'of inertia, slug ft [ I 7 pr- Izp) sin2n. See L above.
Moment of inertia in pitch, slug ft2

Moment of inertia in yaw, slug f2| 1, = 1 cosz +1I sin2 . See I_ above.
4 Zp N Xp n p.4
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X,Y,Z

SYMBOLS (Continued)
L/ mbz, nondimensional radius of gyration squared in roll
Iy/ méz, nondimensional radius of gyration squared in pitch

IZ/ mb2, nondimensional radius of gyration squared in yaw
Lift, Ib; rolling moment, Ib-ft (positive ‘‘up’’ or right-wing down, resp.)
Mass; without subscript, mass of entire vehicle; slugs

Mach number; pitching moment, lb-ft: unless designated otherwise, aerodynamic
pitching moment, (positive nose up)

Mean aerodynamic chord, ft
Load factor,%z (force normal to flight path) (positive up)

Normal force,lb; yawing moment, 1b=ft (positive up or nose right, resp.); numerator
(of a transfer function); neutral point, %¢/100.

Roll rate, rad/sec (positive right-wing down)

Pitch rate, rad/sec (positive nose-up)

Dynamic pressure, ;_— P vZ, 1/1t2

Yaw rate, rad/sec (positive nose right); normal distance from hinge line (See T)

Normal distance from hinge line to control-surface cg (positive forward), ft

Reynolds number

Area (of wing, unless subscript), £t2

Time, sec

Thrust, 1b; response time, sec

Incremental speed in x-direction, ft/sec

Incremental speed in y-direction, ft/sec

True airspeed, ft/sec except as noted; In Section IIIC, V is ground speed.

Incremental z-velocity, ft/sec

Weight; without subscript, weight of entire vehicle; 1b

(a) Axes: generally ‘‘wind-tunnel stability axes’’ for static analysis. For analyzing
dynamics, X,y, and z are fixed in the vehicle; they coincide with the static x,y,

and z at the operating point (stability akes) or with the principal axes (for which

IXZ = 0) (See Figure 1).
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SYMBOLS (Continued)

(b) Distances along appropriate axes from the center of gravity, ft

ZT Perpendicular distance from cg to thrust line (positive for thrust line below cg).
X,Y,Z Forces along x,y,z axes; without subscript, aerodynamic forces; lb
Y (s) Transfer function
- Dra
CD Drag coefficient = —q*_Sg
Cp, Untrimmed drag coefficient at zero lift

. s s . 2 2
CDCLZ Untrimmed coefficient of drag proportional to Cj, ( aCD/aCL)Se,efc .

Cp ,CD8 Drag-coefficient derivative with respect to angle of attack and pitch~control
a deflection
Ch Hinge-moment coefficient based on free-stream dynamic pressure and control-

surface area and chord;l without subscript, longitudinal-control-surface hinge
moment (positive in the sense of positive surface deflection).

Cha'ChS'ChSt’ChiH’ Chq Pitch-control hinge-moment coefficient derivatives with respect to

vehicle angle of attack[not locala; Cha = "7Hcha (1- gg— )] , control deflection,
H

tab deflection, horizontal-tail deflection, and pitch rate (qC/2V),respectively,per

radian

ChaH Elevator hinge-moment-coefficient derivative with respect to horizontal-tail angle
of attack, based on local dynamic pressure, per radian

Cht Tab hinge~-moment coefficient, based on free-stream dynamic pressure and tab
area and chord (positive in the sense of positive tab deflection).

Ce..C0..CoCpCp«.Cp . Rolling-moment derivative with respect to roll rate (pb/2V), yaw
25501 C0p Lo 5, L3 g P (pb/2V), y

rate (;‘b/2V), sideslip angle, aileron deflection, rudder deflection, and sideslip
rate (Bb/2V), respectively, per radian

Cy, Lift coefficient, L/q*S (positive up)
C ,C Cy .,C C Lift-coefficient derivative with respect to horizontal-stabilizer
L; 'Ly "Ly’ “Lg' Ly P

H .
incidence, pitch rate (gqc/2V), angle-of-attack rate (ac/2V ), angle of attack, and

elevator deflection, respectively, per radian

C Ll W/ q*S

1
With ailerons, for example, carefully determine whether reference area of data is that of
one or both ailerons; likewise for aileron deflection.
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Cm

SYMBOLS (Continued)

Pitching-moment coefficient, M/q*S¢ (positive nose up)

CmiH ) Cmq ) Cmd ) Cma ) CmS ) CmS t Pitching-moment-coefficient derivative with respect

Cmo

Cn

CnB,

Cyp )

to horizontal-stabilizer incidence, pitch rate (qT/2V), angle-of-attack rate
(dc/2V), angle of attack, elevator deflection, and tab deflection, respectively, per
radian

Pitching-moment coefficient at zero lift, zero elevator deflection, etc.

Yawing-moment coefficient, N/q*Sb (positive nose right)

Cn Sa’ CnSr’ Cnp, Cnr,’ Cn B Yawing-moment-coefficient derivative with respect to

sideslip angle, aileron deflection, rudder deflection, roll rate (pb/2V), yaw rate
(rb/2V), and sideslip rate (Bb/2V), respectively, per radian

Normal-force coefficient, N/q*S (positive up)

Normal-force-coefficient derivative with respect to angle of attack, per radian
(CNQ = CL(I + CD)

Side-force coefficient, Y/q*S (positive to the right)

CYr’ CyB ) Cy Sa’ Cy Sy Cy B Side-force-coefficient derivative with respect to roll

rate (pb/2V), yaw rate (rb/2V), sideslip angle, aileron deflection, rudder deflection,
and sideslip rate (8b/2V), respectively, per radian

Angle of attack, radians (positive for nose above the flight path)

w/V

Sideslip angle, rad (positive for right slip)

Flight-path angle, rad (positive nose up)

Control deflection, rad

Tab deflection, rad (positive in same sense as control-surface deflection).
Linear deflection of rudder pedals (See Figure 1 or 7), inches

Linear deflection of control stick grip or wheel (positive aft), inches
Linear deflection of control stick grip or wheel (positive right), inches
Downwash angle, rad

Damping ratio

Efficiency factor, local q*/free-stream g*
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Wy

Subscripts

a
ac
B

c

cg

FE

SYMBOLS (Continued)

Pitch angle, rad (positive nose up)

Sweep angle (of control-surface hinge line)

Relative density m/pSc |
Relative density m/pSb
i
Air density, slugs/ft3

+ atrim

Aerodynamic time, m/pSV sec
Bank angle, rad (positive right wing down)
Yaw angle, rad (positive nose right); phase angle

Undamped natural frequency, rad/sec

Aileron (positive deflection right aileron trailing edge up, left down)
Aerodynamic center; distance from cg to ac

Bobweight; at bobweight location

Canard surface; pilot command; crosswind

center of gravity

Dutch roll

Elevator (positive deflection trailing edge down); equivalent (See EAS)
Flap

With all landing gear fully extended

Gust

Horizontal tail

Left; landing configuration

At zero time or zero lift

Rudder pedal; phugoid mode

At pilot’s location

xiv
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SYMBOLS (Continued)

r Rudder (positive deflection trailing edge left)
R Roll mode; right

s Stick; stall; spiral mode

sp Short-period mode

t Tab; trim

T Throttle; thrust

W Wind

Mathematical Symbols

: approximately equals

is defined as

lqQl absolute value (magnitude) of Q; determinant of Q

Q IX Q evaluated at condition X

A characteristic determinant; change in quantity following.
o is proportional to

% total derivative with respect to x

Q total derivative of Q with respect to time

-—a%— partial derivative with respect to x

F(Q) F as a function of Q, with other variables zero

S Laplace operator
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SECTION I

INTRODUCTION

This report provides a compendium of methods for estimating vehicle character-
istics, static and dynamic, relevant to flying qualities. Related subjects include
closed-loop, pilot-vehicle analysis, determination of vehicle sensitivity to aero-
dynamic or configuration changes, synthesis of artificial stabilization, manual and
automatic control systems, simulation, and flight testing. These additional subjects
are given no more than cursory notice here, but have received considerable attention
in the recent literature.

The methods presented are not unique, and this publication is not intended as
an endorsement of complete applicability and validity. Variants will suggest them-
selves to take the best advantage of available data and the nature of the specific
problem. Although the methods are stated primarily for conventional aircraft, the
most general forms are complete enough to be used with a minimum of caution for any
vehicle, The effect of earth curvature, important at hypersonic speeds, is con=-
sidered in Reference 1. References and approximations for hovering and VIOL transi-
tion are given in Reference 2,

The reader's general knowledge of stability and control phenomena is assumed,
The intent here is to complement texts such as References 3 and 4 by presenting
rigorous and simplified solutions for handling-quality parameters, indicating deri-
vations and assumptions so that one can readily determine validity or modify the
methods to suit peculiar needs. The aerodynamic characteristics are assumed to be
known, The derivatives can be estimated from wind-tunnel test results, Reference 5,
NASA reports, and other available sources, corrected as necessary for aeroelastic
effects (Appendix I gives a brief introduction to the effects of aeroelasticity on
stability derivatives)., Effects of compressibility, aeroelasticity, thrust, etc. on
the aerodynamic data are assumed here to have been accounted for; for example, we
generally write CL(a ), not CL( a,M, q*, T, etc.).

The nondimensional stability derivatives used herein are referred to the "wind-
tunnel stability axes" system of Figure 1. For a detailed treatment of axes systems,
transformations, and equations of motion, see References 6 and 7. The notation here
is generally2 consistent with that of References 5 and 6, but may differ occasionally
from the notation in other references.

Artistic parts of stability and control analysis do remain: estimation of the
coefficients and a priori simplification of the analysis method, In the interests of
rigor the relations presented tend to be overly inclusive, With the multitude of
configurations possible it has been impractical to state where each factor is signif-
icant or unimportant. The items given such attention should be considered typical
rather than inclusive. Nevertheless, a general feeling for the aerodynamic and
inertia characteristics of the design vehicle, together with the assumptions listed
herein, should allow confident analysis with a minimum of work.

2Note the definitions herein of hinge-moment derivatives, and, in Section IV of
real-time acceleration derivatives in terms of F/mV rad/sec or M/I rad/sec?,
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Trim and maneuver capabilities not covered explicitly here can be checked by
using the appropriate control deflection and force equations, remembering that pilot
force restrictions and hinge-moment limitations, cable stretch, etc, cause available
control and trim deflections to vary with speed and altitude,

Stability augmentation is discussed at appropriate points throughout the report.
Examples of generally applicable analysis methods are: equivalent derivatives
(Sections IIC, IIIA), and root locus (Appendix IV). More information about methods
of analysis and synthesis can be found in References 8 through 14,

In addition to the detailed presentation, the following summary presents
simplified methods and critical conditions for showing compliance with military
flying qualities specifications such as Reference 15, Table I furnishes a convenient
starting point for flying qualities analysis., Critical flight conditions can be
determined, at least in a general way. The rough formulas tabulated there can give
quick answers, and sections of this report and other references giving detailed
treatments afford additional help.
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measured in the plane of symmetry, B normalt to it.
= Vcosf3
= Vsin 3
= 0

0. Wind - Tunnel Stability Axes

b. Sense of Positive Deflections and Hinge Moments

Figure 1, Axes System and Sign Conventions
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TABLE | FLYING QUALITIES
SPEC. MIL-F-8185 SEE PARA.
PARA. SUBJECT (This Report) SEE REF
31 GENERAL
311 Airplane Loadings . —
3.1.2 Aititudes — _
313 Operational Flight Envelopes - —
314 Maximum Permissible Speed Envelope —_ NACA TN829; 6,7
315 External Stores mo —
316 Effects of Armament Provisions Il A4 —
317 Release of Stores I A4 18
3.18 Deceleration Devices 1 A4 -
319 Configurations —_ —
3110 Effects of Asymmetry D -
32 MECHANICAL CHARACTERISTICS OF CONTROL SYSTEMS
3.2 Control Friction and Breskout force v CE 16, 39
3.22 Adjustable Controls — -
323 Rate of Control Displacement IVE 39
324 Cockpit Contro! Free Play IVE —
325 Artificial Stability Devices HCIH A, App. IV 8,9,13,14,22,23,61
3.3 LONGITUDINAL STABILITY AND CONTROL
331 Elevator-Fixed Static Stability 11 B1 20
332 Elevator-Free Static Stability i1B2 3
333 Exception in Transonic Flight B2 58
334 Stability in Accelerated Flight HCI, VA 21,55,56,57,58
335 Short-Period Oscillations VBl ivCl 6,8,13,31,33,34,66
3.36 Long-Period Oscillations IVB1,IVC1 6,8,33,37
337 Control Effectiveness in Unaccelerated Flight 11A1,23 —
338 Control Effectiveness in Accelerated Flight 11A1,2,311C1 -
3.39 Control Forces in Steady Accelerated Flight e -
3.3.10 Control Forces in Sudden Pullups IVE 38,39,40
331 Control Etfectiveness in Takeoff 1D -
3.3.12 Control in Catopult Takeoff - -
3313 Control Forces in Takeoff o, nB2 —
33.14 Control Effectiveness in Landing 11A1,2,3 —
3.3.15 Control Forces in Landing HHA1,23, 1182 -
33.16 Control Forces in Dives B2, HC2 -
3307 Auxiliory Dive Recovery Devices I1A4 -
3.3.18 Effects of Drag Devices A4 -
3.3.19 Longitudinal Trim Changes A4 -
3.3.20 Longitudina! Trim Choange Caused by Sideslip A4 -
34 LATERAL-DIRECTIONAL STABILITY AND CONTROL
3.4.1 Damping of Laterai-Directional Oscillations IVB2,iVC2 3,4,8,9,26,66
342 Spiral Stability VB2 IVC2 3,26
343 Steady Sideslip H Al 2 3
344 Static Directional Stability (Rudder Position) Al —
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ESTIMATION SUMMARY

CRITICAL ITEMS AND ROUGH FORMULAS (SEE SECTION INDICATED TO FIND ASSUMPTIONS)

Aft cg, light weight critical for static stability & low w;, ; fwd cg, heavy wt for control & high w,.
Maneuvering & damping deteriorate at hlgh uln'ude aeroelastic effects greatest (for the some speed) at low alt.
Limited by stall, thrust, control power
n - cos ) .
Altitude lost in dive recovery: = = L‘V (*ﬁy—o)*‘ V|sinyg|, fps units; A 25% safety margin may be added

Asymmetric stores: find lateral trim from asymmetric-thrust formulas.
Buffet, trim change (3.3.19)
Acpa”s
=z f’)‘—- ft / sect

See asymmetric-thrust formulas.

Worst effect is with low stability, low force gradients, augmentation off.
Low q*, gross maneuvering, cugmentation operation, forward cg, heavy weight, landing flare influence needed rote.

Undesirable: cockpit-control movement, residual oscillations, insufficient authority, lack of turn coordination, etc.
Faifure modes: transients, lack or delay of pilot adaptation, handling qualities after partial or complete failure.

-Tz1 v v a% Derivatives ith M, @, g*, T; aft cg critical.
(q <= +26u )(CL+CD) Cm(C +?3 )>0 Cm <0. rivatives vary wi ,a,q%, T; g criti

Light weight gives higher thrust coeff at spec. speed.
_ R PRITE SR ) LR a6 Moo o) +¥(9 - 229%)]
Reversible Controls: [(w- - Eh—ch) _( Chg du ) (CN,:I chS La) (cma Cha "'8) (CL chS ) +‘2’(au C"B Ju ) >0

& e = B ( dF
wnere e gtz e, =0~ -&-( 350

Affected by wing & tail airfoil, sweep, aspect ratio, control-surface form, etc.

[+
Ny-ca( %T/100) £ -< C:: ::I/S m ))0 Function of cg, M,h,g*,T, possible effects of a. Aft cg critical.

/3CNg - __1__[ 1 ]‘|_=I_c
Yngp ™ Ve, rE (N 8 b’ AT ung, [SNa T TK,7 Om Cmg i T 7 2 Na

SD

Ty v, Cm v, ac ¢/~Cmg/C
2 B I Y.L [ T, Yodom ___( Yo L)]-: (L)(_u_ﬂm)
“np (°'Tpl ‘rp) m (N-cq)q‘st"za G S hs s 1| I Syl ey
?
[} -T ac
| Y ;o Vo 9% Dg (~T2r v %“m\1 . Cp
(2Lunly “(ﬁ* ?,:) d oo 25 (Tt R e
' M : __°Ma_ ¢ Forward cg, low and high C_; H limitati
A - - - ; n.
Be'rim 2 - m[(CL+ CLaaO)Cmu-o-(Cmo Fer c’“u ao)CNa] Cms cNacL orward cg, low and higl L imitatio
[/ . (N, - ¢9) .
Se= 5emm+ %An; as% H Er? % Forward cg critical. M and q* effects on Cmse,H, Nm, B.lrim
e
dF, F, Ch Cn
dTe B (g—:) + % ls- Se e [ ?i(Nm —cg)+ CNa ] (Reversible controls). Control forces max. at fwd cg, heavy; min. at oft cg,
B ms

light. M,q* effects,pitch-up.
9 P P

F  must lead normal accaleration. Bobweight, lag
e

w—T[(lT/ﬂcq) +{a+iy, rod)]

Nose-wheel lift-off at ¥, o : 5.8 kt. (Main gear at static defl; nose gear fully extended). See Fig. $.

] [cL +{CpT /L)
Consider ground effect for 3.3.11. Forward cg, heavy weight critical for 3.3.11 and 3.3.12.
G .00238 ?

t -wheel lift-off: £ = —— ————V,
Fe of nose-wheel lift-o e o

A 5 > Se e [ Cha(a - %im) Cha BLO] + (AF ) feer (Reversible controls).

Forward cg, high weight. Ground effect.
See 3.3.7; consider ground effect on all factors. Forward cg critical; high Iy may also be critical for flare.

Ed _GB.. . 002238 VS Sete [Ch (a a'szSL) + ChS(BSL_ 8L2vsL)] +(AF et (Reversible controls) Forward cg, heavy weight critical; ground effect.
See 3.3.2,339
Trim ch (3.3.19), buffet

rim ehange c aAc "Cmg Acy 4-ACL - Cmg AC - CLGACm

Fe . .
AF, # — q®SeTe (Chg Da+ Ch8A3)+ (%—g') A8, Aa: (Applies when AF, occurs before

- i, A8
Oy Cmg Cmy Ly CLq ! CL, Cmg=Cm Cug
a sngmhcunt speed change has occurred; reverslble controls).

Find AF, for A3, to produce ~ACH (B)

T 2. .
. /°°"é3_ .- g ' 3a KiGg L \M2_deg
“"az CL,Kz b v gd : 2rwng [ yB+ ! "' j (e L, 20(12 C" ] l £ Ve, Kt g CnB( '+ fd 2) ft/sec’

R @n,
@ng\? cns CQ' . ’
(_t“’nd ) - (7Y —c—n-g Small cg effect on wny aft cg critical.
e
T 2 ,
2. v9 z(_'é c':'—c!');+c‘ critical.
Tg  AVTKY ng B

Light weight gives lower spec. speed, thus higher thrust coefficient. Small cg effect: aft cg critical. Derivatives can vary with a, M,q% 8,T.

Cn Cn Cy
43 Ee .C—A(I - C_BE B) > O for aft rudder: left rudder to hold right sideslip
4B ng, 234 Cnﬂ




AFFDL-TR-65-218

TABLE | (Concluded) - FLYING QUALITIES

SPEC. MIL-F-8185 SEE PARA.

PARA. SUBJECT {This Report) SEE REF
345 Static Directional Stability (Rudder Force) A2 _
346 Dihedral Effect {Aileron Position) HiAY —
347 Dihedra! Effect (Aileron Force) A2 —_
3438 Side Force in Sideslips iHAY —
349 Adverse Yaw IVD, F 13,26
3.4.10 Asymmetric Power (Rudder Free) iHD —
341N Directional Control (Symmetric Power) HlA —
3.4.12 Directional Control (Asymmetric Power) no —
3413 Directional Control during Takeoff and Landing mc -
3414 Directional Control to Counteract Adverse Yaw VD -
3415 Directional Control in Dives WA —
3.4.16 Lateral Control 1Bl 23 See 3.4.1refs 30
3.5 GENERAL CONTROL AND TRIMMABILITY REQUIREMENTS
351 Control for Spin Recovery VG 41,42,43,44,45 46
352 Control for Taxiing "o, lc —
353 Control Surface Oscillations wcC 16,37,61,66
354 Primary Flight Control Trimmability {1A13; IVA2 61
355 Irreversibility of Trim Controls [
3.56 Trim System Failure A4 61
357 Roll-Pitch-Yaw Coupling IVF 42
3.6 STALL CHARACTERISTICS
361 Required Flight Conditions - —
362 Definition of Stalling Speed, V - -—
36.3 Stall-Warning Requirements YA 53
3.6.4 Stalling Characteristics VA 50,51,52,54
37 REQUIREMENTS FOR POWER- AND BOOST-CONTROL

SYSTEMS
371 Normal Control System Operation vD 61
372 Power or Boost Failure vD 14,66
373 Transfer to Alternate Control System 11A3;1182;111A2;1V8,C -
374 Longitudinal Control on Alternate System nct, —_
375 Loteral Control on Alternate System nBl2 —
376 Directional Control on Alternate System mc —
3.7.7 Ability to Trim on Alternate System WALS3; IHA2 i
378 Feel System Failure — —_
4 QUALITY ASSURANCE PROVISIONS
6 NOTES
6.1 Intended Use —_ —
6.2 Definitions -— —_—
6.3 Interpretation of Qualitative Requirements —_ —
6.4 Rates of Operation of Auxiliary Devices A4 —
6.5 Control Force Coordination HC2,1iB2,ivD —
6.6 Actificial Stability Devices vD 8,13,14,30,33,61
67 Aercelastic, Control Equipment etc. Effects Y O, App.1,1 61,62,63,64
6.8 Lateral Oscillations - —_
6.9 Control Position Measurement — —
6.10 Engine Considerations - 31,32
6N Control System Characteristics vD 39,61
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ESTIMATION SUMMARY

CRITICAL ITEMS AND ROUGH FORMULAS (SEE SECTION INDICATED TO FIND ASSUMPTIONS)

F [ Z'r q* 5,2, ( c"'BB + Chrs,s' 1>0

953315 - Eﬂls‘q( - 2:_:" Ong 1> © Right aileron to hold right sideslip

Fe L -E—;l a*s, Eacc,, 05 3% ©

:; : ' (Cyg - ’8r o) > 0 Right bank to hold right sideslip

Amount of Dutch roll in aileron rolls varies directly with [ | -(:—:‘;ﬁ)z] H (C“ac| CL&)(CIB C"H)/(C‘_aof —Cnaulcnﬂf —llc.ﬁ)

inversely with £, “nye

*
Static, g (AT) £ 0 , frrATCy w (.  Sngq C85 Chig Crg, . Crep
. v, =172 k'EAS,c 1= == =%}, Cn¥ =Cn - R = - [
Reversible centrols E mc bsc“BC‘Bu Bama "B "ﬁ ( C‘aa B) "3 '8 ( Cn,& CnB ) qﬂ c‘ﬁ [ a 43,
- C -1
B B "8 mox ; Asymmetric stores: see 3.4.12
max
oe73(w/s)+|l———,ﬁr -
n
$ 5% CUAT :0: Vot 7.2 B __ W Eas; ek = ¢y (.__"an_ﬁ)
» O MC Cy, '8 B\ Cig, Cng,
lcy& - Cn cnSrls'mux
Snow or ice on runway; drag chute
Cng +{I1;z/1,1Cp
Rudder to coordinate aileron rolls: 8r & — _8q” k2l x P80 8a, neglecting nonlinear inertial coupling and steady sideslip.

c"Br +1,,/1,)Cey,
M, a effects

Crgo c,!B
(e2) - - -c' b ST Gy Bmox’ T ¢ FekZ (e c129(' tc See Fig. 8 for time 1o bank
2V /y, Clp c’-@ PP anx“zb%a Smaxi Ty © G2 (%o C"B Cn - 2K, Ll)]; ig. 8 for time to bank.
Cg_ C"B
Crosswind
Mass balance, control system natural frequency, friction and other nonlinearities. Bobweights.
T H toel
) (e + ch°°)C'"a+ (Cmg+ e "c"‘aa")cNa Cng c,,°+ a*st
Elevator tab: &t = =< _C = - o
mg “Ng™ YLy “Mg h3¢ h3t
High H, q
Sensitive regions; i.e., low stability. Runawuy pilot's ability to stop, and remaining controllability (force, deflection).
Cm Cn 2 I,-1, 1y -1,
- - Sy el i SO et B inerti :
(w Ip)(wnd Ie w1 CyB+ 2)(1 Cng™ ZKZ )4—1.! (3¢ I, 1 o ) for freedom from inertial coupling.

Stalls out of turns can be more severe than level-flight stalls.

Stall approach technique, thrust coefficient, cg, normal acceleration, as well as weight and | (@) can have appreciable effects.
Low speed {light weight, usually high-lift devices)} critical.

Aft cg, stalls from accelerated flight usually critical.

*
Hinge moment limiting at high q,.

Hinge moment limiting ot high q .

Possibility of transients, remaining maneuverability, control forces for return, descent and landing.
Dive recovery

Control force for rolling.

Control force in crosswind landing.

Effects of failures that are not extremely remote; for example, ‘'q*'" bellows, trim,

(8,p), F,

2 dF,
Compare -5( n_=-1) d—:— . —23—- Fa mox

Aeroelastic modes can alter the response at pilot or sensor location, also can couple with flight control system.

Cockpit control deflection is a function of surface position, linkage {possible nonlinearities,
stretch, dynamics), structure deformation, series trim or stability augmentation.
Fuel control effect on cg, inlet control, automatic feathering,etc: normal operation and failure modes.

Cni+(1,,/1,)C, co. +(1g/1,)Cy.
1 X X i ’ i i .
Cn; * Ity : ; iz B, elb/2V), r(b/2V), Ba,Br.
NG TSI ILI ¢ T TG T, ¢ Be(e/2viiriv/2v), B B
.L/_. . oW
T = 79 H CL,' %S
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SECTION II
STATIC LONGITUDINAL STABILITY AND CONTROL
A. LONGITUDINAL TRIM
1. General Remarks

Stability is the tendency to return to the operating point, or trim condition,
after a disturbance, This section outlines methods for calculating these operating
points. In general, requirements specify stability in terms of departure from
steady, straight, wings-level flight, Since the static stability concept implies
constant throttle setting, and throttle setting for steady flight varies with speed,
data obtained from the trim equations are not necessarily indicative of stability
or lack of it (Section II B),

Starting with general nonlinear equations, successive simplifications are
introduced to reduce computational effort, Choice of a method depends upon accuracy
of input data, desired accuracy of the result, and any peculiarities of mission or
vehicle, Usually it will be possible to simplify the more complicated relations
a priori by omitting negligible terms, assuming piecewise linearity, etc.

Steady flight here infers constant speed. For straight, steady flight, addi-
tionally, all angular rates are zero but flight-path orientation (y,{) remains
arbitrary unless further specified. Trim may have two meanings, representing nulls
of either airframe or control system. In general, the former interpretation applies
here; zero pilot force is indicated by "force trim," With artificial feel, force
trim does not generally imply hinge-moment trim., The distinctions are obvious but
should be kept in mind,

The 1ift, drag, and moment equations are basic in establishing longitudinal trim
conditions. For force trim an additional equation is added. In a fairly general
form the four equations for a reversible control system and steady, straight,
symmetric flight3 are:

L = [CL(a,S,iH,St)]-é—pVZS = Wecosy - Tsin(i+ a) (n

D = [CD(a,S,iH,St)] —pV?s = Tcoslir+ a)-Wsiny (2)

M = [Gm(a,S,iH,St)] —lz—pVZSE= -T2z, (3)

Ho = [Ch(a,S,iH,St)] _Ié-PvzseEe s _erel+unbalonce+breakout,etc . (4)
——

3Equations for other cases can be derived simply from the general dynamic equations

of motion such as given in References 3 and 4, For example, consider "steady" wings-
level pitching, with constant angle of attack and constant pitch rate., Besides the
obvious addition of pitch-rate derivatives to all of the equations, Equations 1 and

2 become:

L + Tsinlip+a)-Wcosy
D - Tcoslip+ a)+ Wsiny

mVy

v

(Note that é==j~+&==7, and that in our flight-path axis system w = 0, Reference 16
discusses the principal effects of "steady" longitudinal acceleration and some other
cases of possible interest,)
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Some quantities may not be present (for example, iy or 3t), and others may be negli-
gible, Control through a tab requires an additionmal equation to account for tab
hinge moments (See Appendix I1I), The functional terms are, in general, dependent
also upon Mach number, dynamic pressure, and thrust (and, in ground effect, upon
height above the ground); thrust at constant throttle varies with p and V , and
sometimes with a ,

Often a simpler method will work, but the nonlinear equations can be solved
graphically or by machine. To illustrate, a graphical procedure is presented to
give 8e (V) in straight, steady flight, with no horizontal stabilizer adjustment
but hinge moments balanced by a trim tab, Equations 1 through 4 become, in our
example,

[cLt@ + cLt® + ctdn]a*s = Weosy - Tsinlip+a) (5)
[CD(Q) + Cp(8) + CD(St)]q*S = Tcoslipta)-Wsiny (6)
[Cmt@) + cp®) + cp(dn ] a*se = -z, (7)
[ch (@) + C,(3) + Ch(Sf)]q*SeE'e= - Hfeel (8)

Choice of altitude(p),and V determines dynamic pressure q* and Mach number M in a
standard atmosphere. The functional relationships normally are defined in terms of
these quantities (aeroelastic and compressibility effects), leaving y,a,S,T, and 3t
unknown, (A quantity depending on thrust can be plotted as a family of curves with
thrust as a parameter.) Vehicle weight and center of gravity must also, of course,
be specified; and the pitching-moment reference center must coincide with the center
of gravity. erel is described in Section IIB2, To make the problem determinate,

choose y (for example, level flight) or T (for example, maximum thrust). Here we
will choose ¥ , although the choice of T often results in a simpler problem. The
procedure is then: (1) From Equation 7, plot 8(T = 0) versus @ with 3t as a
parameter., Do the same with Equation 8, Then by superimposing the two families of
curves, points where curves for the same St cross define the locus of & versus Q
for T = 0 (the dashed line of Figure 2)., Repeat for other values of thrust. The

T = Constant

86 S

Figure 2, Determination of Oe Versus a@ at Constant Thrust
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result is a set of curves of § versus g with thrust as a parameter and &t indexed
along the curves; (2) Find o (3, . (dt), ¢, (8), and ¢y ( 3t) as functions of

@ and T, if necessary. Then, knowing Se (q,T) and 3t (a,T) from the last step,
solve Equations 5 and 6 separately for a(T) and plot as in Figure 3. The inter-
section of the two curves defines the operating point for the given g%,

Drag Equation

Lift Equation

Operating Point

T

Figure 3., Determination of Operating Point

The accuracy of input data normally does not warrant such complexity except for
gross nonlinearities in addition to CD (a?),

2, Trim Drag

The first simplification is to assume at least piecewise linearity of all
functional relationships except CD (a) and to consider only the change in trim

angle of attack in calculating trim drag. In the absence of a handy performance
specialist the method below can be used to estimate the trimmed drag coefficient,
Considering y, Q, S, and T in Equations 1 through 3, after linearizing,

- - 2
Cp = cDO(S =0) + achchL + cD(S)
o 2
= = +
cDO(S 0) o—cDC cL
L2

where

C_ = —;{.g [Wcosy—Tsin(iT+ a)]

i CL 4 12
|43 (cp + == L)
cmSCL o q S [
o = > |
CL Cm
- S a
cm cL
i 3 “a i

T and @ both appear explicitly above, but since the correction factor o 1is not
normally too much greater than 1, untrimmed drag and lift equations can be used
to find o :

10
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C
2 L
Q = C + a,
= [L;a( .+C ¢, %) + Wsin ] !
T = q S CDO DC L 7 COS(i +a)

The correction factor o is a function of center-of-gravity position (Cm Y.
As shown in the following, & can be approximated similarly if desired; Cj (8) is
most negligible for long tail length. Additional simplification is often possible.
The expression o <1 represents an upload on an aft tail or elevon; the resulting
decrease in drag is usually about compensated by tail or elevon drag and so is normal-
ly neglected in performance analyses. The extension to stabilizer trim, etc. is
obvious. Having thus disposed of the only universal nonlinearity and the drag equa-
tion, we proceed to write analytical expressions for the solutions.

3. Linear Trim Equations

With linear derivatives, y such that siny = 1, and ig+ a such

that sin (ip+a) = iT+a and cos (it+a) = 1, Equations 1, 3, and 4 become complete-
ly linear. The equations for zero pilot force in stralght, steady flight with fixed
iy are, in matrix form:

Y and cos y

T ! \ [ Weosy -Ti; | .
+ — —_— %
CL * s © O | %rim q*s L2 o
a > T
T A *
c C c Stri “Ch-m=—= *tCa |2|-C
L ms LI trim m, q*s ch :n'o m
c c c Styri —C - gelolel |-c*
h h h trim h q*S, T h
| e 5 73| . efe [ | T
where Cp, St is neglected and where all quantities are evaluated at the trim conditions
w, cg »V,p,T, etc.). Cho is explained in Footnote 4. Heoop 1s described in Sec-
tion IIB2. Solutions are presented in terms of the trim characteristic determinant,
Att
T
+ —_—
CLa a*s CLS 0]
8 c c c
X Ma m3 mSt
c c c
ha S h St
[(c+ ) ¢ c e [te, +=g26, -¢ ¢, ]
* - - a*s -
a¥5 “mg ” CmgLg ) tmg, UL, TS g Ly Oy
mo]orterm
.

4Take, for a rigid, tailed airplane, the following equalities:

a = i 4+ aq -€

H
ch(a

Ch n

o]

-€,)

=0)+ C, i o

h;
H
For a flexible airplane the last two terms can be altered to account for static
aeroelasticity,

+ (ao

H Cha

11
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Using Cramer's rule,

ClCmg+CmCLy. Cf
CuC. -C.C . C

- * * _ * -
Qrim* 7, [ShS'( CL Cmg* Gn CLy) Cm&(CL Chyt Cp CLS)] =

v~

major term

* *
CLCma+ cch a

L * T * - * U IR | 2o
Strim = A'{Cm&[ch(cq cT*_é)+CLCha] C:"St[c’“ (Crq q*SHCLCE]} CmSCN— CLSCm
a a

h
major term

= fen _ A% _ T _
Styrim= B, {CL[cmachS. chacmS] cm[chaCLS (CLa"' q1§)Ch8]
—————
always important

%
-C*[(C + =)Cp ~Cp C ]}= (€ Cmq* Gn" CngChy _ Cp*
h(*La™ q¥s ™ mg “m, "Ly (CngCN=CLoCm 2Chy  Chs
a t

A - >

involves artificial feel, flaps

Aside from the more obvious assumptions, the approximations assume that T 2 D, so
that

CLa + ?*—s- = CLa+ CD = CNa

For trim through an adjustable stabilizer, CLiHAiH can have an important

secondary contribution. In that case Aipy replaces St throughout and the following
terms are added to the most rigorous trim solutions only, as follows:

AVAYRR CLi [cmachs"cha CmS]

H
Mabp= ¢ [c*c -c*c, ]
iy S 3
ABA) = € [cn;‘ch ~c*c, ]
iH a a

12
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(a.) Nonzero Pilot or Actuator Force

For a given trim setting (AiH and 3t) or for an irreversible control system,
we will still have, in general:

T ' Wceosy = Tiy ‘ .
= z =
c c 8| |-Cp-——o=—=*+ Cndg-Cm. Aig-Cm St| |-Cmh
m ms My~ %S T mgio” ;! W™ Cms, Cm
T .
A8 (¢, +—x=)C_ -C_ C = CyC
Le 978 7mg Mgty Ny M3
CQ'
L[t + . O
a = —s(C C +C C =
A [ L my M LS] CNa
C' Cm. +CmC c, ¢
8=:‘|?[(CL+—;1T—)C++C CC]é_ Llmg Ne . _“L>mg
A @ @S M “Mg Cme CN Crnc ON
3 a 3 a

To find the elevator stick force F, for a reversible control system, solve the
hinge~-moment equation for Cp and convert; for an irreversible system, the artificial
feel characteristics plus friction, preload, etc, determine F, (See Section IIB2),

For an all-moving tail, substitute 3H for & and retain iy if needed as a
reference setting for 3H. For a canard controller, 3 becomes Oc and it may be
necessary to consider the effect of canard-induced downwash on the wing C; (a).
For elevons the equations hold as written, but C;  becomes more important and Cp
may have to be considered.

The mechanization of stability augmentation may conceivably affect the relative
settings of elevator and tab for hinge-moment trim, but, still, the pitching- and
hinge-moment equations have to balance, If necessary, stability augmentation effects
can be treated as equivalent derivatives (See, for example, Section IICl) in any of
the equations above., For the effects of control tabs, see Appendix II.

4, Trim Changes; Release of Stores

Most thrust, secondary control, or configuration changes are fairly rapid, being
essentially completed within a very few seconds of initiation. In those cases the
trim change can be calculated from the force-trim equations at constant speed (See
Table I)., Throttle, 'speed brakes, and landing gear normally fall in this category.

Flap retraction, however, on some aircraft is a slow process during which
significant speed changes occur, In such cases a step-by-step calculation procedure
is suggested., For example, consider flap retraction in a climbout at constant
throttle, constant rate of climb or constant attitude; in any case a flight procedure
must be specified as well as a trim setting; see the applicable specification.

13
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The trim equations, modified to include acceleration along the flight path,
yield the initial longitudinal acceleration and the control force. Take the new
flight conditions one increment of time later: V| = V,+ a, Otf,plh) = plh,+ hAtL),

SF: SF' + SFZB*. Again the trim equations (with new derivatives, thrust, angle of
{ 0

zero lift, etc.) yield the longitudinal acceleration and the control force. Continue
the process until equilibrium is reached or the control force peaks. Such a method
should give good results if changes during the time increment are not excessive,
although it may not reproduce the effects of short-period or phugoid oscillations
excited in the actual case.

Large thrust changes, full deflection of large speed brakes, etc. obviously
can involve rapid speed changes. A quick estimate of acceleration effects can be
made by taking one step of five seconds (the time limit of Reference 15). 1If a
force appreciably higher than allowable is calculated or thought possible, the
analysis can be repeated with smaller steps.

Drag chutes tend to trail at the local flow angle. Thus, a stable drag chute
imparts a force at its attachment, proportional to dynamic pressure at the chute
location in the wake, at roughly the angle € below the flight path (where the
downwash angle € is also taken at the chute location). Thrust reversers can disturb
the flow over the vehicle severely, thus changing stability and control derivatives,
local flow angles, and dynamic pressures.

Release of stores involves weight changes as well, (Finding the forces and
moments caused by opening armament bay doors, etc. is another subject but, once
found, these effects are amenable to analysis.) The trim changes could be found
by step-by-step calculation, but for large trim changes it is better to get a time
history from the dynamic equations of motion. In most situations the linear equa-
tions of Section IV will do. The operating point could be the final trim condition,
and initial conditions those at release., Initial conditions are Laplace transformed
as follows (See Reference 17):

Z[yn] = vis
¥[jn] = sysr-y (on
>5[V Hﬂ = sth)-y(0+)s-9(0+)

where, as stated above, Y(s) is the Laplace transform of y(t); t = O+ is the instant
after store release. These terms are incorporated into the equations of motion
developed later (Section IV). Extraction or pickup of heavy cargo is a more com-
plicated problem, but even here it is usually sufficient to consider the extracted
load as a forcing function on the vehicle. Equations can be formulated analogous to
the two-mass problem found in any text on dynamics (for example, the work cited
above), or the equations of Reference 18 might be used, for a more comprehensive
analysis,

5Note that in the trim equations x stays with the relative wind, but in the dynamic
equations x is fixed in the body once the rotation starts,

14
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B. SPEED STABILITY

Static longitudinal stability has been variously defined. Here we take the
definition used in the military flying qualities requirements (References 15 and 19):
In a stable vehicle the cockpit-longitudinal-control force and deflection required
to maintain straight, steady flight at a speed different from the trim speed are in
the same sense required to initiate the speed change, that is, airplane~-nose-down
control to fly faster, nose-up to fly slower.

"Stick-fixed" stability refers to the variation in control deflection, "stick-
free" to control force, Usually control-surface deflection is equivalent to cockpit-
control deflection in determining static stability. As noted earlier, longitudinal
stability is customarily defined with throttle and trim control deflections fixed
at their steady~-flight operating-point settings.

This definition reduces exactly6 (for linear equations) to the concept of static
stability as a limiting case of dynamic stability (for example, Reference 20),
Except in simple cases, however, it differs from the angle-of-attack stability of
Reference 3 and the lift-coefficient stability of Reference 21, Besides its use in
in requirements, the definition adopted appears the most natural one and the most
generally applicable,

Static longitudinal stability is generally a strong function of center of gravity
location, The center of gravity at which neutral stability is evidenced is called
the "neutral point;" the distance (in percent mean aerodynamic chord) that this
neutral point lies behind the actual center of gravity is the "static margin."

Most practical airplane configurations are deficient in the transonic range.
Current military flying-quality specificationsdo not always require static stability
transonically, but place limitations principally on AF, and d Fg/dV ., Thus it is
often useless to calculate neutral points in an unstable transonic range.

Normally the neutral point is evaluated only for excursions from level-flight
trim and from trim at maximum rate of climb,

Note that all of these calculations must include any effects of compressibility,
aeroelasticity, and engine thrust or power, and that the reference center for the
moment derivatives must coincide with the center of gravity being considered.

1, Stick Fixed

There are several methods by which the stick-fixed neutral point and static
stability or static margin can be found., The most graphic of these methods uses
plots of control-surface position required for straight, steady flight versus
airspeed. First, find operating-point trim and throttle settings from the trim
equations of Section IIA, Then at other speeds the elevator deflection is found
from the trim 1lift and pitching-moment equations at constant trim setting, with
allowance for thrust variation with speed, etc, at constant throttle. Any coeffi-
cient or derivative changes with speed must be incorporated. Normally, changes
in ¥ can be neglected., If the drag equation is to be considered, o can be re-
calculated at off-operating-point conditions or a linear drag variation taken over

6By ignoring the effect of density gradient; see Section IVB1,

15
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a limited range of angle of attack. The control-surface deflection is obtained for
two or more center-of-gravity positions over the speed range of interest. Ths stick-
fixed neutral point is then found by plotting the slope d 8 /dV against center of
gravity location. The neutral point is that center of gravity at which the slope

is zero.

An exact solution for the stick-fixed neutral point can also be determined by
means of the longitudinal characteristic equation.6 The characteristic equation is
generally of fourth degree with two pairs of complex roots--one pair indicating the
stability of short-period motions and the other, long-period motions. The stick-
fixed static stability is representative of the stability of the long-period motions:
when the center of gravity is moved aft to the stick-fixed neutral point, the long-
period motion degenerates into two real roots, one of them zero. This occurs when
the zero-degree term of the characteristic equation becomes zero. Thus, the stick-
fixed neutral point can be found by determining the center of gravity for which (in
fairly complete linear form) ‘

n Io<
Q
Lo
[
—
~N
-
N
—
Q
—

E & cosy; [(cl_a+ ¢l

where the subscript o refers to the operating point, the trim condition, and £ =
ip + Qpprin. The expression above can be evaluated and plotted as a function of

center of gravity to find the center of gravity at which the function is zero. Sim-
plifications for level flight, constant thrust, incompressible flow, etc. are obvious.

As indicated, in many situations a number of other simplifications are possible.
Negligibly small and nonexistent terms may be dropped to make the expressions more
tractable. For the simplest forms, at least, the stick-fixed neutral point can then
be found readily by setting the total derivative d 8/dC;, evaluated in straight

steady, level flight (C = [W—Tsin(i.r + a)]/ q*¥S) at constant throttle equal to zero

and finding the center of gravity necessary for the differential equation to hold
(for example, References 3 and 21). Normally Cma is the only term grossly affected

by small shifts in center of gravity, and it varies linearly with fore-and-aft
center of gravity position. The very simplest neutral-point approximation is

or Qa

(-X'r f) Cma

T CL

No (% €7100)

where (-x;ef) is the moment-reference-center distance aft of the mean aerodynamic
chord leading edge. However, this method is often a gross oversimplification.

16
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2. Stick Free

Stick-free static longitudinal stability refers to the variation with airspeed
of control force (discounting breakout force) reaquired to maintain straight, steady
flight. In configurations that have irreversible control systems, stick-free static
stability is generally identical to the stick-fixed static stability treated in Sec-
tion IIBl (Flight control system nonlinearities and certain types of feel and augmen-
tation, however, can make a difference.) The treatment that follows deals with both
reversible and irreversible control systems. A convenient method of determining stick-
free static stability, static margin, or neutral point uses the variations of control-
surface position required for steady flight, Section IIBl; the corresponding stick
force is given by the equations under "Reversible Longitudinal Control". Figure 4
shows the sign conventions, which agree with those of Reference 3 but not Reference
21, Negative dFg/dV is stable., Stick-free stability is also indicated by variation
with speed of tab deflection required for stick-force trim,

Stick-free static stability is often most critical at very low speeds, where
the angle of attack is high and power effects are strong. Care should be taken
in this case to account for nonlinear hinge-moment characteristics, which are quite
prevalent. Test data should be used wherever possible. The stick-free neutral
point can be found by plotting the calculated stick force versus speed, with center
of gravity as the parameter, over the speed range of interest, and cross-plotting the
slopes against center of gravity position. The center of gravity at which the slope
is zero is the stick-free neutral point,

Although static stick-free stability in the transonic regime is not generally
required by current military flying-quality specifications the force reversal must
be mild, gradual, and not seriously objectionable to the pilot., The permissible
reversal is defined by specification, Static stick-free stability in the transonic
range is required by the military services only of airplanes with cruising speeds
or mission requirements necessitating prolonged transonic operation. Such stability
may be obtained aerodynamically or, for example, by an incremental Cn(M) transonically
through the longitudinal control surface.

(a) Reversible Longitudinal Control

The control force, including the effect of boost, is given by

Y _ _
Fe = B{ 2PV sece[ch(a) Cr{@yrim) * Cp,(3) Ch(strim)]} + AR ) e

where the subscript "trim" refers to the flight condition in which force is trimmed
to zero; (AF.)fee1 includes friction and preload as well as incremental forces

from mass unbalance, springs, bobweights, etc. (See, for example, References 3, 21,
22, and 23). A bobweight not statically balanced or a downspring adds a constant
incremental F, that, as shown in Section IVCl increases the static stick-free speed
stability. The quantities(!,s and their trim values are determined in Section IIA.
Often Cha is designed to be small, and for linear hinge moments Ch(a )-Ch((ltrim) =

Cha(a—-atrim), etc, Where compressibility or aeroelastic effects are important,
Ch( Strim) etc. must be evaluated at the applicable Mach number, not the trim Mach

number; G can change with q* because of cable stretch, etc,
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a. Aft Control

kﬁﬁl 8'= - AA L ‘alss = ‘Ql AS
Ay = 0¢85 (in.) ¢ " “h Iy m,

dde dde
+F, (ib) 6= -12( rad/in.)= = —5— rad/ft is positive
S

dAs
rh(in.)

DAlin. ) /(
T AR 5\ —§e (rad)
T X3

+ds (rad)

. 120 H d8e { -
F = AF 2 -2 H = GHIb + hinge m_o‘me'nt(H,lb ft)
e A ¢ L. dAg for equilibrium

b. Forward ( Canard) Control

dde . .
=-dT rad/ft is negative
rh(inﬂ’\ﬂ [-AA(in) s
L F ‘£
x < % 7> c 7
\\\,)i::§\\\;;§c
— hinge moment A 2,4
crer - 2 A = 1 ~'s
for equilibrium Se ™h 2,
. & _ . -124H dde
s LF2 ==12——H = GH
Fe QS FC ls'h dAs ¢

Figure 4. Longitudinal Control Force Related to Surface Deflection
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The control-surface mass-unbalance effect in l-g flight, for either forward or
aft control, is

AF, = -2 W,T,

where Tg is the distance, normal to the hinge line, of the elevator center of gravity
forward of the hinge line. A downspring contributes a constant AF, = (G/B) Hp
where Hp is the downspring hinge moment. A nonstatic-balanced bobweight contributes

AF, = (dF,/dn)g . For the effects of control tabs see Appendix II, which gives
examples of tabs and their treatment,

(b.) Irreversible Longitudinal Control

Mechanization may vary, but normally, in the abscnce of any special feel such
as OF,/ dM, a spring provides F( 3s); add trim, friction, and preload forces.
Feel bobweights can alter stick-free speed stability., A "g-spring" (Fe = Kq*3 )
can eliminate the large change in force sensitivity with dynamic pressure inherent
in a constant-rate spring at the expense of some added complexity. Nonlinear springs
are also used for this purpose, but some of the nonlinear effects are undesirable;
for example, lightening of stick force per g at high load factor, and unequal re-
sponse to up and down control, Similarly, G may be nonlinear.

The comments on reversible control apply here, too. Maximum deflection is
limited, of course, by maximum actuator output or control stops.

C. MANEUVERING FLIGHT

Although "maneuvering stability" concerns the control force and surface deflec-
tion required to effect a change of steady normal acceleration, the term also
indicates the stability of the vehicle's short-term response to any longitudinal
disturbance and the frequency of the short-period longitudinal oscillation; it can
be visualized as a pitching spring rate, Maneuvering stability is easy to measure
at large departures from l-g flight, and it more or less generally guarantees
against short-period dynamic instability in large-perturbation maneuvers. Maneuver-
ing stability is usually investigated in level flight,

To agree with this rationale, d& /dn and dFe/dn are normally taken in wings-
level flight as the vehicle passes through a horizontal attitude at the trim speed
with steady normal acceleration., This practice is followed herein. Trim and
throttle settings are those for level, l-g flight at the same speed, altitude,
weight, and center of gravity.

Define nW as the force applied normal to the flight path (positive "up'"). (Note
that an on~board accelerometer gives a slightly different n, in terms of body axes.)
With @ = 0 in a steady wings-level pullup, the normal acceleration is

a, = —(n-cosycos¢lg
= -(n-cosylg
= Vq
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Then the pitch rate q is (g/V)(n - 1);

Passing through level flight, cos y = 1,
since then n = 1/cos¢.

while in a coordinated level turn it is [é/vﬂ [n - (l/ni]
To find d 8/dn in a level turn, then use

L) - 98¢/ dq. (e L\ed
( dn )Ievel turn d_tf( dn )Ievel turn (I ' “2)(dn )pulIuD

The stick-fixed maneuver margin is the distance (in percent C€) of the center of
gravity forward of the stick-fixed "maneuver point," Although stick-fixed maneuver=-
ing stability is required by current military handling-quality specifications, the
degree required is not specified. A minimum maneuvering margin of 5 percent mean
aerodynamic chord is generally desirable.

1, Stick Fixed
Stick-fixed maneuvering stability in symmetrical pullups can be found by solving
the normal-~acceleration equation of Section II together with the linear incremental

lift and moment equations.

Assuming T invariant with a,

- ac * .y il
mg(n-1)=(C_Aa+ CLq oV +CL8A3)q s + T[s1n(|.r+ @y imt Aa)=sinlip+ atrim)]
: I ac *
(1o g Ba oy Ty * CLSAS]q s
- ac Rozo
AM = (Cq Aa+ Cpo 7y + cméxS) q¥sc= 0

(in the approximate form with T2 D and small ip +@). The result is

) Cm Sc st )
_ Mg (. P8 £9°¢
o+ T (1= Zw Ca)* Zw Cmq
d3 =(n—l)" . W La’ q%s
dn A qQ*s Cmqg
Cm - — c
T YL
 Cgtaes O
L -
: -W (C"‘a L ¢ )
Q*scms cNa 4""! mq

the further approximation holding when CLq and CLS are negligible, It may be

recognized that dd /dn is proportional to the short-period natural frequency squared.
A negative gradient is stable. Again, for all-moving-tail, elevon, or canard control
the substitutions are obvious. Note that effects of compressibility, aeroelasticity
and thrust on the derivatives can be important, For the effects of tabs, see

Appendix II.
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The stick-fixed maneuver point is that center of gravity at which d S /dn
vanishes. It can be related to the aerodynamic center, the hypothetical neutral
point associated with angle-of-attack change only (References 3 and 21), Define
the aerodynamic center as the center of gravity at which Cmcl would be zero. Then
with '

(negative x for the aerodynamic center aft of the center of gravity), the stick-fixed
maneuvering neutral point is at the center of gravity for which

Xac . I
— ¢ - ——cp
Cc 4#,

q

The maneuver point may vary from several percent mean aerodynamic chord aft of the
constant-speed aerodynamic center for tailed configurations at low altitude to
approximate coincidence at extreme altitude. The control-deflection gradient is

4d . +w (Np — cq) . . Cmg
© a*s » Np—cg=-1go *3g Cm
dn q*S CLa Cm Ng Hy q
c - 9 __a
m
Cm CN
S a

with the maneuvering neutral point Ny and the center of gravity stated in percent
mean aerodynamic chord divided by 100. (N, is measured aft from the mean aerodynamic
chord leading edge). N,~-cg is the maneuver margin,

To include the effects of stability augmentation, effective derivatives can be

calculated., For example, if &= 8.+ Kg, substitute (Cmq +%!—K Cm8 ) for Cmq and

(CLq + E%gK CL8 ) for CLq' The result will be, as desired, dab/dn; normally the

major effect will be the augmentation of C; . Note that augmentation may introduce
q

new stability derivatives and increase the importance of some in the original set,
An alternative to the equivalent-derivative approach is to use servo-analysis tech-
niques (See References 8 and 9 and Appendix IV for some pertinent applications),
which give not only d® /dn but all the transfer-function coefficients as functions
of augmentation gain. Authority-limited augmentation becomes ineffective statically,
of course, in sufficiently large amplitude maneuvers.

Where C is a nonlinear function of @ such as pitch-up, control deflection can
still be calculated as a function of load factor using Cj(Q), or 3 versus n can be

calculated directly by using the nonlinear equations or the local slope Cﬁ‘a at the
angle of attack corresponding to a given load factor.
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2. Stick Free

Stick-free maneuvering stability refers to the maneuvering control force
gradient, dFg/dn, under flight conditions the same as those for stick-fixed maneuver-
ing stability. The permissible force gradients are specified in current military
handling-quality requirements according to airplane class. A pull force to increase
normal load factor (positive gradient) is indicative of stability and is required.
Stick-free maneuvering stability is a function of the stick-fixed maneuvering
stability, the nature of the control system, and the feel system. Nm; the stick~
free maneuver point, is the center of gravity (expressed in percent m.a.c,/100) for
zero stick force per g.

(a.) Reversible Control Systems

Using the linear stick-fixed equations to find d&/dn, da /dn, and d(%%)/dn,
the stick-force equation

q
dFe _ OFe . oF, dd . dFe da . OFe d(W)
dn = 3n 33 dn  Jda dn a(g%_‘) dn

gives

(" 3l 3, (9L«”?T?>%§'

dFe = aFe + _§__W_ S E- RN
dn n BS "eve » + T .y hS
C'—sCTQ_ c"‘g (CLa q*S)
o
i |
c | = — + 44— C; C
+ 'ms( 4""ICLq) 4""' ’LS mq c + _'_C
c (C +-L\ - c, C ha 4ap, hq
Mma La q*s L ma
_aFe+Gws_[ chs(cma L ) hq ° ]
n B S eCe Cm8 CN 4, Mq * cNa+ 4, hq

usually major term

where BFelarxaccounts for bobweight and mass unbalance:

Ww_.T

] o
e - ( Fé)a --%; e e

on on

with ?é the distance, normal to the hinge line, from the hinge line forward to the
elevator center of gravity. The matrix approach of Section IIA3 leads to the same
result., As with stick-fixed maneuvering stability, augmentation can be treated by
using equivalent derivatives or servo analysis techniques. For the effects of con-
trol tabs, see Appendix II.
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Note that the force gradient is independent of speed, (except for Mach number
and Reynolds number effects) and, except at aft centers of gravity, is only weakly
dependent on altitude,

Although feel springs are normally associated with irreversible systems, these
devices can be used in reversible systems. Then the feel-spring term below would be
added to the reversible~control equation,

(b.) Irreversible Control Systems

dfe _ _ 1 d% 43 _ ,9F
dn G dAg dn (an )B

where d 8/dn can be determined from Section IICl. Appropriate substitutions for 3
adapt the force expressions to other types of control surfaces.

The stick-free maneuver point is that center of gravity value at which the
stick-free maneuvering stability vanishes (the maneuvering control force gradient
becomes zero), The stick-free maneuver margin is the distance of the center of
gravity in percent T forward of the stick-free maneuver point. It should be noted
that although feel springs and bobweights can be used to increase the stick-free
maneuvering stability, feel springs do not increase the maneuver margin. Bobweights
do, however, A nonstatic-balanced bobweight affects the static and maneuvering
stick-free neutral points equally when the derivatives are invariant with speed, A
simple bobweight does not provide the load-factor anticipation that "spring" feel
gives the pilot in maneuvering. Further, it tends to reduce the stability of the
elevator-oscillation mode and can even cause, in the extreme, severe detrimental
effects on the short-period motion (See Section IVCl and Appendix IV). The require-
ment of Reference 15 on control forces in sudden pullups and the discussions of the
intricacies of control system design are pertinent here (See Section IVE),.

Because of their mechanization, bobweights measure normal acceleration and
their weight components in body axes; at extreme angles of attack and attitudes this
behavior must be taken into account (Reference 6),

D. TAKEOFF

At nose-wheel lift-off speed, full airplane-nose-up control deflection will
just balance the vehicle with the nose wheel fully extended (touching the runway
but bearing no weight), This speed must generally be lower than the takeoff speed.
It should be noted that careful attention to takeoff trim requirements is
essential--say a 10-pound push at 1,3V STO® This is an important element of the

problem. The calculation of nose-wheel lift-off speed has essentially three steps.
First the angle of attack at nose-wheel lift-off is calculated, accounting for land-
ing gear deflection. Then certain dimensions are scaled, using coordinates parallel
and perpendicular to the runway. The dynamic pressure at lift-off can then be
calculated and converted into airspeed.
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L
\L
#> ~_
D
a Vth: h?
T .
™~ h e = max
wq‘éj {T 1 neg defl
e
R
1 .

Figure 5. Nose-Wheel Lift-0ff Calculation

Since F = pR (uis the coefficient of rolling friction; MIL-C-5011A and MIL-H-
7700 specify a value of 0,025 for takeoff performance calculations), the main gear
deflection from its fully-extended position is given by

) R (cos 8y - p sin8y) . R

AM- K "T('

because 91413 generally small, K is then the effective spring constant of both

main gear (1b/ft). The deflection can be measured normal to the approximate ground
plane. (Use, for instance, static main-gear deflection.,) This usage of K may
require a correction to the value obtained from the load-stroke curve,

The main-gear reaction is given by R=W - L - T sin (iT + @) and, using the
small-angle approximation for Aa and 8§ M2

Yy

+—Z?

@ = Qeg

where (IFE is measured with all gear fully extended, Strictly speaking, *QG varies

with A&M. The variation, however, is usually so slight that a fixed value can be

introduced, using, again, static main-gear deflection.

It is apparent that this part of the analysis is approximate. Calculating the
conditions for validity would seem to be more trouble than performing an iteration
to improve the accuracy. On the other hand, good results are usually obtained using
an angle of attack based only on static main-gear deflection. The method given,

however, uses the calculated approximate Q.
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Combining these relations and taking

L = q*s [cLa(a-ao) + cL(S)],

for small @ and iy there results

T .1 q%s
@- T *S
q
I+ (G +—3=
( La q s). Keg
Accounting for possible variation of T with q*, this relation gives @ as a function
of q*,

where

Next consider the moment balance about the main-gear axle:

- i - -Fr + =
M+Llcg+ Dhcg Tthos(|T+a) Wﬂcq Fr maxhcg o

£
"

q"ST Cpyla,8)

ma Tcos(iT+a)—D—F.

When the relations above are combined, drag drops out and the result is

W[lcg+/_l.(hcg+r)] - [(hcg- htlcosliy + a) +,“'(hcg+' )Siﬂ“T"‘a)]

Q = (h +r)

{cm+[—ai+,u ] }Sc

To summarize the method, then, in its simple form:

(1) For g* values over the range of interest (say, three points), calculate
(considering ground effect)

*
w T .19 S
_—— - + i
aFE+KQG [CL(S) CL o 9 E]_;FS-'T] K‘G
Q. =
*

(2) For each a; sketch the gear extensions and the ground line on a profile
drawing in the manner of Figure 5, Scale the dimensions Jl g’ (h,, + r); and
(hcg - hT)i normal to the appropriate ground line [ (he —hT) is reiatively

constant, varying only as cosl&d]. Calculate CLi and CMi for each ai, in the
takeoff configuration, considering ground effect.
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(3) For each a g calculate

w[l—cg ,u.(hE+r) ]-T[(hcg;hT)i ‘a (hcg;-r)i i (i + ai)]
% - c
4 ) (hoo+ 1)
’ (om (225 o)

(4) On the same graph plot qi versus a4 and qj versus ;. The point of

intersection determines qLO’ the dynamic pressure at nose-wheel 1lift-off,
Finally,

= /%
VLO' 17.2 qLO knots EAS
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SECTION III
STATIC LATERAL~-DIRECTIONAL STABILITY AND CONTROL
A, STEADY SIDESLIPS

Static lateral-directional stability is indicated by the following phenomena
(Notice that the term stability is used rather loosely in some of these cases):

(a) Rudder deflection and rudder pedal force variations in steady sideslips:
Increasing right rudder deflection and increasing right pedal force in increasing
left sideslips indicate directional, or weathercock, stability.

(b) Aileron deflection and lateral stick-force variations in steady sideslips
(dihedral effect): Increasing left aileron deflection and increasing left lateral
control force in increasing left sideslips are desired as indicators of spiral
stability and for uniformity of pilot control, Excessive dihedral effect, however,
cannot be tolerated in piloted aircraft because it would preclude control of the
roll due to attainable sideslip, and would change the form of the vehicle's response
(See Reference 8 and Section IVB2),.

(¢) Bank-angle variations in steady sideslips: Increasing left bank angles
in increasing left sideslips is normal and rational, and thus desirable,

Reference 15 specifies static lateral-directional stability in steady, straight
sideslips, but U,S., civil aeronautics regulations, References 24 and 25, specify
wings-level skidding turns as well, The development that follows concerns only
zero angular rates, but the extension to find rudder and aileron deflections and
force variations with‘B in wings~level skids is straightforward: add appropriate
yaw-rate terms and set <ﬁ = 0 in the given matrix equations. Differences are
generally minor, except possibly at very low speeds as in the STOL operation.

This analysis assumes that the trim conditions are B = (# =8 =3r =0,
although small initial values do not alter the linear solutions for adr/df3, etc,
and so usually have no significance to the stability problem. Extension for trim
in the presence of propeller slipstream torque, winp-heaviness, aerodynamic
asymmetries, etc, is straightforward. An example of such calculations can be found
in Section IIID, in which trim has been considered for asymmetric thrust. To
handle unequal right and left aileron gearing, the intermediate equations of
Appendix III can be used directly or combined for the specific application to find
aileron force,

Both stability and controllability are given by the sideslip equatioms. It
is usual to specify a margin (25 percent in Reference 15) of aileron control over
that required to achieve a large sideslip angle (10 degrees in Reference 15) at
low speed,

1. Controls Fixed

Steady straight sideslip equilibrium conditions involve zero lateral accelera-
tion, rolling velocity and yawing velocity and occur as a result of zero net side
force, rolling moment, and yawing moment, In the general case there are four
variables: sideslip angle, bank angle, lateral-control (aileron) deflection, and
directional-~control (rudder) deflection. Some derivatives are functions of (trim)
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angle of attack. Drag due to sideslip will change the trim speed or flight-path
angle, but that effect is neglected here.

The following steady-state lateral-directional functional equations apply for
straight steady sideslips at small flight-path angle (y):

Cn (8a, dr, B)
Cl (80, SY,B)

W .
Cy (3a, 3r,B)+ E;-gsm(ﬁ =0

o}

0

1]

Possible variation of derivatives, particularly C,n , with center of gravity should
not be overlooked. In linearized form these equations become:

0 ¢, B c,,&J C“Sr Z o}
O ¢ o c 0
W 2,3 sq I'Sr =
5 C’B C’Sa C’Sr | :o 0
r

Solutions can be found by moving a column of derivatives to the right-hand side and
reversing their signs, then solving by Cramer's rule. For example,

ro Cns Cn& ¢ —CnB
:/ Cos, Cts, |[3° %[ ~Cep B
_E’Tg Y50 “Yr _ or CVB
can be solved directly to get:
Cc C
| "Sa _Eé \
C C Cc
a8 °ng bse "8 | . "8
dB -~ C C C ST C
"Sr | - Cn80 CQSr "Sr
0 n
da dr ]
Cp
Sr
Ca - C Cn C
dda - R n8r A : _jg_
G c C
48 . (I_ "3 ‘QSr) 250
faa \' Cag, Cny,
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B 7
C, Cp
c, c. |- C"Sa C 8 c (CIB' C"B)
9 __a*s . | & "B %8 B | _ Ya
w y C C C C C C
i B | Cng Cy I_C"ao B | T, Q' "3a Sr)
C y C C
5 " B\ Mg, s,

Cy
T (Cv - 2t G )
L' B nSr B

Other derivatives may be formed in this manner: d 8a/d 8r = (d 8a/df3)+ (d r/dfB),

etc,

The approximations apply when CQSG >> CnSa and CnSr > CﬂSr and, for qu /a3,

when CYSQ is negligible., Intermediate approximations are apparent, Note that the
units of all terms in these equations must be consistent, The linearization of sin
¢ to ¢ presumes_that radie(ljn measure is used throughout. Positive values of %SB' for

doa
an aft rudder,“&? , and dB are required.

With an aileron-rudder linkage or static stability augmentation/, effective
stability derivatives can be formed, For example, in the steady state a lateral
accelerometer will measure ay = -g sin ¢ =Y/m. If we have

da,

8r’8c+08' B+ gSro 087

B a, ¥ " 35

primary interest is in Src. As long as no rudder-deflection limit is reached, the
linear steady-state equations can be written:

- -
W93 ddr 93¢ -
%5 " 930 C’Sr cyB+ —B-cy Cy&; 29 c:ysr ¢ Cy8r
_ 98 adr 3dr
’ day cnSr CnB+ch8r Tcn& R C"Sr 5
_q 98r 4+ 93 9Br. Sa -
9 C C + c
doy vsr B B ‘80 080 lsr 187
L .
L]

7Angular—rat:e feedback is of no concern here because we take p and r to be zero.
Even for the wings-level skids of References 24 and 25 the yaw-rate signal is usuall
washed out so that it contributes nothing to steady yawing.
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If augmentation signals deflect the ailerons as well, similar equations could be
written in terms of ¢, 3 , and the pilot-commanded deflections 3 r. and Sac.

Two simplified cases will be considered: ,8 and da signals to Sr ( g(?r =0 ),
and ay feedback to Sr( g%' = % = O). y
(a.) Sideslip and Aileron Feedback to Rudder
C C C C C
[-l— "Sa 2B _ 08r< "Sr IB _ lSr)
C C Cc C C C
adr, "8 2y, g 90\ "y, g 25, a8
i@ C c C B8
P "3r _ "Sa Lo R
Cc C
L "80 "Sr ]
i c Cc Cc ]
c c I___Cnso.ciﬂ_.p_&. Cnar(l_ n89_ 28')
- C C C o
ddrc 250 "B D'Sa "B %8 "B 150 "sr _ 08
d3a Cn C d8a
3r 2
¢y _.?Yik_ Cn
L B "r A i

Total derivatives not involving 3 r such as. dSa/dB,dCb/dB,qu/dSo are not affected
by any feedback through the rudder. That this statement holds in general follows
from the rules governing linear operations on determinants. Likewise, feedback
through the ailerons affects only those total derivatives that involve Sa,

It is seen that for an aft rudder, negative 03r/d( 1s stabilizing. Adverse
yaw (negative Cn&J and Cg ) reduces apparent directional stability,dSrc /d3 , while

"favorable'"yaw increases it, These effects can be offset by

C C
a8r _ _ “rsg /(- s "B
C“Sr CnSf CQB
but the necessary gain may vary with flight condition,”
(b.,) Lateral Acceleration Feedback to Rudder (ay - 1)

When

C C Cc C (o]
™80 8 | ey ang |80 | 20 B
. Cn ¢, c. ©,
3a ' Or 3a 3 B
there results
C c c c
4, sﬂe {,_f':ﬁggg+ esats o _c_’%_(,__"s_oi)]}
w
dB n ) ts, ng Oy Sr ng ng c‘So an

30



AFFDL-TR-65-218

Further approximation yields

OSr g9
= - .——-(c
n8

doy Cuy Yo C"BcnSr)]

d8r, CnB [I Cy
r

As before, of course, total derivatives not involving Sr remain unchanged. Normally

c
lE:‘% °n3,| >> lcvarl '

so the major effect of ay augmentation is given by the gross approximation

C
ddr, . n3+&_9_

Thus for an aft rudder, negative dSr/aay gives an apparently stiffer vehicle; that

is, more rudder pedal for a given sideslip angle, Comparing the result to the effect
of B — 3r feedback, as a gross approximation there is an equivalence

aar 9 2 63"

-C, )
day CLI 3 2

The effect of dSr/doy tends to vary inversely with C; in level flight: at a

typical gain on a supersonic fighter, dSQ/dﬁgnﬂght be increased by about 10 percent
at low speed and by an order of magnitude at maximum dynamic pressure.

(c.) Nonlinear Aerodynamics

If the aerodynamic data are nonlinear to such an extent that linearization at
large angles is not permissible, a graphical procedure may be followed:

Solve the first two sideslip equilibrium equations below graphically for rudder
and aileron deflections, Solve the third equation for bank angle,

Cq {8a) + Cc (8r,B)=0

o

Cy (3a) + Cp (8r, B)

Cy (8a) + C, (3r, B) + C sing =0
Step 1: Plot rolling-moment coefficient Cy against yawing-moment

coefficient C, with sideslip angle and rudder deflection as parameters
as shown in Figure 6a. Only a small range of data about C, = 0 is
required.
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(=)

—

Cl(Sr,B)\

————— CONSTANT 3r LINES

a. STEP |

~_ — — — CONSTANT B LINES

(-) c,(8rB) (+)

Figure 6. Determination of 3r and Sa in Sideslips

Step 2: Plot the negative of the rolling and yawing-moment increments
due to aileron deflection as function of sideslip angle as shown in
Figure 6b. These increments are given by the functional equations

- Cyt3a) = - [cp(8a,B) - Cot BY]
- Cnt8a) = - [ Cpl8a, B) - ol B)]
(=), | 4/
_oeal
% 0"\’]‘+f ————— CONSTANT 8a LINES
’\—l”tlc '
b. STEP 2 2
’\TI + — —— CONSTANT S LINES
|
=) -c_(8a) (+)

n

Figure 6. (Continued)

Step 3: Superimpose the data of Figures 6a and 6b,

Step 4: The rudder and aileron angles required to maintain a given side-
slip angle are determined by the intersection of the curves for the given

sideslip angle from Figures 6a and 6b respectively.

Step 5: Bank angle is then found from the third equation of the original
set by using the solutions for 3r and Sa from Step 4.
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Thus

-Cy(3a) - Cy(3r, B ]

CLI

Usually there is negligible pitching-moment change with steady sideslip, If
that is not the case and if, further, any of the directional derivatives are functions
of longitudinal control position (for example, short-coupled aircraft or combined
lateral and longitudinal control surfaces), the magnitude of the interaction can be
found by iterating the separate longitudinal and lateral-directional trim solutiomns.

2, Controls Free

Current military and civil flying-quality specifications require static controls-
free lateral-directional stability in steady sideslips. Rudder pedal forces are
allowed to lighten at sideslip angles greater than 15 degrees but are not permitted
to reduce to zero or to reverse.

The controls-free stability is determined by the total derivatives

dF, :(aF,)dSr +(6F,\d¢ R aF,
dB \adr/ a8 \ag 'aB B

dFq =(6F0 \d3a , 9
dB 08a/ dB B

References 24 and 25 also require stability in rudder-free and aileron-free sideslips
or skids. Generally, rudder and aileron force stability as given here assure meet-
ing those requirements also, Details can be found with the equations of Section IV,
eliminating rate and acceleration terms.

(a.) Reversible Control System

The control-system terminology in this report is used widely but not universally.
Especially for lateral control, different sign conventions and definitions of da
are sometimes used, Care must be taken that all equations are consistent in sense
and magnitude, For linear hinge moments,

G
= St = -
A Lt (Ch* Cn, B+ Gy Br + Gy Bty + WE B + (AF) oe
B r dt,
S | Ga *e =
F= L 28 g% z(c, B+ ¢ 8a +¢ 3t,) + (AF,)
a h h h a a’feel
2 By aa OB 080 08'0 e

where T, is the distance normal to the rudder hinge line from the hinge line forward
to the rudder center of gravity, The derivative Ch, is normally negligible, On

the ailerons, if GaR = Gg; as assumed here (See Appendix III) the effect of mass

unbalance is evident only in the control-system rigging; the hinge-moment increments
of the two sides cancel. For the effect of control tabs, see Appendix II. A
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similar expression can be written for spoilers; when only one spoiler is deflected
at a time, the factor 1/2 disappears [The factor (1/2) (Ggz) comes from the definition

G, = d( SaR + Sa],)/clAls

As in the longitudinal case, (AF_ )fee1 and (AFy)feel include friction, pre-

load, etc, forces, Artificial stabilization can be handled as in the preceding
subsection,

+Ap G, = O8r _rad o positive tHy
o OA o F corresponding 7~ N
+F, ik for on aft rudder Chogh Fr /S
X —-——

== .

J D PLAN VIEW OF RUDDER CONTROL

L[
+8w

FO
Sa= Sag+ 8a, ~ +3ag “H
a
N, - /
v Y= I !
_Ha
._ 03a | 98a_ _rad
+8a, Gy =" O, " " Twodw ft
is negoﬂve

REAR VIEW OF AILERON CONTROL

Figure 7, Lateral-Directional Control Terminology

To account for nonlinear aerodynamic hinge-moment characteristics such as
rudder lock, the control forces should be found for various sideslip angles from
the functional equations

"
ml ®
-

Fy he (3r,B,3t,) q*s T + (AF)

r feel

G
o -
‘B_O'Cho(Sa,B, 8'0) q*S°c°+ (AF ) ¢eel

|
F‘J >

and plotted versus f3

B. ROLLING PERFORMANCE

A primary lateral-control consideration is the rolling performance available
for a given lateral control force or deflection. Although rolling performance is
often specified as the wing-tip helix angle pb/2V in radians or as a roll rate, p,
in degrees per second, some rolling-performance requirements are specified in terms
of a bank-~angle change during the first second following control deflection or as
a wing-tip velocity in feet per second, The roll-mode time constant, which many
investigators have found to be an important rolling-performance parameter in itself,
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is discussed later, in Section IVB2, Since one of the most important functions of
rolling is to initiate course changes, roll performance should be determined about

stability axes.

Calculated time histories of aileron rolls are very useful, since the required
information is made available directly. A linearized lateral three-~degree-of-freedom
analysis is generally sufficient unless the configuration is subject to appreciable
nonlinear inertia-coupling effects, Although hand computation is possible, digital
or analog computers are recommended for this analysis. In view of the bank-angle-
change requirements, ramp control inputs representing actual control-surface rates
should be used. Step control inputs may be used if the bank-angle change during
the first second is not of interest, or to get insight or an approximate answer
for time-to-bank, When roll rate is of interest, the steady-state value correspond-
ing to constant control deflection is the value to be concerned with., If no apparent
steady rate exists, the roll rate at the first point of minimum rolling acceleration
may normally be quoted, In some cases the peak roll rate may not occur prior to
rolling 360 degrees. In this event, it may be desirable to restrict consideration
to the roll rate that can be achieved in rolls that are completed at 360 degrees.

The conventional three~degree-of-freedom, stability-axes equations (Section
IVB2), modified by (a) eliminating the spiral mode8 and (b) omitting the gp temm
(which is wrong for large ¢ and generally small anyway), give the transfer function

Pls) bys” + b,s + by

Sals) s(0353+u

2
+ +
2S a,s oo)

For conventional lateral-directional modes the response to a step imput,3a(s) = Sa/s,
is given by

’ 2 2
pls) = L308° [5 +(2§wn)¢s + (w, )4,]
2

s s+ l';)[sz+ (ZCwn)ds'l‘(wnz)d]

T

The factors are detailed in Section IVB2, and

1 I
Xz * xz
, L8a * 1, N3a Q7Sb ( Cpg, + -7, Cng,)
Lsa ° T ¥ - 2
|_ _Ex__ I ( l - .._I_x_z__)
LI, X Iy I,

8The assumption is that a steady roll rate is reached before the spiral motion has

progressed very far (e-t/Ts is still close to 1), Otherwise no steady rolling
motion exists,
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The time response to a step input has the form
plt) B, + C,e R+ pe sm(wnd\/l—;dt + )
$(t) = A, + Bt + cze'”TR + Dze'( Cwnlgt o (wnd«/l-C:f + Y,

The amount of Dutch roll in an aileron roll can be shown? to depend inversely on the
damping ratio Cd and stiffness Wn 4 and directly on

1 1
(c 22 c, NC =22 ¢
l__( wn¢ 2_;_ nSO 18 RB nB
“ng (c +L—- cn. M C +I£c )
lSa I, "8a "B Iy ‘QB

With stable (negative) Cp . , adverse yaw (negative aileron yawing-moment derivative)
tends to reduce the steady roll rate; it can even cause a roll reversal, which is
not acceptable, For low Dutch-roll damping, according to Reference 26, (wp ) /wp d )2
must exceed 0.5 to avoid reversal. Favorable yaw tends to create a closed-loop
control problem for the pilot (Reference 26).

1, Steady Roll Rate

The steady-state roll rate, p, , is given by the limit value theorem (Reference
17, for example). For a step aileron deflection,

P Wn b
(o) ( ¢) ToUy =0
Sa ng R ~3a 0
In terms of stability derivatives, neglecting CnB , ClB , Cyr’ Cyp, and g,
i CiiCrl \ |
yB (C‘B CVB ) y80 (c"- ",
p 4 IS c 411 Cny 4,.,C, r Cpn/
pm . oV cnaq P’z nB ﬁs nB /‘Lz ﬂB lu'2 28 B
T ’ Cyn C C Cy,C
3o b Cop T n ( 2/3 8 l,r)
4/-‘-3Cn'B Cy. an 4F-zan
where
I
C.Q + —ILZ Cn
’ i i
C =
‘ll |- Ixz?
Ik I,
L]

9See Section IVD and Reference 26,
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and

O
"

B.,p(b/2Vy), r(b/2V,), Ba.

Various further simplifications are possible, When Ic <<l ap, Cpol
YSaq Kb 084

the simplification is obvious. When |Cyg | <<l 4 p,Cps |, 1Cp 1 <<l apcgnscynl,
¥Y3a Fa*2yq £y Ve A Te

and l1C, | <<l ap,cy,/7Cy |,
r B I¢]

F Cn' Ce'
| 3a “B
’ Ca’ C.'
Po . _2v 5 b0 "8
- b Cp’/ Cn’' Cg
g Qp |-"n_g' 21
CQ Cn
| P B
Further neglecting N;,
Cp’ C,’ ’
Po .2V 280[ "Sa CQ.B]
¢ b Cp’ Cpe  Cn
a L, bsq "3

When product of inertia effects are ignorable, the primed notation can be dropped in
any of these expressions. The relation reduces in its simplest form to the one-
degree-of-freedom roll result

(pb ) . CQSO 3
© o
Note that all angular dimensions are in radian measure.
By using effective values of the derivatives as in Section IIIAl, account can
be taken of stability augmentation, aileron-rudder interconnection, etc. For control
system synthesis, however, the techniques of References 8 and 9 are recommended.

Augmentation displacement limiting can be important,

2, Time to Bank

This is a much more complicated problem than the simple version considered here,
Flight control system dynamics and control rate limiting, as well as aircraft yawing

37




AFFDL-TR-65-218

and sideslipping, affect the result, However, it is instructive to consider the
single~degree-of~freedom roll response to a step aileron deflection., The result
will be more optimistic, of course, than one based on the above control-system
factors. The single-~degree-of-freedom response is

Lo O
A(t) = —(—S_IT);[J"TR+ T'R -1},
TR

where
V. q*Sb b
T T T TI w9
R X P
and
L = q* sb C
8a I, “l3q

A more refined approximation for l/TR is given in Section IVB2, To approximate the
effect of control rate limiting, use an effective time increment:

. L %9 max
tegs 1 Z T3
9 max

Figure 8 interprets this analysis for several forms of requirements, The time to
95 percent P is 3T,

A requirement is sometimes stated in terms of banking to and stopping at a
given angle in a certain time, The analysis that follows is subject to all the
faults of the time-to-bank analysis above, and also to a pilot's difficulty in
trying to perform such a maneuver., (He could not do it both rapidly and accurately,)
Intuitively, the best command for minimum time is the double pulse sketched. '

3a o ' I :

As a result of a linear analysis using a method from Reference 17,

REIC- TN

where 43 ¢ 18 the commanded bank angle. An explicit expression for ¢c in terms of
t, is
2
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o8r 4f

o6fr 3
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Poo meR
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0.2F 18 Continuous Rolling
——— Asymptotes(Cont Roll)
+— = — — Bank and Stop

(Figure 2 of Reference 30, PartI)

1 1 —t 1

2 3 4 5 6

=

Figure 8, Idealized Roll Response to Step Aileron

3, Aileron Forces

For a reversible lateral control system, in a steady roll if SQL = SQR
: L Sa wg g LIy
o 7 By saco[chq8 Ba + Chap v ] * (BF)tea + AF,
a
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The nonlinear equivalent and the extension to spoilers, etc., are readily apparent
(Appendix IIT and Section I11A2), For a conventional irreversible system with force
proportional to control deflection:

- dFO
|z * 3S¢ Sa + ZSF&

In each case A F, includes friction, preload, etc., This equation represents a
linear feel spring with constant stick-to-surface gearing. Nonlinear feel springs
and varying stick-to-surface gearing should be treated appropriately.

Although control-surface hinge moments are of little interest in determining
cockpit control forces with an irreversible system, they still determine the available
control-surface deflections, Thus hinge moments and control-system power or pilot-
force limitations must be considered in estimating maximum rolling performance,

C. CROSSWIND TAKEOFF AND LANDING

Reference 15 requires maintaining a straight course in stated crosswind conditionms,
with or without braking. These requirements must be met with a pedal force not ex-
ceeding 180 pounds, Although drag parachutes or other special considerations may
cause difficulty, crosswind directional control usually is not a problem at high for-
ward speeds., There effective sideslip angle is small, and the resulting moments and
forces can be overcome by conventional aerodynamic controls, Since lifting forces
" may be high, the landing-gear ground reactions may be low; thus it may be necessary
to depress the upwind wing as in a steady sideslip to achieve balanced lateral forces.

When lateral control is lost at lower speeds and it is no longer possible to
hold the wings level, the resulting lateral component of 1lift may cause a large
unbalance of lateral forces. Although it may be possible to maintain heading, the
aircraft skids downwind., Application of upwind brake to counteract the skidding may
or may not be successful, A full analysis, as will be seen, gets rather involved.
For this reason the general case is only indicated., Simplified equations are
developed, and a further-simplified solution given.

Note that in the following methods all angles are assumed to be expressed in
radians and all derivatives, per radian, Ground effect should, of course, be
considered.

The desired condition, shown in Figure 9, is that vehicle velocity parallel the
runway centerline. Small bank angles (not shown) are possible., Each of the main
gear, then, slips at the angle Y , giving a y force opposing the crosswind (com-
parable to wing lift variation with a ), as well as a drag force in line with the
x axis, Nose-gear forces are "drag" at an angle 3|g (Figure 9) to the x axis and
a "side" force proportional to (SN + ¥ ) at an angle 3N to the y axis. All these
forces, of course, are proportional to the respective ground reactions. Interest
is in conditions where the wheels are not skidding, though braking is considered.

Aerodynamic forces and moments are proportional to q* based on the relative
wind, B8, Sa, and Sr . For a given forward speed and wind, the variable

[(l[l+[3)—\[l] may be substituted for 3.
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Ground Speed V All Quantities are

Positive in the Sense Shown

l‘a Runway ¢

Figure 9. Crosswind Relationships on Runway

The tire forces (See Figures 9 and 10 for notation), allowing for differential
braking, are:

a(X/R)M
XR =_('LLXR w 4,)
O(Y/R)M
R * oy VRg
9 (X/R)y,
a(Y/R)
a(X/R)N a(Y/R)
XN =-[“XN—T(‘P+8N)]RN cos3, oy N+ By IRy sin By
0 (Y/R) o(X/R)
N _ PN .
Yy < -—-aT—-(\p+8N)RNcos3N [’LL"N 3 (y+3y )] Rysin3y
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