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L eQuilibriazn airplane lift i-

L . transfonration matrix from F to F,
reference frame f

L transformation matrix frcm F to Freference frame

transformation natrix frcm F to Fh
reference frame g

1/4 oV ej'C f

I P, (nLPz + Npzxll E-e

q e

r ke L

L + 1 I
rr Z r2.

r
(L ~+ 1"1~ (l+ -

"II

I..
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1 S ym ax II) f inIIit ion) I'

1 2 V :4 C I 11

1,transforimtion matrix frcxn F wto F --

rejference framneB

4trcirsformation matrix fran F to F -

HVreferenlce frame v B

t ~rnsforma~ltionl ImAtriX frcin F to F -

V B

f- 1; SICIIf or I~ nv t~~1 tr i x f-ran F 1to F -0c rm EC V

r- f - cenlcu franie

I ,rns formaT~t ion mori ix franI F to -

1 frame h

I vi~;1 naionV Si :vtr ix fin F tco F

M f 1icjht()r free< st ream" M4 ch nanl)cr dimenisionl ess

p 'it 'I I n-i irlllerit f t-lb11

N ~~~ I/ Iv Y. i -ft 2 /sec

I c~p
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yawig mcnentftci

P1/4 oV 2 &cC f t- Lb C/ 2

%PC +mt.arxiianccrdf
MGC man qenetri ctxcrri f

6

NIL military2-I'Y73C

NILSPE m itry ~cfictio +

n lead fa~~~~ctoq"iesols

C~~~~ )'ai/7xnn fl

N euilb ywig rnmat f-l

e - rix:



p i

[I .1

Ablreviation
or Symnl IX'fini tion Units

(N I + II ),/i1 I/sec 2
6r X 6r ZX

t'I~1nautical miles

p roll rate (bodxy axes) rad/sec

P

Pequilibrium roll rate rad/sec

P roll rate (wind axes) rad/secw

P linear mxmentum slug-ft/sec

pzt percent

q pitch rate (body axes) rad/sec

q e equilibrium pitch rate rad/sec

qw pitch rate (wind axes) rad/sec

q dynamic pressure il/2 pV 2 ) lb/ft2

A-(C/coY)Q lb

(Bz/(AX.' - AZ'3X))(Qx' - (Bx/B )Qz) ft/sec2

rgcos Cos0  lbQYe e

Q -rgsinT cose lbz e e

z'(Q /c )Qy lb

(AX./BzAX. - 1,XZ' - (Az./Ax. ) i/sec

r yaw rate (bcody axes) rad/sec

r equilibrium yaw rate rad/sec

r yaw rate (wind axes) rad/sec

rad radian, radians dimensionless

rrvn revol KLions ror minute --

4Xxiii



(or- Symiuhl De fin ition Units

PrlldiLIS vector ft

R(C'/CY)Y ' lb

(P (By/A<4Z- AZ, BX)C(RX. (BX/ BZ) RZ. ft/ sec'

RN' lb

(Z -z (CZ/QPCY)R lb

R-Z .(AX,/(BZAX, BA .~))(RZ, (AZ./AX.)RX.) 1/sec

S wing area ft2

S ttail area ft2

I-'X /CY) SYft./sec 
2

Cx. (B~ X ( /(AXBZ - A,BX))(SX, (BX/BZ)sZ.) ft/sec2

SYY6 lb

(C C ' Sylb

Sz,(X/(ZX B S,- (AZu/?>X)SX.) 1/sec

SA S stabil ity augmentation system -

SOC :;(ocorxi, seconds

SIc sca level

4t time sec

T period of damped cyclic moction sec

TP thrust lb

T equl I ibrum thrust. lb

'PI~htraji inq alqe do' A

xxiv
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Abbhreviation
-or De f ini t ion Units

TEU trailing edge up

T X , T , TZ  thrust components lb

TPS Test Pilot School

Tv 1/2 PVeSCT slug/sec

TX T cosa lb

Tx ,  (Bz/(Ax,BZ - Az,BX))(Tx - (Bx/Bz)TZ) ft/sec2

T -T sina lbT T

TZ ,  {AX,/(BzAX , - BXAZ,))(T Z - (Az,/Ax,)Tx) 1/sec

T time to damp to 1/2 amplitude sec
1/2

T/2PV 2 SCT lb

U perturbed velocity along X body axis; ft/sec
Vcosa cosa

U steady state velocity along X body axis ft/sec

U1fl. ultra high frequency

t.1IFT unit horizontal tail

USAF United States Air Force

USIAIVPS United States Air Force Test Pilot Scool --

v perturbed velocity along Y body axis ft/sec

V velocity in general, also true velocity ft/sec
wind axes

V equilibrium velocity along wind axes ft/sec
e

V, Ivelocity of center of miss with respect ft/sec
to inertial spice

xxv



Abbrevit ion
(or Symlxl Definition Units

vs tall speed ft/sec, kt

w perturbed velocity along the body Z axis ft/Eec

(Vrn-s S inax

wr t With resjpect to

W air-plane gross weight lb

w f fuel flow lb/hr

wX 1,6e stIe - Se oaeI

W (B z /(AZB - I t BX))(WX- (1BX/BZ)WZ) ft/sec 2

"Z 6e Coae -D6e siae

" z(A.X./IBZh.,. - xzi))(W z -(AZ./Ax,)WX) 1/sec

( I'X X axes

XE3,YB:ZB axes

XEIYFIZE axes3

X rYDCZ axes

XI' I I I ae

X IYZ axes
s' SS

axes

Xforce along X axis lb

qL s ina e slug- ft/ se-C

XV-1 oae+ hLsina. + TVcosczT slug/s-c

X 1) sinci - 1) (X)5c + L. cosi + L sina. lb)
cxe e a (I e e a e

xxi



X, T

0T

Y force alcxrn y axi S- lb

Y 1/4 rV SbC lb-sec
r e yr

Y1/2 '0, 2 SC~ lb
Be y

Y. 1/2 PV e Y6 lb

y6r1/2 PV e SCY6r lb

Z force along Z axis lb

-Lcosc slug ft/sec

-D vsina* Lv ,os0 -a 'PVC T sing/sec

-D o-os.-, + L, sir.-1-Io L cc),~-;- D sina lb

-T~Ia,,,lb

1: 1,), 1~ 1,



NA4Irev I t ion
or Syx1l Definition Units

incl.ination of thrust vector with rad, deg
bcdy X axis

sideslip angle

equilibrium sideslip angle rad, deg

6 total aileron and spoiler deflection cad, dega

61.3 CAS aileron variables (61, 62P 63)

6 carmanded aileron to control actuator radac

6 mechanical aileron variables

am1 3

6 aileron force input frcm the pilot lb
ap

6aCAS total CAS aileron input rad
a 

GAS

6 control deflection in general rad, deg
C

6 total elevator deflection rad, deg

CAS elevator variables rad, deg

6 camanded elevator to control actuator rad

meclhilical elevator variables
4 1,2

el evito- force input frin pilot lb

6 totil GAb elevator input rad

6 ruider pedal deflection rad, deg

6 totl r tder (lef] ction rad, degr

6 CAS ru lder variables

xxv i i



Abbreviatioii
or Symbol De finition Units

6 caiwmndl rudlder to ontrol actuator rad

6 nmecanical rudder variable rad

6 rudder force input from pilot 1brp

6 throttle deflection rad, deg

T

( downwash angle rad, deg

C damping ratio

e pitch angle rad, deg

0e equilibrium pitch angle rad, deg
e

aw pitch angle wind axes rad, deg

pitch acceleration rad/sec2

( ~V eigenvalue

longitude deg

AE  angle between R I and 2 E rad, deg

P latitude deg

PE angle between and l rad, deg

angle betweei i  and C rad, deq

air density iLb-sec 2/ft ,
slug/ ft 3

I bank angle rad, deg

equilibriumn ba]nk angle rad, deg

ba nk angle wind axes tad, deg S

phi to beta ratio-

yaw ang Ie rad, deg

,xix



lq)lbrev ia t ion
or Symbol Definition Units

equilibrium yaw angle rad, deq

yaw angle wind axes rad, deg

frequency rad/ ec

3 damped frequency rad/sec

4 DR dutch roll frequency rad/sec

n natural frequency rad/sec

Wph phugoid frequency radi sec

short period frequency rad/secsp

angular velocity vector rad/sec

, WE/I angular velocity of FE wrt FI rad/sec

WEC/E angular velocity of FEC wrt FE  rad/sec

SViEC angular velocity of Fv wrt FEC rad/sec

WV/I angular velocity of Fv At FE rad/sec

NMS

an|lrvlctyo a/e



Abstract

This rep ct cdocuments the results of a limited simulation and flight

test of the A-7D to detenine the effect of load factor on aircraft

handling qualities. The test ondition was 15,000 feet indicated

pressure altitude, 0.6 indicated Mach number, at load factors ranging

fron 1 to 3G's for the mechanical and fully augmelnted flight control

configurations. The equations of motion were developed to include

turning flight. The equations vere linearized and put into first order

form x = Ax + Bu. Eigenvalues/eigenvectors, Argand diagrams, Bode

plots, .rd time histories were used to predict tle effect of load factor

on aircraft handling qualities with respect to MIL-F-8785C. Linear

systr,,s analysis was u.eful in predicting aircraft response for doublet

( , and impulse inputs. As load factor increased the longitudinal and

lateral modes became kinematically coupled. Load factor destablized the

jIhumoid rmrne. Load factor had little affect on short period dynamics,

but caused the parameter n/a to increase for the fully augmented

aircraft resulted in the flying qualities degrading from level one to

level tw-. The dutch roll nxe dynamics improved with an increase in

i*Ad factor. The roll nurde tine constant increased with load factor;

hlwever, remained within level one criteria. Linear systerns analysis

wsz determined invalid for step roll inputs. Frequency response

4 analysis slyowed the affect of pole/zero movemnent as load factor

increased. Flight test results verified the trends predicted by

analysis. In addition, flight test revealed that cross coupling between

the longitudinal and lateral. moles was aggravated by rapidily removing

step roll inputs. The apperlices contain plots as well as detailed

xxxi*J
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infornation or, referenrce fr uns, equitions of motion developnent, A-7D

fIight control systn modeling, and cxnputer prograns used in this

study.

4
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71 iE' FFECP' OF hLAD FACI)R (t4

AICA'I' HANDLN QUJAIATIES

L. Introriuction

This thesis p-esents the results of a limited flying qualities

evaluati(n of the A-7D, at load factors from 1 to 3 G's, and a flight

condition of 15,000 feet indicated pressure altitude (H. ) at 0.6
'C

indicated mach number (IMN).

Backg roun(

Milit. .ry Specification for Flying Qualities of Piloted Airplanes

MIL-F-8785C [Ref 1] is used by the United States Air Force Test Pilot

School (USAYFPS) as a guideline for evaluati-g open loop handling quali-

ties of various aircraft. MII-F-8785C was reptublished in Novemrber 1980.

This new version replaced the old version MIL-F-8785B, and two para-

graphs Yere chinqed %i h iffe,ctoi the 1c=st Pilot 17h-xl (TPS) curricu-

lum . Para,-or-A 3.1.4 "Pt i l ,i',,trl L t,.-" , .: ' . , ,, rtquir(_nent

anq . 'j'iri ,, :I, 0 l,-1-0755t., r!jaiirio::  . rAIs : -i. V i r ,]

fr r ' . 'I;] :z,.kjreti, ,(xzD:l e f,1r I I-} -ar-) -

. . '.. . -l. fctor (v- - ) t 1.:. .

, * . , ':. 'ii mits at other than I: .:. I V .. :

,,'.',1 l , , ii : .r. 1.4.1.2 "Roll Perfo Tmr1 ,.-' . . ..

'1'. [ . .. : , : ' . ' . ' ..: . . " . . t: . . • t



NllilIt? Ir )tr - I IIII,; st-ep 1o] 1 iputs9 at e~ter Ula i 1n , 1 ()1 it i I li"I; I a s ."C 11

as lat eta 1-ti t t-ect iorvl (fiC ill at ios were obsevi h:-li I t it a)ll , evel

thot;h no iorjlitudinal inputs haI iDmn aede,. brthenor , the sid3eslip

os(::illatiors w re jrteate, than initiailly anti cijwited . This ra iseti the

U{t;,lestion -- What effect- iy load faictor have on a ircra ft han iling

(f)la-lities, aridx cau the effect, if anty, he predicted analytically?

Purpose

The primary purpose of this thesis is to investigate the effect load

factor has on aircraft handling qualities, and determine if linear

systems analysis can analytically predict the effect. The A-7D was

selected as the aircraft to analyze for several reasons: First it is

one of the TPS curriculum aircraft with telemetry capability; second, it

has a sophisticated flight control system with selectable augmentation

t •w ich allowed analysis of non-augmented and fully augmented cases;

finally, the aerodynamic and flight control data was available for

.mi-el 1 ing purposes.

Ob)jectives

The specific o)jectives of this limited evaluation were to:

i. Analyze the effect of load factor on aircraft dynmics'haniJ

!Iltil it if's.

e iqenvectors, frequen cy responlse plots, cpitnpute- ltkieloS) caur oiict

aircraft handling qualities based on cmjnpliance with MlL-F-8785C.

3. Cmpujvre analytical results with flight test results to detenrine

the viiidi ty of using l~ineair systems ' anAlysis tao prodicthndis

r I i i i t tit ,,. ) a t]' {h l(;.

i'S



t11!1i, I 41 iii.t 1'-). X1.I ii wrie 1in the fam;.~iliar ir st

( lrI iniar stet v. iri ihl e dif for, nrt al equaition foin.

x = Ax + Bc 1.1

heex represents the stato vairiahle vector, and u represents the input

"'k "L or . qlhe A andl B matrices represent the aircraft, and3 control

I--it rie rsetlvlv h oriqinmdi set of eq-u ations w ere expaided to

( ~ V i-,nd o t-he A-7D s mecayca aGuginnted fligh1t control systems.

Anialysis of this systeim of equations was accanplishedI using

1 ~e Va ueserivectors, arcqaaoi diagrams, 11c)(1e plots, andi time

4 1 StOP ien .In s-id itbi, iretr required by MlL-F-87155C, such asw

naetc. were, extra-cted to le-tenliine Mil, SPEC caiupliance.

Fl igrhU Lt~s t thlt ~mi e v validity of thle analytical

1: i 015, 1 'Iti Aifd (IIII c]Vi iicit Itvoy i the, effect. of loadI factor onI

F''cl t (111 niti (I I:; A-1,H 'ii , )[I (i, ''' Iol vee t A flat norn r-otzt i m o earth,

f~~~ I in :;r''t i ,p Ii fr iI'I 1tn uii'N i . 'Mo air-craft was as~o

1- 1 H 1 11 iv I I w thI t he t hr-iit ce t o li' i ll t lii)

4 i i 2'V i \'. P.' K'. PIU '' : I i *H U ' K U ill In i' 1



iricludedN Lin the equations of iiotion. Perturbitions froin the equilibr'LIM

( conditioni rernaiincW relatively small with the prod~ucts arxi squares of the

perturbaition variables being negligible. Atmospheric properties were

consideroi1 constant during perturbations from the equilibrliz condition.

I Simr Convention

Thie followircl sin con1~vIventio iC l1 uS~li:

1. FPorus, 11elts, ar11i rates Jare- positive With respect to a right

(hcmni-jed cmx-rdinate system witIh the x-,a xis out the aircraft nose, the

y-axis out the ricjht wing, and~ the z-axis out the baltan of the aircraft

(Figure 1-1).

I I- - ___ -.-- ___ ___ ___ ___ ___ ___ ____ ___ ___ ____ ___ __TED_

RIGHT DOWXN +

4 Eig!re 1-1 . Sign -I IVAlIt ion

2. ElIevit-( )r (U ni t Hor 1 ont-ji Tail (L1 U)) t ra iio klde (Iowrln is

I 3. 'UirhrT tr-,i Iir)( (Nlp left It; Iolidr a lrnsiti\'e deflection



4. Right aileron trailing edge down is considerd a !x-sitive

de(floct-ion [Ref 3:31)0].

Present tt i )t

Th11is llesis is cinuiosed of six chapters. Chapter 11 suaivirizes the

nefriral e, ucitions developiient, presents the aircraft paramneters and

stihility derivatives for various load factors, and sunrnarizes the

ailitiondi c-luations required to racdel the flight control system. In

adition, the A and B matrices for various load factors, and flight

control configurations are presented. Chapter III presents the

analytical predictions of the effect of load factor on the handling

qualities. Chapter IV discusses and presents the results of the flight

test portion of the study. Chapter V conpares the analytical and flight

test results, and Chapter VI gives the conclusions and recamnendations.

I



I. Developnent of Eoua-tions

Introduction

This chapter summarizes the general equations of notion development,

presents the aircraft parameters and stability derivatives for the load

factors considered, and summarizes the additional equations required to

model the flight control systen. TIb supplement this chapter, Appendix A

contains a detailed explanation of reference frames; Appendix B contains

a very detailed derivation of the equations of motion for level turning

flight which can be simplified for straight and level unaccelerated

flight; Appendix C contains an explanation of the A-7D's flight control

system along with the derivation of the additional state equations

required to include the flight control system in the computer model.

Equations of Motion

The sum of the external forces are equal to the time rate of change

of the linear momentum, and the sun of the applied moments is equal to

the time rate of change of the angular momentum. Yes, Newtons Second

Law was the starting point for this development. The standard

assumptions that the earth is fixed in space, the aircraft is a rigid

borly, ary] the aircraft's mass remains constant were made, which are

vjli(] assumptions for this purlxse. The equations ore derived in body

axes to allow direct ccmparison with flight test data. This is because

the flight test instrumentation system measures body axes as opposed to

stability axes angular rates. Furthermore, flight control feedbacks are

also body axes quantities. Grouping the three force, miment, and

kinc3natic equations developed in Appendix A into tl o following set

allows the ir-ion of the aircraft to be describedN.

0G



Forces

X: T + F IT- sin 0 m(u + qw -rv) (2.1)
CosaT

Y: FAy + nrq sin ( cos 0 m(v + ru - pw) (2.2)

B

Z: -T s in a T + F ri o CO cos o m(w + pv -qu) (2.3)

Moments

=p Ixx - r Ixz + qr(Izz - I yy) pq Ixz (2.4) 5

M = q l + pr(Ixx - I zz) + I xz(p2 - r2) (2.5)

N = r Izz - P Izx + M(Iyy - Ixx) + qr Ixz (2.6)

Kinematics

= p + q sin * tan e + r cos * tan e (2.7)

=q cos e s -r sin (2.8)

= [ q sin o + r cos D ] sec (2.9)

Note: since none of the equations depend on , the W ecqation can be

cni tted.

To correlate the force equations with variables used in the A-7D

Aerodynamic Data repxrt [Ref 4], and those measured fron flight test,

they were writte in terms of V, a, B, Le D, Y, p, q, r, , and e, as

detailed in Apffndix B.

where

V = free stream true velocity

= angle of attack

= angle of sideslip

L = lift

D = draq

t;S



Y = side force

4p, q, r : h"Iy axes rates

= 1 Laink anige

O : pitch daigle

which yielh

X Force Equa tion :

-Wcosa + TcosaT = m [ Vcosacosa - VasincacosB - VBcosasina +

q(Vsinacos ) - r(Vsin) + gsine ] (2.10)

Y Force Equation:

Y = m VsinS + VBcosa + r(Vcosaoosa) - p(Vsinacosa) -

gsin, oso (2.11)

Z Fbrce FLation:

-Dsina - Lcosa - TsinaT = m Vsinacose + Vacosacosa 0

-Vasinasin8 + p(Vsin) - q(Vcosacosa) - gcospcose ] (2.12)

Linearization. At this point there are several approaches that can

be taken to solve this system of equations. Nanerical integration

techniques can be enployed to solve the non linear set of differential

eqkitions, or the equations can be linearized for a small disturbance

a ut an equilibriLm coition of interest. The linearization method

W1s ch)sen for this problen, arxi the details of this process are

contained in Appendix B. The linearized coupled body axes equations of

motion valid for steady level turns, and straight and level flight are

surntarizei below:



X-1ibrce L4qnt ion:

[m SO rn s e AV + R-Ie siniccs L'sin(I AOL + PV Cosa sinB% A

= (D coas + L silc + T CosaT - ;usirlaxco~ + rnrx, Sin fe] AV

+ F(Dsina -D cosa + L Cosa + L sina ri-m V Cosa cosBi 6C

L e e ax 0 e e a e -c C

+ [Lsifl -W IUSinacoaSj Aq + Mgncoso~ AE

+ [niVsina' sine + =leVecosa el tB + ejJsinB J Ar

+ L in e D cosal 6e + rFT Cosa 6 T(2.13)

Y Force Fquation:

[MiB ]A + [mVc osBe] =[n recoscxecos~e + mPesinflcOSBel A

+ [mreV sinxecosB + mpeV ecosa cOsB] Aa + Lngsifl~pe sine1 AO

+ + nrev eCOO sinme - MPV esina e sin8e] L + [ + Wnesina ecos e] Ap

+ TV - cosa COS6~ Ar + r~CIOSI0cose3 AI) + 6 6r + fYa 6 a

(2.14)

Z Lorce Equaition:

Lsina cos6e AV + ecXJs ca + L'cosa] ac + W-rrsinxesinae A6

* (-D Vsina e - -~osl T Vsinci Tq mp esinBe + tnqcoci CoS6 e AV

+ [(I(Y*~+ sill, - I)V inn 0 ) - ))e Act



+ [q nCz 0 + e]J~Si~rn3~ ACI + e is&iu}A

+ [nfleVecos~e hlneVcya siri6 "I A6 + L-f. en~s e1 Al + [-flhi3silc)~ III

+ -6ecsL s inell6e-T6Tsn 6 T(2.15)

L MciTnent Equation: (Rolling Moment)

I x p-I Z [re(Iy - Iz) + Plx] Aq + B 6+ B+ q,21xzj

[+ F eI - Izj Ar + L 6 r 6r a T16+ L 6 (2.16

M !4cnent Equation: (Pitching Mcrnent)

I AC - M* Ac M Ay + M Act + M q+ [r( - ) - 2P~

+[pe(I IX) + 2 rI J Ar + M6e + M6 t6t (.7

N Kxnent Equation: (Yawing Mmnent)

I zAr- Ap= Le(I x - r~ e rI] A + N 8 A6 + [%(I I I) + N p

+ [-qrx + Nr] Ar + N6 + N6 (2.18)

111 1 ut i n:l

Lrec: S~s(2e e + clesin'pe SC2] Ae + FSin e tane] Aq

+ Ap + [cos CItane] elr + [q ecos4 tane - r esin D tano ]I 6 1 (2.19)

A9 ') s A(4 + s i fl~1 At- + L-sin, r rcoso] A (2.20)



First Order Fbrn. Writing these eguatiesiot in Iie fmi i iar

x = Ax + Bu (1.1)

.itte vriale form allows for convenient nixiern centrol system

i,.,ilysis. Tle state vector x, an] the input vector u are defined as 0

follows; where the t's preceding each perturbation variable has been

cini tt ed.

VS

q e

6q e

X r (2.21)
86

p

6
t" r

The 6t elenent in the input vector is included at this point to keep

the development general, however, the final form will assume a constant

thrust setting and it will be dropped.

Since all- eight of these equations are coupled for turning flight,

the (c )officients of the state and input variables are extrenely complex;

th,rof, ,, ,i r)t:t inn wa~s developed to simplify the equations. The

(]finltion of each symbol used is presented in the "List of Symbols",

,uiri tn t details of manipulating the equations into first order form are

Jivell in Appendix B. The first order form of the equations using the

i p i f i, ItNl xti ion are l isted below:

II
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(AV b ) 'AV + L ' 'Au + 1' 'Aq 4- C ' ''An + fix. 'AB + J '..Ap) + K '' Ar

+ Q x' ' + W x'6e + T x'6T + R x'6r + S x''6a (2.22)

a = D ''AV + E -'AQ + F Aq -. G ''AG + H ''AB + J ''Ap + K ''LrUz z z z z z z

Qz Wz e T z + Sz 6 (2.23)

Aq + [ + MDe V + [M + WE Aa + M + MFz'] Aq

I + r(2 r'v aI LZIq

+ LGz'] AG + [MHz '] AB + [r (I - Ix ) - 2 peIxz + M Jz ' ' Ap

+ [Pe(I -x) + 2re + MKo ''1 Ar + [MQz' '] 

+1M e +L zl] 6e + [M6 + MTz' 6 T + [MR 6r

+ [!<S'' ] 6] (2.24)

( , A Aq + Lsinfli Ar + [-qeSine - rcos] WD (2.25)

A [ [D - A D'] AV + [E- ] AcL + [-Ay ,F] Aq

+ G y - y x A+A + J H A

+ [K - A yKx] Ar + [Qy- A Qx' A" + [-A yW'] 6 e

4 + [-A yT '] 6 T + [R - AyRx''] 6r + [ - AySx'] 6e  (226)

Ap = re(12) + pe(I3) Aq + L8 AB + L + q(I3) Ap

Lr + c A(12) Ir + L '6r + L 6 (2.27)
Ir a i

6r = [Pe(1 4 ) + re(15)] 6q + NB'AB + [Np' 4 %(14)] Ap

+ + A15) r + N '6 + N 6 a

ej r a

A P =Lrs e)Ssee0 4 qsin skCc2OG AO + [Sinl tin e ]Aq

4- Ao + [; tIn0 Ar + [ems tnn - r sinm tal1I8] Ao (2.29)

4I
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This systeml of eouiations can be tLsed for any conventional airpla ,-, to

describe its notion durirg perturhitions fran straight and level or

steady level turning flight. The A-7D was used in this problem arid the

information required to evaluate these equations is provided in the next
sect ion.

A-7D Parameters and Lata Package Handling

The A-7D fixed pe-rameters for this mordel at the specified flight

cornition are presented in Table 2-1.

Table 2-1

Flight Condition and Geameteric Parameters

Item Symbol Value

Altitude H , h 15000
c

Mach M, ItM 0.6

Density 0 .001496

( ' True Airspeed V 634.7

Dynmnic Pressure q 301.3

Weight W 25338

Gravity g 32.1725

Mass m 787.57

Center of Gravity cg 28.71

Witn Area S 375

M W .

W*rInts o', Inertia I 153 5
x

S

I ) 952
Ys

I 79fl()5z

Pr-xIu, t of Infrtia I -1 )4

X I
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The A-7 Aerodyinkamic [ata rel-ort [Ref 4] and the A-71) Est niateyi

Flying Qalities relx:rt [Ref 5] were the prima<try sources for the

aero]ynamnic ancl stability derivative data required. The data were in

stability axes and several of the derivatives (such as C , C , C
r v P

varied with angle of attack. Several steps as outlined below were

required to convert this data to body axes for each of the load factors

of interest.

First it was necessary to obtain 1G data at the 15,000 ft, 0.6M

flight condition. This data was stored on diskette for later access

using Data Creator (Appendix D). A program called Delta Alpha Solver

calculated the change in angle of attack and UHT (6 e) as a function of

load factor. Since these calculations were done in stability axes, this

program also changes the stability axes load factors and bank angles to

body axes (Appendix D). The results of these calculations are listed in

Table 2-2.

TABLE 2-2

DELTA ALPHA SOLVER RESULTS

STABILITY AXIS _BCA)Y X -X-P
DFELTA DELTA LOAD BANK LOAU) i 7

ALPHA STAB ILATOR FACTOR ANGLE FAcNYJR;
(bEG) (DEG) (G) (DEG) (G)

0 0 1 0 1.00

4 1.56 -0.88 1.5 48.2 1.49 4n.5

3.11 -1.74 2 60 1.97 60.6

4.66 -2.59 2.5 66.4 2.44 67.5

6.22 -3.44 3 70.5 2.90 72.1

]I

I



t 1 l TheI delta al phl'xAr delta st;lhi I o o Va iuxie '11r0 reforeinced to

1G: a - 4.36 6 : 4.17.
0C

0

The prcgratm uses these lxzKy axes bink ar, 1 es t,) oalculate equilibriLm

rates (Pe q r ).

With the tequilibrinm an I os of attack detenn lhedI at each load

factor, the data pa]ckage wis re-entered ton obtain tluse stability

derivatives affected by angle of attack and those values wre stored on

diskette using Data Creator. The non-dimensiona] p-rameters obtained

are given in Table 2-3.

]',
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Table 2-3 (Crc~t mt,l)

( ,i , if , 0.UM, 20 71% jA., 25 , IA t)

*~~~~~~Ft~ r 
-

.~- 
_________

Axes
-, -- - 4, ... -U,.; ... , .-% -;h -- ____________t __- _______,

.. .. . I ty ly

.L:74 .1413 - 7I

-. .3277 .3 14 .4 30 ;2 .7u39
II* .... '.' . 1 ,0 ].4 1 1 0 7

10

(Z 7 2 11119

(7,
7.-14 I 5k 4; 2 .18 10

k .(,241 .031f) .(1213 . 3) 8.20 E--03 .0249

.P; -. (A2 - 4 -. 2 4..,"4 -. 0519 0532

( .0917 .(4 t .( 31 .o4 1 I 1CR)3 . )ti5

-2.24 E-4)3 -4.i4 E-k<4 -. U222 -.- 20. 4 0 E-03 .f1(q

-. 3';2 -. 32O - 13 -. 945 -. 34,69 -. 31343rl
- .' 2{ - ,( . .4 --0, .Ill 7 ,_.40'j,3

417
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Finally, the program Augmented AMAT B2MAT/Ver 2 (Appendix D) is used

to calculate the individual elements of the A and B matrices. To

accanplish this, several intermediate steps are performed. The

remaining equilibrium values are calculated (Table 2-4), the stability

derivatives are dimensionalized and X, Z b y axes derivatives are

calculated (Table

2-5).

Table 2-4

BODY AXES EQUILIBRILU VALUES
(15,000 ft, 0.6M, 28.71% MAC, 25,338 lb)

L0 D ONOIGE OF 3IDESL!P BANt 931LL ;I[C ,Aw £LEVA0 R10 RUDDER 1 AILEK4N
FACTOR ATTACV ANGLE ANSLE RATE PATE RATE DEFLECTION DEFLECTION DEFLECTUN

I C i (DEG) , zo 5f5) DEPSFC 1:P5E 0, ESIq 0C) EEP '

1 4.36 0 0 1 0 -4.17

.5 5.915 -.04 49.495 -.1115 ,1.419 .,.14 -11.048 -.,43 :04

7.47 -.047 60.639 .654 4.-47 2.445 5.937 -.27 t
2.5 9.025 -.05' 67.481 -1.044 6 .| 2.517 -,. 75q .294 .334

1 0.579 -.057 71.091? - ' 2 ? 608 -. 15 .
4

NOTE: LOAD FACTOR IS :4 STABILITY AIES

I4
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With all the required numbers available the A and B matrices are

produc.d for the desired load factors 1, 2, and 3G's in Tables 2-6. 2-7,

and 2-8 respectively.

Table 2-6

BASIC A AND B MATRICES IG

A-E 0A 740

40 -,011 4.0556 0 -0.17235 .03 51 4
*.2E-54 -1.00849 .99622 0 0 ) 3 -'

50-04 -7,95095 -.70965 0 0 0 0

0 0 0-

0 0 0 - 6 ~ OT 945 .5M
3 0 -'o.74'5' -, 44543 *94 7l 0

6 0 0 ' .usa - 0093 - 4<02 3

, ? 0 0 0 5 . C

- 0 0

.04532 3

0 7.81296001 -19.4286

O -4.65753 .45114
0 0 0

* Table 2-7

BASIC A AND B MATRICES 2G
A-KATR I!

01
7 9  

-47.4174 0 -31.89924 27.72112 .13277 -1.0082 -.3.60219

2.-1E 0 -1.01135 .99622 3.330-03 5.865-03 7.3 -04 E-4 .0 .013-. 34

2E 04 -7.0,62 -. 70965 -3.9E-04 -6.90-04 ,33%? -6.560-03 5.030 -0

0 0 .4903 0 0 0 -.0155 -. 09'05

-7E-05 -5.9030-03 0 -5.78-03 -. 161? .13121 .993I4 .0,"64

0 0 -.02712 0 -31.11617 -2.1350 I. 1' 497 0

0 0 5.020-03 0 2.8697 -. 9554 .42 1 3

0 .11428 .08055 3 I .C6429 0

P-AtIRI I

0 .02204 3

-.1343 ! 20-05 0

j ) 0
0

) .053~,2 0

0 8.47095 -I8. 1t
o 1.55313 .34535

0 0 0

"2
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Table 2-8

BASIC A AND B MATRICES 3G

A-MAIRI

.C 3i -I29. 25~38 0 -21 4201 29.9914? .22491 -1. 0 01 13 - lb 1
2.BEC4 -],01902 .9922

.  
.34F-O0 ,0i2l .ii-04 5,4E-c4 -.C4bb

CA -.C4667
?.[ .91 17 1001 .70965 . C][ (A 1.E O 4!9 -. IC13 1. E 0

-. ao 0 Ai-2 -. ?'0 :941q -90:9 .213
-. 22040 2 -22.CI22 > 3

o .c20%5 2
-. I1241 -21-9 0

) -4.0222 .1 IU'

(P )p to this p-oint the prograiTns Lse are for any conventional

a ircraft, given a data package in stability axes, to generate A and B

Im-trices in body axes for an aircraft in turning or straight and level

flight. The limitation at this point is the flight control system is

not included, ard dependirn on the intended use of these matrices they

mVIy or my not be sufficient. Since the intent of this work is to

crmre analytical and flight test data, the flight control systen must

' ryiet<led.

IlncoryY)ration of the A-7[) Flight Control System

A dlescription of thle A-7D) flight control system, irni] Wlinq

sinmpl i fiti blck (diagra, ar i (ota i t cit dev,] opnent of the di fferent ia i

n_ {uat ori; h d scr ibinq the y;st l.m , r Presf,te I in Appe-l' e ix C.

'l einionts with 1ndwidtl. gtrO it,r thii ha j- o qual to 20 rad/sec, which

irCl('11 , t w ot '.a -, ynmivn, v )r ir11-('d. C')trol systen limiters

;;>



The 7Ac_- te] NAAIT tMAT/'Ver 2 1---oqrm (Aqj'_ndi: ) u.es thes,? flight

control state ecuTations to supplanent the original A ana B nutrices

already generate,]. A suTrrary of these equations are repeated here for

convenience, and the definitions of the notation can be found in

App.kndix C or the "List of Symnols".

Pitch Axis:

Adl 6 's in the original eqcAtions will be replaced bye

6e = KT6 em + 6e., + .25q (2.30)
~2

I-ve mechanical pitch paxth equation is

6 = .5[6ep + 9.6q - .0855az] - .5Kf 6 em (2.31)
-~s 2

-urI tlie control atKmentat-icn path is described by

62 1.6182[.0054 6 ep- .00054az + .003794q] - 1.8182 6e2 (2.32)

Al 1 6 i' th- original ,xmitions will be replaced by

+ +.lp (2.33)
* 3

W ID L- -1 1 £. lk- eqp.tor 3 )u
26c l . (2.3x!)

2 2

S 1 .23 " - }V ._,6 (,! .35)
S<!,,-



S

N ,1 2 4• + -003
r I:

3 -6 b

The Tiw stffbi iz~ati oe ,ncn * ionr.- are

6 = .25r- .O1lp- (2.38)

= 2a + 14r -216 (2.39)
r6  y r 6

= .0C096 (2.40)
r8  6 3I

Total Aircraft Euations

The Augrented AMAT Pf Af program finally generates a 17 x 17 A matrix

and a 17 x 3 B matrix with tYx followim state and control vectors (t-he

6.s have been onitted).

4 5



v

cLq

p

r

6 E2 
ep

6e2 U = rp (2.41)

6 am2  ap

6

am
6 3  (pilot inputs in pounds)

6a
2

6a
3

6r 3

6

6r 8

The following sets of A and B matrices are presented by load factor

(1, 2, and 3G), with three different A and B iwatrices under each loadl

factor (Tables 2-9 through 2-17). The first set under each load factor

represents the A-7D with only the mechanical flight control path; the

second set represents the A-7D with both the mechanical and control

augnentation system (Yaw Stabilization and (bntrol Augmentation - ON)

which is the normal aircraft state; the third set is a special case for

25
-) *-



rter inputs (ful aucanentaticn except lateral acceleration feed]black

(disconnectt'i). Since tihe lateral acceleration feedlback path is

deactivatcd when the rudder pedal is deflected riore than .02 radians,

this c ise ai 1o ud rudder doublet inputs. The output of this rudder

doublet was then used as initial conditions for the fully augmented

ncdel. Linear systems analysis techniques will be applied to these sets

of matrices in the next chapter.

?J,
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111. Analytical Prediction of Load Factor Effectson Aircraft H-andling Qualities

Intr] uction

The purpose of this chapter is to use linear systems analysis on the

derived matrices to predict the effect of load factor on aircraft

handling qualities. Information will be extracted from the eigenvalues,

eigenvectors, Bode plots, and time histories to predict the load factor

effects on aircraft handling qualities. These load factor effects are

shown for three different cases: the basic aircraft with no flight

control system included; the aircraft with just the mechanical flight

control path operating; and the aircraft with the mechanical and control

augmentation paths operating, which is referred to as the fully

( j, augmented case. This chapter ends with an overall analytical prediction S

of what the pilot should experience while flight testing at 1G, 2G and

3G's.

Eigenvalues

The five basic dynamic modes of aircraft motion are of course the

phugoid, short period, dutch roll, spiral, and roll modes. The

eigenvalues of the A matrix identify these modes and provide frequency

arxi damping information for the oscillatory modes and time constant

infonrvation for the ax-ericxlic nitxles. The eigenvalues for the different

A matrices in this paper were obtained using Control [Ref 6]. The three

cases given are the basic system prior to including the flight control

system, the system including only the mechanical flight control path,



and the fully aucpented systen wich inclL-les the mechanical and control

augmer:tatiin paths. In these last two cases additional eigenvalues

relating to the flight control dynamics have been amitted.

Several tyR:es of infrnization can be extractted frarn the data provided

in Table 3-1. The effect of load factor and flight control

configuration on pole location is shown in Figure 3-1.

The Fiiugoid mode becounes less stable as the flight control system is

added, which is attributed to the pitch system bob weights sensing snall

changes in nrrmal and pitching accelerations. As load factor increases

for a given flight control configuration frequency increases and damping

starts to increase approaching 2G's and then decreases as 3G's is

approached. The destabliziryj effect of the flight control system is

exaggerated with increasing load factor resulting in the poles migrating

to the right half plane with full augmentation.

The short period nuxie very slightly exieriences a decrease in

frequency ari da-pinc with jist theK mechanical flight control path

operating but with full augnUttion the frequency returns to it basic

value and dampinq doubles. Increasing load factor has different effects

depending on the flight control configuration. Frequency remains fixed

with the 1asic aIO fully augnented aircraft, but decreased with just the

rneckvinical pith a>i'ratig . .3mping increases slightly for the his ic

aircraft, but (de creases with the mechanical and fully augmented cases.

The dutch roll node is essentially the same for the basic and

mechanical p-th cases. With the fully auc;ente(l case the frequency

decreases and dmupin,7 increasos. As load factor- increases the LeqU 'nL)cy

arx] (aipir-ri lth Incre. -is ia m iqra t ion of t' d ut chi rol 1 ol s

to)Wtrd *h-e si )rt i)Fr i(_Xl nl
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The spiral irie is affected differently by the flight control syste r

depending on lo~id factor. At I and 2G's the basic and mechaAical p-ith

cases are nearly the same with increased stability (Foles moving further

left) with full augmentation. At 3G's the basic aircraft pole for the

spiral starts near the 2G fully augmented location and moves to the

right as the flight control system is included, resulting in a less

stable spiral node.

The roll node is the same for the basic and mechanical path cases at

a given load factor, and the roll mode time constant decreases as

expected with full augmentation. As load factor is increased the roll

mode time constant slightly decreases approaching 2G's and increases

rapidly approaching 3G's. This rapid increase is attributed to the

increase in sideslip while rolling at higher angles of attack

causing a resistance to roll from C becoming more negative.

The eigenvalue analysis has provided good insight into how the

various dynamic modes change with different flight control

configurations ard as load factor is increased. These results can be

cmnpared with MIL-F-8785C criteria to forecast the flying qualities.

Another aid available is to use the eigenvectors for predicting which

variable will be dominate in each iivxle of the aircraft response.

Eigenvectors

The Eigenvectors corresponding to the five dynamic modes of the

aircraft contain informtion about ow much each state variable

participates in the aircraft response.

An effective way to display the information contained in a complex

eigenv~tor is the Argand diagram. Since the magnituies of the

eigenvectors are arbitrary, the Argaril diagram sl-ows the relative

40
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lonqiths of eich of the conponents making up the eigenvector. F r a

n1,2nii fu l representaticn the state variables must be in norkimensional

form to eliminate any scaling errors due to uits. The following

expressions ire use] to nondimensionalize V, q, p and r.

V - V (3.1)

q , 2V (3.2)

p = tJi2v (3.3)
e

r = rb/2V (3.4)
e

With the nonimensional variables available the magnitudes are

rnrmalized by the pitch angle, angle of attack and bank angle cnponent

avignitudes for the ;iiugoid, short period, and dutch roll respectively,

4 " '9 to obtaini the relative length of each cmponent. The phase angles are

measured in a counter clockwise direction starting with zero degrees at

tle positive real axis, since the eigenvectors presented correspond to

the eig eiivwlues 4itli the positive imaginary part (w>O). The

eigenvectors and the magnitude and phase angles are presented in Tables

3-2 through 3-6 for the various modes.

Argand diagrams are only plotted for the oscillatory nxes, with 0

pr uviry t asis on the shkort yericxi and dutch roll nixdes. T1he diagrams

ire arranged 'by nixie with IG, 2G, and 3G cases displayed for each of the

basic, mechanical, and fully augmented flight control configurations. 0

Te effect of the flight control configuration can be observed by

looking vertically down the pige at any given load factor, and the

effect of lo( factor for any giveoi flight control configuration is

obt,3ined by -)zino I-izontal y across tie pi-ge.

; ]
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ritch anic_ '.',ri k2on.< F v .. 3-2). Theigenvector sIw- that as tn,-

aircraft picks ip sp>_ ud the -il-craft rolls out of the bank- and as th,,

speed decreases the ban k increases.

The short pericd rrde at IG is characterized primarily by che nges in

angle of attack arii pitcn angle. As load factor increases bank anglt

begins to partici]ate .dic ii turn cause some sideslip activity. This

suggests that a pure longitudinal input results in scme_ lateral-

direction il oscillations. qYhs is attributed to kinematic couTling

between angle of attack and sideslip (Figure 3-3).

The dutch roll rrcde is affected in a similar manner to the short

perixc]. As load factor increases pitch angle starts to anerge with a

very sall, but noticeable angle of attack presence. RDl1 rate lso

becanes slightly more active (Figure 3-4). These pitch angle arri angle

of attack chinges are due to a jire directioral inpet nich again

;TrK1%e can IW Iixri .1t I n. t. tll t, talular rflitqInitu1Ce (iMta kTanLIt

3-4)). As lcdd jlirrmr lrcr:* voioxiitv a:d pitch ' .a",12 ,act.

aIs well as a 1f.l L': ,A attacl. r-h.,

Th.e c~i i,.x' ,1._ : .,av', ( g v,.n a 2 ci ,s to) ,itoim:,i:;,e wn ich s . t,

,!rIt . fue 2,1L; (" ? :' ':: . ; * , 1': .. "." .. ~r&~a
-'nft !.1v
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Frequency Analysis

The eigenvalue/eigenvector analysis compared tle basic aircraft, to

the mechanical ard fully augmented flight control cases of iG, 2G and

3G's. The frequency analysis will compare the meclbanical and fllly

augmented cases for selected transfer functions, and will slhow the cross

coupling for just the 3G mechanical and fully augmented cases. The

three modes that will be addressed are the short period, the dutch roll

and the roll mode. The bode plots presented are for transfer functions

betweei the output and the pilot's control stick inputs in pounds. To

convert the magnitude scale from output per lb of stick force to output

per radian of surface deflection the following approximate numbers can

be used.

( , Mechanical Fully Augmented

IG 56.1 dB 45.4 dBoutput + 2G 52.6 dB or 44.2 dB = output
6 6
ep 3G 50.1 dB 43.2 dB e

output + 60.0 dB or 60.0 dB output
66
rp r

output + 36.2 dB or 34.9 dB = output
6 6
ap a

These numbers were deriv,,ed by combining the elements of the flight

conf rol system ard evaluating the resulting transfer fuictions written

in bxde fon as S*0. The transfer functions with negative gain must

have 180 degrees of phase added to use the conventional 180 degree point

for detennining stability.

The transfer function between angle of attack and the pilot's

elevator input in Itnls )f stick force will be use] to analyze the

short puricxi rTxi] (FigUre,; 1)1 through I1). When comparing the ec hnical



ir i fully aucgnented cises at all tihre loadi factors tv.o effects are

n,-t ic . First the obvious effect is the increas&] damping at the short

perird frequency in the fully augnented cases. Secondly is the low

frequency effect that results fLow feeding tack ry=m4al acceleration I
which gets amplified with augmentation. As load factor increases there

is very little change around the short periled frequency; however, the

low frequency effect is attenuated as the low frequency zeroes move

closer to the phugoid poles.

Two transfer functions are used to look at the dutch roll mode, bank

angle and sidelip due to pilot's rudder pedal force input in pounds

(Figures F7 through F18). The fully augmented cases at all three load

factors increase the damping at the dutch roll frequency as expected.

As loa.d factor increases tne increased damping at the dutch roll( J,

frequency can be seen for both the mechanical and fully augmented cases.

In addition a low frequency disturbance is seen similar to the short

period. This is again attributed to the n)vnenont of the numerator

zeroes as load factor

increases. By taking the ratio of the magnitudes of the 0/6rp and the

/6 transfer finctions at the dutch roll fretiency an estimate of the

¢1/ ratio is obtainEd. For exajmple, analysis of the IG fully augmented

tyxie plots sl-)ws

= i6r : -46 db (3.5)

=/6 -56 db (3.6)
rp

=110 db = 3.16 (3.7)

This airees with the comrresponding value obtained by analyzingq the

dAutch r)oil rmxle eiqenvector given in Table 3-4. Fbr the 1G fully

I%



augmented case, the ratio of I /ti is 1/0.34 which equales 2.94. Two

transfer functions are also used to look at the roll mode, roll rate and

sideslip due to pilot's aileroxn force input in pounds (Figure F19

through F30). 'Me effectiveness of the augmentation can be seen by

comparing Figure F19 and F20. With the addition of ARI and a feedbacky

the steady state roll response becomes more uniform, as indicated by the

flatter mgnitude curve. The increased damping of the dutch roll mode,

when augmentation is added can be seen at all three load factors. The

addition of flight control augmentation at 2 and 3G's amplifies the low

frequency changes. For the mechanical flight control confiy wation, the

combination of light damping and high D/a ratio cause pronounced roll

rate oscillations which will also be shown in the time histories. The

effect becomes much more pronounced at 3G's which can be seen by

comparing Figures F19 and F27. As load factor increase, the relative

pole/zero movenent is shown by the phugoid cross coupling effect at low

frequjency and the more oscillatory dutch roll mode. The effectiveness

of the ailerons to produce roll rate with, no augmentation is seen to

decrease as the input is held (low frequency) as load factor increases

(Figure F19 and F27). The sideslip due to aileron is just the opposite

ari increases with Ioad factor (Figures F21 and F29). The eigenvalue

a-nalysis shjwkxi the effect of augmentation and load factor on the

cha]racteristic roots for the different modes. With the transfer

functions available the effect of augmentation and load factor on the

n'unerator zeros can be observed. At 1G a longitudinal transfer

function such as a/6ep has exact pole/zero cancellation of the lateral

dirf-vtional nrtIes which results in no cross coupling. As augmentation

is adderi new zeros apFuar ard their effect on the frequency respoxxnse

- n . .. " " .... - ... . . . . .. num lm~mh mmm~ nm a am~mnq 1w~mIR I~r )~



will depend on their location with respect to the new Ix~les. As load

factor is increased, the relative movement of the poles and zeros is

what changes the frequency response. Poles and zeros which cancelled at

iG start to move apart which allows the cross coupling beLween the

longitudinal and lateral-directional modes. This cross coupling is

shown in Figures F31 through F46.

4
Simulation

Introduction. The final step in the analytical approach to this

problem was to simulate the A7-D on an Apple II Plus camputer. The

simulation provided a means of seeing graphically the effects that were

predicted using the other analytical methods. In addition these time

histories were compared with the flight test strip chart time histories

to validate the analysis.

The phugoid mode was not evaluated. The spiral mode was evalaated

at IG for the mechanical flight control case and the fully augmented

case. All other modes were evaluated at iG, 2G and 3G's for the

mechanical, and fully augmented flight control cases. The flight

control configurations and load factors evaluated were at a flight

condition of 15,000 feet (Hc), 0.6 IMN. The aircraft weight was fixed

at 25,338 lbs with a center of gravity at 28.71% MAC. The cruise

configuration was considered with no external stores.

Method. The computer programs used for this simulation are

presented in Appendix D. The A and B matrices previously derived were

used to form a discrete-time model which uses the state transition

matrix to propagate the states fram one time increment to the next. The

inputs used to obtain the various time histories are as follows:
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Table 3-7

EXCITATION INPUTS

Modes Tnputs

Short Period Pitch Doublet

Dutch Roll Rudder Doublet

Spiral Initial codition on bank angle of 20 degrees

Roll Step aileron input

These inputs are tht- same type as used during the flight test

portion of the evaluation.

Results. Time histories were generated for the above metioned inputs

using a time increment between calculations of .1 seconds. The actual

duration of the time histories varied from 5 seconds to 20 seconds

depending on the type of information desired. These plots are contained

in Appendix G and will be discussed in Chapter V.

Analytical Predictions

Fron the preceding analysis the pilot can be briefed on the expected

handling qualities of the aircraft as l-al factor increases. This

information can a Iso be usd tL) i('nt ify arey -11 ,rfi t he rilot s'Louli

look for specific (xc(rr,,iv :,. th t are t normall1 y tee .

For the phiuqoid radze is l'vo~i faitcr irc~ost3(-3 tit he vlot

should expect a divergent oscillati-n with a perioi( of approximately 43
0

seconds, which is 75% quicker than the IG case. blank angle oscillations

should take place along with pitch and airspeed variations. The only

significance of this nrx]e at tho higher load factors is that the

aizcraft will be harder t-) trim for th, equilibritin corditions.

S -



II

The pilot should rt see any apprec-iable change in the short jxericx

frequency and dampiryg, but with the augnentation on, there should be an

increased o--ad factor sensitivity to angle of attack chkinges. Also, the

kinrintic cross coupling betwe.n angle of attack and sideslip should

start to b tv. vident at 3G's, wit' scxne bank and sideslip

oscillations.

The dutch roll dynamics should be improved as load factor increases.

Again, the cross coupling should cause scme pitch oscillation due to

lateral inputs.

The aircraft should roll a little slower at 3G's due to the increase

in sideslip which resists the roll.

Overall, these cross coupling effects should increase as the size of

lvthe inputs increase.

C I~e

*

.



IV. Flight Test
ff6

Introduction

This chapter presents the results of a limited flying qualities test

to evaluate the effect of load factor on aircraft response/handling

qualities.

The two test aircraft USAF serial numbers 67-14582 and 67-14584 were

considered production representative for the purpose of this test. Both

aircraft were modified with a Yaw, Angle of Attack, Pitot-Statics System

(YAPS) head mounted on a flight test nose bocn, a Base-10 Airborne

Telemetry System, and sensitive flight instruments. The test was

conducted in the cruise configuration with 6 MAU-12B/A pylon racks. The

nst forward and aft cg during testing were 28.2 and 28.9% MAC. The

heaviest and lightest gross weight tested were 24,550 and 26,550 pounds.

The tests ere flown at 15,000 ft (H ic) and 0.6 IMN at 1, 2, and

3G's inaccordance with limitations specified in the TPS A-7D Flying

Qualities Test Plan, the A-7D Flight Manual, and PIFPC Regulation 55-2

[PEf 7, 8, and 9].

Four test sorties (6.0 hours) were flown frow 2 April 19 4 to 25 May

1984 at the Air Force Flight Test Center (AFFN'C), Ellwlards AYB,

California.

Test Objectives

The test objectives are as follows:

1. Determine aircraft response at 1, 2, and 3G's for elevator and

riidder doublets, and aileron impulse and step inputs.

37
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Detailed infonmaticci perti-ning to tioe physical aliensicus, areas,

airfoii types, etc. are montainai in AppeN-ndix E

Test Iristrane-n ta tion/Data Reduction.

'7W test aircraft were prcduct-ion representative A-7D's naodified

with a rcse-rrouted Yaw, Angle of Attack, and Pitot-static (YAPS) flight

test txcxr, a Base-iC Teitmietry Systcmn (TITn), and sensitive airsoceo

indicato,:r, rraclnreter, and g reter [Ref 10]. The diata we.re recrded by

on-w-ard r-r'agne-tic tape, cockpit voice recorder, andt ground hosed strip

darts via TM. Data wecre reduced by hand from the st-rip charts usi-ng

A Wa l1crj decrcinent sr-O tir,-e ratio techniques [Pef 11l.

Test Method~s arid] Ganition

Thie aircraft response to elevator andl r'W-rier doublets, tnd aileron

hinpil s. rid-L sIep inputs werf- deemie y tr~n ntheatrr I t



Table 4-1

Test Matrix

c, Altitude (+ 1000 ft) 15,000

0 Mach (+ .02 Mach) 0.6

N Weight (+ 1200 ib) 25,338

D Center of Gravity (-.5, +.2% MAC) 28.71

T Load Factor IG 2G 3G

I Flight ibntrol Cbnfiguration

0 Mechanical X X X

N Fully Augmented X X X

I Elevator Doublet X X X X X X

N Rudder Doublet X X X X X X

P Aileron Limpulse X X X X X X

( U 'Aileron Step (1/4) X X X x x x
T Aileron Step (1/2) X X X X X X

S Aileron Step (Full) X X X X X X

Triming the aircraft at the IG points was perfomed, using the

front side methcx [Ref 12] where throttle controlled airspeed and

elevator control led altitLde. Ebwever, at the 2 and 3G 1 jints it was

necessary to irixify the front side meth I to stabi ze at the desirt,

equil ibrun corhiit ions. 'll -()ttle ws still usi t) cont sra airsol l, lt

elevator w is the prinary control for load factor, wile Bank anqle was

tIv primary control for altitudye. Since there is only one ccanbination

of thrust, airspe(d-, and brink angle to stabilize at a qiven load factor,

these trim sl)ts required] several iterations to stabili.e on conditions.

wiflth j ut t he Irn&cl yi al f Ii qlt ( N)Itro l Jilth)o 0 1 -tII( nq 1101-1a i In

ru d -i r trim tv,i i], ''l. 'l'h )-('Ie)1 f ;, tr I , hu t s w0,-0 l *'rfa nT!i by)'
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Table 4-1

Test Matrix

Altitude (+ 1000 ft) 15,000

I Mach (+ .02 Mach) 0.6

N Weight (+ 1200 ib) 25,338

D[ Center of Gravity (-.5, +.2% MAC) 28.71

I ___________

T Load Factor IG 2G 3G

I Flight ODntrol onfiguration

0 Mechanical X X X

N Fully Augmented X X x

S

I Elevator Doublet X X X X X X

N Rudder Dbublet X X X X X X

P Aileron Impulse X X X X X X

U Aileron Step (1/4) X X X X X X

T Aileron Step (1/2) X X X X X X

S Aileron Step (Full) x x x X X x

Trimming the aircraft at the 1G points was performed, using the

front side method [Ref 12] where throttle controlled airspeed and

elevator controlled altitude. However, at the 2 and 3G points it was

necessary to irlxify the front side method to stabiize at the desired

equil ibrum conditions. Throttle was still used to control airspeed, but

elevator was the primary control for load factor, while Bank angle was

the primary control for altitude. Since there is only one combination

of thrust, airspeed, and bank angle to stabilize at a given load factor,

these trim shots required several iterations to stabilize on conditions.

With just the meclhnical flight control path operating there is no

r dder trim available. Therefore these trim slhts were performed by
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trhrliinq to Viro r)lling 11rment, rather than cordinated flight. A tr im

sht)t was perfontil prior to each sequence of inputs. Depending on

outside air temvlurature the thrust available at the 3G points was a

linitir i fatctor occasionally requirir a slight descent into the data

b-lnd to rtinttin 3G's.

The 1iyr.metlers [nIit-Ored during the test are listed in Table H2. The

test was conductcJ in the cruise configuration with 6 MAU-12B/A pylons.

Test Results and Analysis

All test joints in the Test Matrix (Table 4-1) were flown. Actual

quantitative data in the form of time histories as well as qualitative

comments where significant, are presented.

The equilibrum conditions obtained at 1, 2, and 3G's by trining the

aircraft in a steady level turn are as follows:

TABLE 4-2

EQUILIBRIUM GDNDITIONS

15,000 ft 0.6 IMN

Load Eoll Pitch Yaw Elevator

Factor Weight IAoA Rate Rate Rate Deflection
(G) (lbs) (deg) (deg/sec) (deg/sec) (deg/sec) (deg)

1 26,500 4.0 0 0 0 0

2 25,370 6.7 -0.8 4.0 1.8 5.6

3 24,55o 9.9 1-1.5 7.4 2.4 1 6.6
II

Note: These values are generally within 10% of the prediced values.

The ynugoid mode was not evaluated during this test. The modal

characteristics for the short period and dutch roll are sumarized

IL



below. The frequency and damping weA-re determined using the log

decranent and time ratio metlcxls where possible.

Table 4-3

MODIAL C}IARACTERISTICS (FLIGHT TEST)

Load Factor Frequency Damping NOMr n/.
Mode (G) (W n) () (Td) (g/red) 4,/a

1GM 2.83 .27 2.3
IGFA - .6* - 22.9

Shrt Period- - - -
2GFA - .6* - - -

3GM - - - 22.5
3GFA - 5* - 34.9 -

1GM 2.13 .187 3.0 - 4.3

IGFA 2.11 .303 3.2 - 3.1
D 2GM 2.53 .136 2.5 - 2.3
Dutch Rol - - - -

3GM 2.79 .206 2.3 - 3.6

3GFA - - - -

*estimate by the pilot

Note: These values are generally within 10% of the predicted values.

At a load factor of one the short period response to an elevator

pitch doublet for the mechanical and fully augmented flight control

r-onfiqurations can 1e seen in Figures G2 and G4. The effect of adding

fliqht antro] auqmentation car he seen in the UIf position trace, along

with the resulting increased damping as shown by the pitch rate, pitch

attitude and load factor traces. By comparing the 1, 2, and 3G fully

augmented cases (Figures G4, G7, and GIO) the effect of load factor on

the short rxeri ] dynamics can be seen to be negligible. ibwever, the

cross foupling effect can start to be seen in the 3G case (Figure GIb)

( 1



by the very snmal sideslip oscillation. Fbr small iniputs, as those usei

in fine tracking, this cross coupling presented no problen fran a flying

qualities standpoint. Ebwever, as the inputs became larger the beta

oscillations were more noticeable to the pilot which could affect the

gross acquisition task. Reomnend further testing to analyze this open

ioop cross coupling on the closed loop flying qualities (R2).

The dutch roll mode exhibited similar behavior to short period as

augnentation was added (Figures G12 and G13). The effect of load factor

on the dutch roll can be seen by comparing the I and 3G traces for the

mechanical flight control configuration (Figure G12 and G21). The beta

IP
traces reveal an increase in damping. The cross coupling effect is also

more pronounced as seen by the load factor, angle of attack and pitch

rate variations due to the pure rudder doubleL input (Figure G22).

This kinematic cross coupling although more pronounced than for the

longitudinal input case still is not a problem frcan a flying qualities

ixont of view for small inputs. For larger inputs these longitudinal

oscillations became more apparent to the pilot for the mechanical flight

control configuration, which may be equated to an aircraft with lower

damping of the short period and dutch roll nudes. With the augmentation

engagal these longitudinal oscillations due to larger rudder doublets

Wre 110re suhiud resulting in less attention by the pilot.

impulse aileron inputs were applied to observe the effect of load

factor on bank angle oscillations. As load factor increased a

hesitation in bank angle was noticeable by the pilot and can be seen by

canprring the mechinical flight control configuration at 1 and 3G's

(Fiquros G26 and G32). This hesititiot is attributd to the beta

inlcrft!;O, frII, th itdv Trs yaw 4 ci resists tje roll duex to C for the
6LB



mecl-hnical flight control configuration.

The step roll input was the most interesting of the inputs tested.

This input caused the largest excursions in the monitored parameters.

The technique used to terminate the maneuver also had an effect on the

aircraft's motion. If the input was removed slowly the aircraft

oscillations were mild oompared to the oscillations resulting from

abruptly stopping the roll. The resulting oscillations fran abrupt roll

terminations increased with an increase in load factor, which again is

attributed to the increased adverse yaw at higher angles of attack.

This increased adverse yaw creates a larger sideslip which in turn

provides for more kinematic cross coupling between sideslip and angle of

attack. O(mparing the mechanical and fully augmented flight control

configuration shows how the augmented system helps to minimize the

aircraft oscillations (Figures G35 and G39). The effect of load factor

is better shown by ccmparing the mechanical flight control configuration

at 1 and 3Gs (Figures G35 and G49).

Performing this flight test has slwn that load factor does have an

effect or aircraft response to doublet, impulse, and step inputs. The

cross coupling was more pronounced when the dutch roll mode was excited

which was attributed to the kinematic exchange between sideslip arid

angle of attick. The aircraft oscillations at higher load factors

resulting from abrupt roll terminations is primarily due to adverse yaw.

The following chapter will oanpare the analytical predictions to the

flight test results to determine the validity of linear systems analysis

in describing the aircraft response as a function of load factor. In

addition MIl,-F-R7R5C will be used to discuss the effect of Ioad factor

or. lircrift hlritlinq qualities.



V. Comparison of Results

Intrcxiuction

This chapter will ocimrpre the analytical and flight test results,

and evaluate these results with respect to MIL F-8785C to detennine the

effect of load factor on the flying qualities.

Cc3rmprison Pitfalls

Most analytical solutions to real world problems are based on

assumptions. The validity of these assumptions can determine how well

the analytical model predicts the real world. The nice feature of

flight testing is that the aircraft doesn't make assumption, and the

aircraft response to a given input should be the standard from which to

judge the analytical prediction. fbwever, there are several

difficulties which arise when comparing the flight test data to the

analytical predictions.

The best way to illustrate where differences between flight and

analytical data arise is to make an assumption. The assumption is that

the analytical methods exactly model the real world. This is of course

not the case, but it will illustrate where same of the difference

between flight test and analytical results come fram. If the answer

could be (No) to one of the following questions a difference can occur.

I. Was the test flown at the same flight condition modelled? (i.e.

was the weight, cg, altitude, mach number, mcments of inertia and

equilibilum parameters the same.)

2. Was the input made by the pilot the same as the one modelled?

(i.e., magnitude, symmetry, period, and shape.)

3. Is the range of the transAlucers sufficient to measure the

rvquirfl infonmvition?



4. Is the sampling rate of the instrumentation sufficient to

docLument the actual resixxnse? (i.e. Is the data givity a distorted] view

of the real world occurrence?)

5. Is the sampling rate used by the data systen cnsistent with

tl-kit used to model the system?

6. Is the scale used to display the data appropriate for the data

reduction scheme used to extract the required parameters? (i.e. can you

read the output to the desired accuracy?)

7. Is the technique used to reduce the data 100% accurate or is it

an approxiniate methoxd?

If the answer to all these questions are (yes) then the flight test

arn] analytical results sir)uld match, based on the assumption that the

real vorld and the r"Ilel ,re the same. The importance of requiring a

(yes) answer is prinvirily a function of what type of data you need,

treni data or sljkcific numbers. Other factors such as cost,

availability aril overall purpose must also be considered.

Ebr this project the answers to most of the above questions were

(no), which autcxnatically builds in a difference in results. The other

differences of course come from the fact that the model doesn't exactly

nvitch the real w)rld, the assunptions nay not be valid, andl the

assumptions if valid may have been violated. Therefore, cciTFparing

similar trends rather than exact nunerical correlation of the analytical

and flight test results are performed, and areas where the assumptions

necessary to model the real world caused a difference in the results

will be identified.

(C)
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1Y) t shm uI ) il t! fligi tt t tr,:cs for the sam2 size inut. This W, s

a factor of the IM systt]n rt -olutrion. ibr example, the Pase-10 ml

systan is a 10 bit systcin with a resolution expressed by

Resolution Transducer Rane (5.1)
2

Using roll rate as an example gives the following

Poll Rate Transducer aRongje = + 250 deg/sec

Y esolution = 500 de4.sec . deq/sec = 8 x 10 rad/sec (5.2)• 1024

This is the best resolution the system can provide for this

parameter. The scale used on the strip chart for roll rate was + 20

deq/sec, and with 50 divisions each division ecuates to .8 deg/sec.

Thbrefore, the linitir-g factor for this parameter is the 7h1 system not

the display (strip cl-art), since the strip chrt can be read to ]alf

divisions. RoIl angle on the other hani is limited by the resolution of

tl, sE-r in civirt. "Dter1u 0t.~rm~i:n ~r~~t is

!,L2IIWaU-izfd in T. h 1, E2, A rkIi x F. Th, cross counlim at 2C' s fcr a

dioui] et eL. vtnr inrrt (.f u ')s is 's;,c n byt< :rsc- of r-'ll rate.

ar.1],Aink ar3le o!--.2 i V r,2:; 1,-r lr;ntlatioFx: ( Fiure ()3. Since tI-c

rIlI rate (!n- tCoi- co i ci): y ac-i} ir.zs value ut 1.7 x

10 - in .>. t '. , r ,-.rt :rn 11'ht In -fW u] l

1riI J C.c-- r.- . . . __ : ] I . " .t to . .. '
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UIt ~ i t If I vi: ri I I it ies. Tie only flying qalities CD1l i ('2. is th C1

c ill tllt in t )( I al responses in tenns of frequency, damping ratio, n/a,

et(7. A tht, in i lts grow in rat-gnitUde the cross coupling bec(Aies a

C)IeCfMl. li)wvor, a non-linear ii"iel would better facilitiate this typex

(ot analysis.

The line-ar rmels validity for step roll inputs, resulting ni large

changes in ba!nk angle, breaks down because thc sirall angle assmnption is

violated. iowever, initial response still provides some useful

inforniatixi using this type of analysis. In addition the cross coupling

predicte(l by simulat ion is Seen as the actual inputs grow ih n.ignitudle.

Th-es IG step roll response for the mecl -nical flight control

con figurdtiO(n shows tie initial a iverse yaiw aind a reduction in roll rate

as sideslip increases (Figures G33 ar G34). Turning on tae

augmentation shomws thu el Lmrinatwin of the adverse yaw and the reduction

in roll rate oscillation m-kiri the roll respionse more nearly first

order. The simulationi and flicirht tts;+, re,,s ) nses igree %%lk1 (Figures G36

through G39). With a full aileron input, the flight test data for the

mehanical and fully augm nted ca-ses show the improved roll response

predicted by the rmrlel (Figures G35 anid G39). At 2G's the lateral

directional variables still icck reasonrabli ,in, .i r(, with the flioht

tOs;t (dtata b t the nmle] breaks (kown with the loryitudinal variables

(Figures GA4J through G44). The 3G roll response shows the situation at

2G's is aggravated with greater oscillations in roll arxi a smaller roll

rate with acre adverse yaw (Figures G45 through G49). All these

cl-racte'rist ics were noted in flight test with one naneuver btinco

f,' 1ir at t rI f i ' t) ,I Imi sldip in side";1 ij) p w ich apprxiched the te. ' I imit

,at 12'; .vr, t h, v il idity ,)f thf I inear nileil it this cerl'iiti T ) i!;



,., ionlble. AltHK))qh rt s1, another I mi tt ion of tie n,3el was

tis;COverti simulatirll this condition for tthe fully auqlelted case. lhe

ndel did rut inclLuke the limiters for the control aLneltation systen,

aril duririi the rolls sideslip would sta-rt to build creatin lateral

icclerat ion. The lateral acceleration feedblck w ruld Sense this

buildup ,tril v)uld cim-uyn rudder as necessary to zero the lateral

acceleration. The rudder ccanand was well in excess of that available

on the aircraft.

MI,-F-8785C (ninpliance

The results were evaluated for compliance with MIL-F-8785C

requirenents for a class IV aircraft in Flight Phase Categories A and B.

The level 1, 2, or 3 flying qualities necessary for an aircraft to

ccuiply with, are normally a function of abnormalities that nay occur as

a result of either flight outside the Operational Flight hEvelope,

failure of aircraft canponents, or both. The A-7D only has to meet

level 3 flying qualities when operating in the mechanical flight control

o)nfiguration and level I flying qualities for the fully aunented

aircraft, at the condiition tested. Therefore, this discussion will be

referenced to these criteria with regard to iass or fail.

The iiiugoid miie although not important fron a- flying coalities

fr)int of view at other than IG is affected by ioad factor ani fails

level I at 2G's due to damping and 3G's due to dmping and period.

LIx factor had very little affect on the slort period damping and

frequency, l]rver a change in the n/a parameter used to detemnine

ac(-eptable flyirl qualities is affected. Mathcnatically the n/'c

,/.',~~~-) .. .0/ ) 5
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Sinc'e load factonr clie 1V * tof ti ilu.rao zeros for tC -7

this pira-meter increases with loadl fa-ctor. T'he irovenent of this root

~s smill is lod ato ir.d for thje me(-chanical flight control

0 mnigurtio, hu wit th jul1 y uyint-01 configuration at 3G's it

rosl ted in a I~riticeahilbe irncro.is, ill n/a. Thlis increase can be seen

frcxu fliqht test ni/a sweeps in Figures (G52 aind G53. The avithenatical

aIpproximlationl gives a Much la rg~er increase thian actually experiencedx for

this case. This increased n/cE to 34.9 azL 3G's resultirg in a

degradation froln level 1 to level 2 [Ref 1:14].

Dutch roll dynamics were improved as load factor increased with boith

frequency and dlamping increasing, w~hich u-raves the parameters further

frcin tlhe flying qu-alities txoundacries.

Th'le spiral rxi)(e paissed -it lG but wais not evaluakted at higher load

factors during flight test.

The roll rrxe wais predicted to pass usinig the initial response to

sproll inputs with vety li ttl e change in roll. iutxle timel- Co-nstant.

llio fl ight test dlata alsoa passed; however, the roll FrOde time Constant

terxif-xl to increase fran .4 to IG to .7 at 3G with the mechalnical flight

'y1l ro rufiquration. Pecaiinorli the Test Pilot Sz-IYrOt incorporate

I )I'll i I yi n (1 1 lt i(o test i r~l into the (:urr icul til to ccnply wAi th the,

irit ''idf -f- gap 3. 3.4, an 1~ 3 .3.4. 2.1 of MIL-F-8785C for detenmnin nc

flIy ity qiia lit. jes at othe-r than 1G. (16)

Thle s;imulation validity for lateral dynamic respomnse is questionable

b~ eI.9r moritioncyl earlier, therefore, cipliance to theK mil spec for

I' ilint s ' TYr nt evil lfl t s-i. Thle fl ight test data does indicate

q ()('tlI ol r-Ite 1AS b0,id fitor irear1'!(Ss e-ven til(ugh for boCthl

I rlilt N1111 r,) I f i in jt l is t ; ' t m I T)],, wls w~.i thin p~vilagraph



3.3.4.1 1 imits for t int- tcr cihinqe 1xnk angle 90 degrees. Recaineryl the

use of a non-I iriear iitchel to analyze lateral inputs, and nore flight

testing to determine the effect of load factor on the lateral flying

qualities of the, A-71). (RI)

I

I

I
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VI. (bnclusions and Recomendations

Thxe question to be answered was -- what effect my load factor have

on aircraft handling qualities, and can the effect, if any, be predicted

analytically? Load factor does effect the handling qualities; however,

linear systems analysis is limited in predicting the effects.

The characteristics of the short period mode were not significantly

affected by increasing load factor; however, the parameter n/a increased

with load factor causing a degradation from level 1 to level 2 flying

qualities. Analytical predictions correlated ell with flight test

data.

The dutch roll characteristics improved with an increase in load

factor. These improvements in dutch roll damping and frequency were

predicted with good results.

Flight test indicated a reduced roll effectiveness as load factor

increased. Time to roll through 90 degrees of bank increased, but was

still within MIL-F-8785C tolerances. Poll oscillations during snall

roll inputs were more noticeable as load factor increased. The linear

systems analysis vas deternined to be invalid for analyzing lateral

response to step roll inputs, since the snall perturbation assunption

us,.t in linearizing the equations was violated as bank angle increased.

(RI) N(t4-LINEAR ANALYSIS TFXrafNIQFs S]IOUu) HiE USE) TO ANALYZE

ROILING MANEUVERS. (Page 71

0
Cross-couping of the longitudinal and lateral directional modes

resulted in snall oscillation for -%nall inputs which did not present. a

flying qualities problem; however, as inputs increased in rugnited-e the

0
oscillations reachod Imgni ttkies which could affc-t qross a-iquisition

t0isks.

0



I]

(R2) RXX I) FU rHIER TEh7IrING 10 ANALYZE 'IS OPEN LX)' CROSS

CXXUPLING CN THE CLOXSF) LLkXP FLYIW, QUALITIES. (Page (2 )

The mst noticeable cross coupling that took place during testing

occurred when rolls due to step inputs were terminated. The faster the

roll was stopped the more noticeable the cross coupling. This was

attributed to the larger adverse yaw as load factor increased which

aggravated the cross coupling.

(R3) REXM-UND THE TEST PILOT SCHOOL INCORPORATE LOADED FLYING

QUALITIES INTO THE CURRICULUk TO C(aPLY WITH THE INTENr OF PARAGRAPH

3.3.4, AND 3.3.4.2.1 OF MIL-F-8785C MOR DErEIRINING FLYING QUALITIES AT

CTHER THAN 1G. (Page 70 )

-7 j
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APPENDIX A

Reference Frames

When solving flight dynamics problems it is necessary to use several

frames of reference to represent the various quantitites of interest,

such as, velocity, acc'elerations, forces, mnnents, and products of

i -t it to nT ' -a f . It is aI1k useful to represent quantities in ont

in ttqms o the other framies. This appendix gives definitions of

e~tkl& referencv framek? used, ar presents the steps necessary to obtain

the transforma tions between reference frames.

INEVRIAL REFERENCa FRAME, F I - This frame is fixed in space by

(if.f inition, allOWinq the use of Newton's second law, F = ma. For this

probliin the earth is assumed to be fixed in space, and the origin of the

intrtial frrIme is lxated at the earth's center (Figure Al).

Y

X-

F Ipur :AI. [r, r-t jal !-iYdme

,V!I'} i H- -:1, H .h,, I' - TI' . frame will i l. s ) 4 ve its or ig in

1 ,, , '-1 t , '. 1 rf", C,.rlt. , , t , .ill 11, fix(-i in the earth aind



rotate with thte earth. The X ECax is will q) througjh tlxe prime meriduian

Cat the egator, and the ECadZIaxes are aligjned. This refece

fram~e is wXrmally USed in flight dynamuics problems where the rotation of

the earth is considered; Yo:wever, this problem will assumne a nonrotating

earth and the onily reason for including it is to slxPW a logical build-up

'T tice reft'rerice fnrnes. The rotation of this frame wrt t-he inertial

frame, rith~en in the earth centeredJ framte will be designiated as

EQ [ EC

* ~an 'n~ii OW C the earth's rotational velocity. Thle angle maeasuredx

frmu the X axis to the X ECaxis is designated p' (Figure A2).

Ix

Figure A2. Earth Qentered Framie

FAPIlf FIXED) FRAME Fy- This frame is useful to locaite on the earth s

rSrkl rovar tiv "ircraft 's loca-t ion. It is alsoX fix(Ii to lotate with

the fI th1 ; iairig t tyII W oll.K'ir IV I mIU



It_; orientat iCl is such tl. it Z dx is dire,'toi into the earth, X

IAints north, ari] YE mx-)ints east. The plane formedt by the X, anl Y,

axis represents the local horizontal. To arrive at this frame an

intermediate frame FX will he used with rotations about he X3 and then

the X2 axes. The notation [LXEC] designates the transformation nwtrix

from the earth centered frame to the intermediate frame FX . Rotation

about X3 , through p E yields

cOSyJE sinWE 0l

[LxEC] = -sinWE cosPE 0 (A3)
0 0 1

Rotation about X2 , through (90 + xE) places FE in the desired

orientation. The reason for the additional 90 degrees is due to the
fact that the ZE axis needs to point down.

Using the relations
6

cos(90 + XE -sin E (A4)

sin(90 + AE) = cosxE (A5)

This rotation yields

-sin E 0 cosX E
0 1 0 (A6)

- L)s 0 -sil-Lk E

The cmlpsite rotation frcr F to F is
EC E

-si-nX EOSWE  -sinxEsinp E  cosxE
[I,FI;(] [LK][LxEc] = -sin E -osIE  0 (A7)

-coSX ECOSP E -cos X si ni E -Sinm

78
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The l fhl. 1 1,1i C nIII tLcujht of as latitle and longitde

re.pct ive 1y (Fiqure A3).

zjDEC

z: EI

j ". X 2x2

( , Figure A3. Earth Fixed Frame

Vlf{ICLE CARRIED FRNME F - This frame will have its origin located
V

at the aircraft's center of mass, with the XV axis arbitrarily pointing

nr-rth, and the axis ointing east. This aligns the F and F
YV E V

reference frames if the earth's curvature is neglected, which is valid

for the case when the to frames are close to one another. Assning

this is the case, then

[L.vc] = [LEEC] (AS)

with w =:f'E' =n, X

'M e rotation of the vfhice carried frame wrt the earth fixed frame

:v/F' can he written in the following ccnmnents

: E V (Ar)



I

EC 0 V ji 7

Since it's rie el in a laLer relationship the rot. tion of th1 vehiclet

utirriexd fretme -rt to the inertial frame will be obta iriol as toll(os

WV/ I = 'V/ EC + EC/lI (Al l)

and to write this rotation in terms of the vehicle cirried frame gives

Wv/ / t V + [WTVEC] EC/lI LC

+ s I -- 0

- ]sinX V O [ IEC

+ 1 (A12)

L + in

WIND FRAME F - This frame's origin is located at the aircrft's
w

center of rmss with the XW axis directed along the velocity vector of 0

the aircraft, and the ZW axis lying in the plane of symetry. To

establish this frame, two intermediate frames will be used. These

intennediate frunes will be designated F and Fh respectively
g

l( I-ue A4).

IS



/ h,

cosw sign w  0

[Lgv = -sinT w  COSTyw  0 (A13)'

00 i11-

mlc- se(ond rota]tion is about g2 through an angle E)W, resulting in

cosE@W  0 -sin W

sine0W  0 cos0 W

Tl*, thir-d rotation is aihout XW throuqh ain angle OW, which gives

0

11 w_

'111c' ('rIIlIsit,. I I igure nt4 F t ios for ty

[IL] n' [Icos 0 [ 1 [ (A16)



vi t 1 t i I I f i ,I t Ir I t1 t1(i f ) ~rIII7 i X )e nq

I)S- wX) w siyw
Sw i wIS COSf sil w (I)17w w - W

+si11Ws S 110rW0STw +sinow sinowsin W

siI Ws i nT W -sinm wCOST W cOs swcoStw
+,'()S~wSin0 wX s~w  +cOS~wSinewsint W+X-s w srow IS w +Cspw siw iryw

The rotation of the wind frame wrt the inertial frame can be

written as

mw/I = 5w/v + Wv/I (A18)

Where wW/v can be formulated by recalling the angles in Figure A4 that

the axes were rotated through, and denoting W', owl and (V as the rates

of rotation about the respective axes. The second term in (A8) is

given by (A12). Substituting into (Ale) yields the following expression

w/I = Ew] 0 + Emwh]Emhg] ew  + 0

-wTw o 0o -

[ (+)cosx

+ [ ] -x ] (A19)

-(w+w)sinxV

ITe followino 6,firiition is also he]pful in discussing rotations

S,';/I ]W= tX + C Yw + rwZw (A20)

Where Ww and rW are the components of the rotation in the

respective wind axes directions. Niw enacting the assumption of the

non-rotatirg earth, which is certainly valid for subsonic aircraft

* velcxitios, and rnnsi(ering the vehicle carried frame to be inertial wrt

I)lt i(il, wh i ch is VI I ili if We asSLIDT the eairth t-0 he fIat, the" last

f-iiii m (All)) (,'iTl ho-l''td Tis yield.; thtc fol kw.~illvT IXIbI(1!11

','J
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for the (xtx)nents of (AA))

q t) + [LWhj[Lj] e w  + [LWv ] 0. (A21)

r W  0 W0 W W

i, t ' . ' ( ), ' ,.17) ti:t> (? 1) yields the folhM',

' " V " t Wii Wxes

W W W J
' ' -'W' ( X W + W s if W C X)SO W 

(A22 )

w . -Ow(in W + W Co5l) SCOw

BuIY FRALE F - This frmte's oriain is also locited at the
B

aircraft's center of rmiss i(l r(nains fixed in the body with XB directed

r)-it the nose of the aircraft, Y directed out the right wing and ZB

lyino in the plane of symmetry. To establish this frame an intemediate

frar* Ff will be used, with rotations about ZW and f2 through the

respective angles -6 ard a (see Figure A5).

'B }

3 -
f- 2 YB

X, 7"-



I t t Is 't ! t tV I Xj t 1.1 11 : 1 IT,, 1 '111( rL Ir

f kW rIfu Ii t K li resul t xr )x'e t 11( r i I t iTS; I It Ivi i :

sin(-i -sin3 (A24)

t f( 1)1I (-wi nq t0' I Is t : ion rts I Its

(2 S B -slfl$ 1
EL 5mB I a COSB 0 (A25)

'lt second rot-totion is about f th~rough an angle a, resulting in
2

CIO SC 0 -Siflat

P =fi 0 1 0(A)[slina 0 COS)x j
( v:cuis))site rotantyo from F to F is obta-ined by

EL v] = [Lf[Lf~] (A27)

I l~ f Si Ir~trisfonit ion rritr ix heinq

Cci CXDsB -COSa sinS4 -sinci

[L f U sinSB cosS 0 (A28) I[sinlcIDs6 -Silaslin CC)Sa

yVI' vi;t-le W subllscript fcrn (1%17), (1A00), indi (A22) tlIe fol lcAin,;

I x~ rio) rttion a-it heIK VI\x -xe1,-;

L I = L (W sut~script r-eiltwvei) ;A)

J l pX k + q~,+ rZ B (A30)

q ouy 4- + Tsill Ni(s (A31)



Velocity in thiFs fr-ale is defined as

V = v (A32)

w B

STABILITY FRAME FS - This frames is a special set of body a : ,s. Fbr

synmetric flight (velocity vector in the plane of synmnetry) Fs coincides

with F initially, but reimains fixed in the body and roves with the body

during disturbances. In rxn-synrretric flight, i.e. with sideslip the XS

axis is aligned with the projection of the velocity vector into the

plane of symmetry, with ZS ranaining in the plane of sy-nmetry.
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De velopnent of Equations of Motion



AtTENI)lX B

L ,2veloIIent of Kluations of lotion

IntrctIuct ion

A detailed developltent of the differential equations describing the

aircraft's notion is presented for an aircraft in straight and level

unaccelerated flight, and for level turning flight. The assumptions

made in the develolpnent are outlined where appropriate. The equations

are presented in body axes to allow direct colnmrison with flight test

data.

Newtons Second Law

The sum of the external forces are equal to the time rate of change

of the linear mmentum

ZF= mcm/I (Bl)

and the sum of the applied moments is equal to the time rate of change

of the angular mcmentum.

- dH
- (B2)

Fbr these relationships to be valid the earth is assumed to be fixed in

sixice i.e. inertial frame, and the aircraft is assmed to be a rigid

bxdy allowing the rrotion to be described by a translating center of irass

adr- rotation about the center of rmass. It is also asstined that the mass

)f thf) ri s (x)S t.

The acceleration of the center of mass written in body axes is expressed

by

S aI ~ V=+W/- x ] (B3)'Cmn/ ]B C-711/ IB f/ I x own/1 B

(it

tho p rodu ct inr (11<3) o.tr htl writ t ri in mir~ti x fnri as



(W (AB/I x V / I -wB/I aCn/ I OPA)

wtiere

0 -r q
W B/I r 0 -p (135)

-q p 0

using (4) and substituting (A32) for the velocity (B3) is written as:

u 0 -r q u
a v + r 0 -p v (B
ac/ B w -q p 0 wB

which yields

u+qw- rv

a cm/I v + ru pw (B7)

w v- q B

Fbrces - The sumation of forces will comprise propulsive, (FT)

aerodynamic (F A), and gravitational (F G) contributions in each of the

oordinate directions.

EP = FT + FA + FG (B8)

where

0* 1 =TX+  x F + CX (B9)

xy : FTy + FAY + FGy (BIO)

E Z= FTZ + FAZ + FGZ (B1l)

0 T e propulsive force vector in this development lies in the plane of

symnetry and has an inclination with respect to the X-body reference

•;ixis designated by aT which is fixed by aircraft geonetry. Th:e

0 (11n1r)nents in the respective coordinate directions are as follows:

}8
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'1T X T ' C T

whr Ty 0 (1312)

TZ z -Tsin T

where T is thrust in ibs.

The aerodynamic forces are rrmally thought of as lift, drag and side

force, which are measured in the wind axes, ard designated by

FA -C (B13)

-[ W

This can be written in body axes by using the transformation defined by

(A28); Iuwever, at this point the body axes aerodynamic forces will 
be

C f1 • designated by

A ]B [ FAyI (B14)

FAX

K in the vehicle carried] frame Fv , gives

I

W= 0 (B15)

n-rj
iv

or in bodly axes



WB = BV 0 = mg sin cos e (B6)

mg wV [LV cos os B

where[ LV ] is defined by (A17) without the wind axes subscript.

Usingc (P9) through (B16) the three force equations can be written as

X: Tcosa T + FAX - njsinO = m(u + qw - rv) (BI7)

Y: FAY + mg sin cos E = m(v + ru - p ) (B18)

Z: -Tsirac +F + g cos 4 cos E = m(w + pv - qu) (B19)

I xhnents - 7he smitiori of the moments as stated earlier is equal to

- d

where if is the angular rmentum.

'Me angular mmenttun an nbe determined by looking at an elemental mass

at scra- oint away fr in the center of mass (Figure BI).

Y

7".
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Since th r:irt is a sLxne to 'be a rigid 1"oly, I, is constaint in

xe I s t in

__ 0 -r q [x

V xE' P: : r 0 -p [ y

-q p 0 z B

which yiolds

F7 g r",1

: rx pz (B22)

py - IX B

Associated with each of these linear velocities is a linear ncnentun (P)

dP = 'Rd (B23)

Multiplying by tie appropriate ament arms produces the cmnFonents of

agular mctnentimi

dl = K x d-= R dP (324)

whiel. 'yi'll :;

- -a y C Fr- - ry
{:1! I:--< - x - T-Z kbT-

- ]r' - qx

+ -(x 2  + r'' 1;:m (k 0

-> -ey + rx 4



t0

t~.*V1-I -s the follincj -ulCSS7lu)'ar~'jr flnl*orio lu.

xx xy II
r -I fq (B26)

-I I Inzx zy 71 BJL
N* takirtj tlhe derivative of the, angjular rxxmentum to obtain the rnents

I- B -
CIt (ifI B I

(7~ ,Sincc in the -i'. xes systtmT theo ircmmnts of inertia matrix is constant,

the followin is obtained

dt wI Bi / I +B/IXH

Assu~ringj the- xz pla-ne is a planme of syrmetry, the following is done

= I1 =1I =I = 0
xy yx -Z. 1-y

If thel mmrents alxaut eNAch axis are lalheled L, M, N resixactively, then

00

-x z Z 4 p~
I x x - l

- ~z x



expirdiri ,i ii i (jr )pinJ terms yields the three iaxinent equat ion s

S xx - r Ixz + qr(I - Iy) - px 1xz (B28)

S-- I + pr(I - Iz) + Ix(p 2 
- r 2 ) (B29)

yy xx zz xz

* = r -- ixx) - + r 1, (1330)
N I I II ql 1 rzz zx yy xx xz(B0

Kintrwitics - The equations relating the angular rate of the aircraft to

tlwe rates of change of the Euler angles can be determined from (A31)

p p - t sine 1
q = cos 4 + T sin p cos 8

r -8 sin 0 + T oos 0 cOs B

solving for t, E, , yields three first order differential equations

relating the angular orient-ation of the aircraft.

p + q sin tan e + r cos 0 tan 8 (B31)

=q cos o - r sin 0 (B32)

[ q sin 0 + r cos 0 ] sec 0 (B33)

ii it i ns NI-) N t i (-n

Grouping the three force, mment, and kinematic equations just

d-velof ,t into) a set, allows the motion of the aircraft to be described.

4 ;mury (f tie ftiy Axis FiIations of Motion

A: T +1 + ' - J sin 0 =m(u + cy - rv)
T AX,

Y: FAY[1 + M sin cos o = m(v + ru -F)

Z: sin aT + FAZ + rg cos 0 cos = m(w + pv -qu)

93
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SIne fit s

L =p I - r 1 + ir(1 - Iyy) - [i I
xx xz zz yy xz

M = q Iyy + pr(I - I zz) + I xz(P 2 _ r2)

N r - p 1 + -x (l - Ixx + qr

F i fl~riat i (-'s

p + q sin ( tan 0 + r cos D tan 0

0 q cos V - r sint

= [ q sin t + r cos P ] sec 0

Note: Since none of the equations depend on T, the equation can be

omitted.

At this point it is necessary to write these equations in terms of the

variables used in the data package, and those measured frcn flight test.

( ' The velocities u, v, w can be written in terms of angle of attack a,

sideslip 6, and free stream velocity V, fran

u V V cos a cos B 1
v 11i 0 V sin Lv (B34)

w B sin a cos B B

r 1 [i is de f ined in Aq-)end ix A.

'i't' oIv'.' iv',' u, V, ind w in terms of these variables are

V n:; 'os; 3 - V a si; I co O -V Cos O sin 6

V sin B + V B (A)s 6 (B35)

V Sfirl oS (,F + V (i os Y cx.; oB-V sin a sin 6

:, ir ~i Il, f . ':," v,2 , *x%,, r,,!-;!,-i in ten'; of the lift L, drag D,



A 7. -.

1,)wxver, al l the available data in [Ref 4] is presented in stability

axes which is enuivalent to wind axes at zero degree sideslip, B = 0.

rqlierefore, Y --C, and the bay-dy axes forces in terms of the lift; drag

arxI sideforce Y, will be represented as

F AX -D cosa 0 -sina -D

L-1) cosa + L sina1

([- 'I

-D snis - L cosa J B

B 'S S

* I if ti r' -.I sf )nIk I t I (-r frcxn stuAbil ity to body axes.

V '11 "or ii irit'rt 1~i fo~rces are proportional to the irk-ss

~I 1_roru1f, thli! ITk iki ,It. c(Dfvefljeft to omrbine these terms into

I -1,r- i -r. Ili- r(iTTiaining - rodynvrnic and

(B37)

.tr .r~rsr~ in the following set of lx-yly axes

o(Virrv~n ) r(sin ) r -in jj s (1L33n8)

]]
Yp

(I sinS -I coa I- (V" l 1

Y F,, 4i B-,, pu .il- i,-)r I.x, ,r ,l fuc s a e p o o t o a o te I s

,): ~ %' 1' , 11't , +li 4,k' tonein ocwmieteetrsit

, v r,,rl,' ; ' + , '', ,' , ,r:, q , r n in n .ro y a c a d



-)s ill - [kosa - 'Is ira T  = si iI 10, uo + VI c zS-XCI-) '"*• L
-Vsinasins + p(VsinB) - q(Vcasa(xis3) - gcosxcse (34)

i r i -i za t i ( )

tiy' the equations of iition are expressed in terms of variables that can

1*2 measured, calculated or obtained frcm the references. There are

several approaches that can be taken at this Ixoint to solve this systetii

of equations. Nuynerical integration techniques can he employed to solve

the non-linear differential equations, or the equations can be

linearized for sznall deviations, about an equilibrium condition of P

interest. qhis latter techniue has een used with great success in the

p.O;t to (ive excollent enqincerirn results. qTe lhita-itions of this

, ppr-Cxh require t]at thte, viiat ioris ill the viriables of interest remlIin S

relatively rmylI i. . , Im, 1 II er h, . thit tIe sines an~l cosines of

t ,I,. 'list a- it,; I n

V I r , \ Or I, if 1,) 1 . , i , 'lt t ', Li Islv , S

t 1:

lS:.1 Il d r I'i 11 il Ie ftml IlrI by s't t. iIlI tll' t rate; Of Co(hio q (Of ti l
' Stite

V'11 i .i 1e ii.1 iitor) pra hfu i nq tAh fol howi nq set of t rims oua t 1 i5n

+ 4I }
+p
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T Pi [v rjl (INi\ ; (V co;' cx) -

I 13 1-4

ci CCxx z xz& e

N -- pqe1 - Ixx + ckrl (B346)

4 1 irlD t iIj), + r C-1aSt tIn 11 (B347)

0 u -r siriq ) B3(148)

U :;nV~ - r 1)S41 S~~u =(B49)

( -,'Ih j-ArLrrbti FI~t IrsIS aIre eir by subtracting the trimmied rii-on frui,

the totil a o.So th~e variables of interest canu bex, written aIs

V k4 '(1350)

& + ,(H51)

11.1" 1 N I 1I1 J)E>I l r- "t ''X;'1 :- 1 1S; in thet Lon of (P50) and (1-i)

(IJ )i ,w V i -y'), (P33 en f in CPl0 (39 ,(1Vi s ) i 131) (-Q )

w'i I 1 pr(yiQY a Iirt i ris A "j t ions.

T!,' X-1' )cit( ('(picit ion XXle'

1.~ - th~js~ + .Nl-*t+ I'ma+tTiSh =

n Ft.Kcu-xns kv~'v~i~. -V s2cM rz 211



I0

+ +Vc B7 5

fi tlx -J in' T:ia n tois -h I Al,, L, ap les is ,(' it fr i h:T

-dI , 1,)LP,+ AA + (I6 +L
-~~ ~ ~ j L a

+C

r1. AT I ns the~fo 1owirfa defocpplls cll i

=t 1v rol, 31. 3

;t, it-, I + iriil + d rv -tve +rc -A5 wrIttexi s fo1

39 6

X ~ t f 1 1, 1 1l -)r ao I a ti i I 1roriv i, , The earano thr t io forL
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X-Forco Hkldu1, i on:

Fm SC cu S6r~ AV + -mV sina cx:)s8 - L *sino, ~Ac + IV cosafSin1 AS

= ~cs +Lsia+ TvcO( )Y - mg silci COs ' + rrsif16 AV
L(VC-Os' + e V T e e e ej

+ [(Desinae - D CLcOsa 0+ L ecosa e + Lasinae --m%,VeCOSaeQJsA C

'4~ ~ [Lsia T~e Aaese q + -mcosee Ae 0

+ [flKgeVsina esirflBe + nretVecos~e] Aa + {rtsin8ej Ar

+ [,sn,- D[Toae 6+ cosC T (B78)

eLsn ,CS ] e +

The above process for linearizing the re-mining equations was carried

4 ~ out in a similar mantner using the following functional relationships

M(v, a, aL, q. 6), L(6, p, r, 6), and N(B , p, r, 6)

so

A=M V+Ma Aa+M a +Mq Aq+M66 e +M66 T (B79)
e T

Al,= L&B Lp A+Lr Ar+L66 r +L66 a (W
r a

A N =N A S + N A 1 + N A r + N 6 + N 6 (B381)
p r 6r 6a

Y F-brce Equa tion:

[sinB 1 AV + [fVcfl8 e A6 [-mr cosatecos~e + mpeSiflaecosB A

+ mV sinaco--sB + mp VCosa sj hO8 A(. + [-M~sin4 1 siej Ae

+ S~ + nt(IV (I osa sin 0 - [II)(IV1srla(ISnrB 11AR P-f + mV C sfIna(I,, Aus 1)



+ [Xr V fle osacx)Sj Ar + L1h1c-OS, e co se E) A, + [Y6,1 I, [Y6a] U

(B382)

Z 1orce Equation:

[sinlaeaS Lees A *+T oaCS + L~co cle Aa + [,T~esinaesina A B

=[(-D~sinae - L 4cosa. - TVsincT) -mPesina~c + mqecmsaecoie] AV

+ [(-D cosci + L Sira - L a oscIe D sfa ) n e TfAilcO a

+ [L qcosa e + rW cosa ecJs5 e] A q + [-rncosesine e]&E

+ [-mPeVecs~ - mn%V ecosaesl eln lA6 + -W e isnBe] Ap + [-mgsin4 e ose1 e]A4

+ [-L Cosa e- D 6sina]e 6 - T6Tsin8T (1383)

The three mment equations are

L Moment Equation: (Rolling Mcinent)

I p- I ,z r = [r e(Iy - I z) + p eIJX Aq + [L]AB + [L6 +qelx]A

Krr

M1 W-vnt. Ecuaxtion: (Pitching Wlient)

I Aq - M*A = M AV + M Aa + M Aq + [r (1 2
yV a q 'e z x Cxz] '

+ [P( I~)+ 2rej Ar + M6 6 + M 6 (35
et t

N Mkxnent Nquation: (Yawing Momnent)

I r A ~ 1- )-n Aq + N AB + [qf(Ix - ) + Nj ]~

1 7. A r zx A 1) ,(] xI r ( Jo



+ [-.I.+ Nil Ar + N6 6 + N6 6 (86CC r aI

The two kinanatic equations

Equation:

= [r cosesec2e + qesin sec'ee] Ae + [sine tanoe] Aq
+? + e e

+ AP + s[o etane e] Ar + [qecose tane- r sine tanoe] AO (B87)

8 Equation:

SA = [L°Se Aq + [sinpe] Nr + [-qeSinoe - r ecose] A (B88)

This set of equations (B78) thru (B88) represent the linearized coupled

equations of motion generalized for a steady level turn in body axes.

This set of equations also describes the aircraft motion for a straight

and level IG equilibrium condition by setting the appropriate

equilibrium values to zero. Recall the assumptions under which these

equations are valid

1. Earth is fixed in space, i.e. inertial frame.

2. Aircraft is a rigid body.

3. Aircraft mass remins constant.

4. Thrust vector lies in the plane of symnetry.

5. Perturhatiois fr(in the equil ibrium cndition rexilln relatively

nsall.

6. The products and squares of the perturbation variables are

negligible.

7. The earth is (considered flat and non rotating.

TH. qlo XZ pJl,?e is a plane of symetry.

I o
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9. The flow alout the aircraft is quasi-steady.

10. Atnospheric properties are constant such as density for a given

equilibrium and associated perturLbtions.

First Order Fbrmat

To use lirnear control analysis techniques the systen of equations

will be expressed in first order state variable form

x = Ax + Bu (B89)

where x is the state vector and and u is the input vector. The A is the

system mtrix and the B is the control matrix. The two vectors x and u

are defined as follows:

AV

AoL

Ae e
6 (B90)

76

4 6 t

Ar

To manipulate the force equations (B78), (1882) and (M83) into first

order form the coefficients of all the variables will I-x desiqicated by a

capital letter and a subscript. The capital letter will be associated

II

with a given variable and the subscript denotes the force equation the

coe-fficient is associated with. Primed coefficients are the result of

coefficient groupings occurring frmr matheratic,-l manipulation of the

IS

equations. The definition of these coefficients are presented in the

i St of 'SymA) Is sct io.

x ( u p BO



X-Force Equat ion

A AV + B AI + C A :I Av + E Aa + FxAq + G A6 + H AB + K Ar
x x x x x x x x

+ W + T t  (B91)

Y-Force Equation

A Av + CA = I)Av + E a + GAO + {6 + JAp + K r+ A

R 6r + S 6a (B92)y Y

Z-Force Equation

A Av + B Acz + C a D Av + E Aa + F Aq + G AO + H AB + I Ap
z z z a z z z z z

Q At + W 6 + T 6 (B93)
z z e z t

tblw solving for the different derivatives of the state variables Av, AsC

C %'and AB* in terms of each other starting with the Y-Force equation:

Solving for AB in terms of Av

1 L DyAV + E Aa + G AO + H A + J Ap + KyAr + Q A0 + R 6
* I - y y y y y y y r

+ S 6 - A Av] (B94)

sMbst i tut i ng (1394) into the x-e(oat ion (B91) and grouping like terms

x 7 - -)-- A AV + B Aa L)1 AV + [E CEJA
Y 1 1 Y ci FcY1

+FAq+ G G A I - -H AB + - J Ap

+ Cx K Ar + -< Al + W 6 + T6t + x R 6

x C Cy C x + 7 r

y Y] y (



IC

C- - x (B95)

Now subst it ut inq ([94) rnt (B93) and grouping yields

[ z C + +H-

A + Ay~ j ~ + [Q z L) z + D~6 + AV + -C- 6r

y y y

A F Aq + Bz G + HA + H + B + + J, .Ap(7- z C

+zA +W GT +R0 + S .6 (z9C

K + [ K Ar + ,+ -Cz T A + WG e Tz t + C z R+ ] 6 r

++ S 6 (B96)

Further simplifying the notation, let the coefficients on equations

(1{95) art] (B%6) Ix, designated as follows

Ax Ax - -i--y

y

AxAV + B xAa = D xAV + E xAa + F xAq + G xAe + H xIAB + J xAp + K xAr

+ Q ,Ao +W 6 + Tx6 t+ Rx, + Sx 6 (B97)

i e t z z a

+ UZ A  + W76" + Tz6t + Rz 6r + Sz,.6a (BOW

I10,1
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I v i~( t~) ) s Anintenlis of AV Yields

A a -A Av + DzAV + E ,Ma + FA + G ,AO + I + J ,Ap

+ K Ar + Q At + W 6 + T 6 + Rz 6 1 + S 6a (1399)z' z' ze Tzt z zaj9
NoW substituting eq<uFat-ion (B99) into (1397) Av can be solvW for

explicity, resulting in the following expression

A B -A BB[.- 0]A +[,-~EJz _ _x z '  x z

AV L J Dj~ G - D-- AV + -H.I- a

Av I =A z _Az'Bx Dx' B z I x' B z

[ x - KJ + [ B Ix  x Hzx ] - A q + Gx -[

x + KL K .] i + Q(I10Jx' 13 h z -z- Oz Qzx
z z z

+ x -B W e +  T - T ] 6t  + [R x  6
+W h z6xz z z 1Z r

+ Sx' h S ' 6 (13l0)
X z

Going hick to equttions (B97) amrl (B98), and solving (B97) for Av in
S

terms of Aa rosults in

A - A(, + 1 AV D V+ EAa + Fq + G ,Ae + H ,A8 + JxAp
A, I x + x x x x x

+ xAr + (,. ,AP + Wx 6 + Tx t . + x 6 r + Sx 6 (13101)

SJ



StahSt ttirfl equII1t Io (A ll) n IB~ I, is t,~ I1 1(~p x

"cc(--- for Aci in tern s dos.;ir tx vl ri iii ..

*A A" 1z FEA
Ac 1) A - x '  , v + z . A A

z I AA ,

+ "[ A, + G ,  Ax G AO + Hz  1i xIJAB

Az, Az Az' A

+ X J Al z A x Kj Ar + Z A A Qx'1

A , A A,
+ W W 6e + Tz A T + AT , R 

6z e zT A ] t + . Az  R X.

+ z  A x  6 a (13102)

Aqgain, simplifying notation, let the coefficients in equations (B300)

and (B102) be designated as follows

B z 1

AB -A D x D (B103)

z x x z x

Note: Terms in (BO0) and (102) that do not include primed terms such

as the coefficient on Aq will be designated as

B B 3
F z [F x F (B105)x A 'B - A 'B x - jx z z Y ZZ

This notation resiilts in oqUlttions (13100) and (102) being written as

fol lows

* ] 0



A 'Av + H ''A 4-1" 'Aq + G 'AO + H1 ''AB + J 'Ap + K' Ar
X X x x x XX

+ A,+,, + W 'j + Tx'6 + Rx''6 + Sx''6 (BI0)

A= D L 'AV + E ''Az + F 'Aq + G ' 'AO + H ' IAB + J ' 'Ap + K ' Ar

+ A + W z'6 + T z'6T + Rz ''Ar + Sz ''6a (BI07)

With this less cmbersone notation equation (B106) can be substituted

into equation (B94) to obtain the desired expression for A.

A .] [ D - AD ' AV + [E y- A E ] + [-A F']

+ [G y- A G' x ']A + [H - A H' x'] + [Jy -A J' '] Ap

+ [K - A K Ar + [Q% - AQ '] Ao + [-A yWx'] 6e

+ [-A Tx] 6T + [R y- A R-'] 6r + [S - A yS' -] 6] (13108)

The preceding mnipulations enabled equations (180), (B82), and (B83),

the force eauations, to be written in first order forn. Using sinilar

techniques the n-xient equations will be written in this same form.

Starting with the pitching nment equations (B85), the Aa equation

(BI07) is substituted in for Aa and (B85) is then solved for Aq.

Grouping like terms results in the following expression.

AU (.1 [y + MI' [ + WE'' A a + [M + M ] Au

+ [l'Gz''] A@ + [M*lt' '] AB + [re(Iz- Ix) - 2 PeIx + MJz'']Ap

+ [p(I Ix) + 2r I + M Kz'' Ar + [M Q' 'AC x( I a I x z

+[M + MW''] 
6 e + [M + MT'] 6 T + [M '] 6

+ SM'' 6} (W109)

107
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(I! :K I2 'I it t i ( )11 it' I U tS Ap) inA Ar- t( III I; a s jcs th,

i rtt t'&lit ion 1~ UiKl h6 to, express Ar In teim~s of A

K I !+ p ( -I )-rx Aq + A + [ ( - I) + NI] Ap

"Ir - t x y exz

+ + N1 Ar + N 6 + N 6 zI (Bi1)L xz r 6 r r 6 a

s1ubstitutir? (Bil) into (B84) and grouping like terms produces the

followirnj expression for Ap

A r lly Iz - xzz] . xz Iz +Izx (I x-Ily)Y]A
AP = [ 1 - 2 2 + PeL- | Aq

X z x z <

+ 8~z+NB.xz1 + [ [Lp z+N+ -q xz Zx x -) 1Ap
+ - II -] + 2 Ix Iz- jIx ] I 1 2

[1rz +Nrl ] 6 + 1LLaz + N1a7(11 V(Bl
++ a-i A

.*t-f 1 r t 12 'i 1 0 1nc 1ii e~ - c~ti t 1 2 ~ ) w ih i

1, 1 ~ + ~ L I OXIA +~+L + NI Ip

+ z 67zx [ + Ixaz 6I-zx ] a (Blll)

I 1 I

Ti, vwim~ vv-vuerit o'qi i t ion (N36) can be solvt--:] for Ar by writing Ap in

A: + .A6 + L + (1xz - Ap+ I

X

+ Ir + q(y Iz ) Ar + L6r 6 + L6 
6  (B112)

1 i,2' .i, tA tutfirg (P112) into (N36) which yields the following expression

* , ,r *.

. I
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x x y xz + Y __z x A[r U I ) + I - 1 z
e12 +I r e

X , ZX X3 x 1)zxX 0x Y

x z  x7. zx zj
+ + L I I I [N LI] iii)+2

Nx r z x zx]
+ I + LrIz N [I + 2

+ [N x I 6 r+ [6 aI 7 LZI
SI - 1 2 r I I - 1 2 a

Equations (BII0) and (B112) can be simplified notation wise by using the

following expressions

Ii = I I - I 2
x z zx

1(-1-I2

1 z y Iz zx12 = 1Ii

I I + (I - )zxz z x( x

_____ -- -- (P114

a II

I (I - I ) +I 2

Ii

1=I x(l - I ) - I I

1)z 1 zx zxPxz

I]

I, I + N I + 1, 1

N 11 11

II + I NI +L I
L p i' z -x ' = x p zx

p II p } I

I. I + N I N I +LI1
I , I- X r- X r- ZX( 1

i, ' . . . ... . .N '~ ___(___5)

/, +*N I N I +1 I

r x- r x r z



1, 1 +N N I N 4 1,

ar

I~t ut I mu (P114) andl (B115) inrito (Pil a (113 )P r1-2U tS i I tlle-

fr 1 1. ) 'i2 JXI j( )r]- f'01 A 1 1 Ai 3 Al-

r (12) + t) (13)] Au + LAS + [L' + e143) Arc

+LF' + q(12)] Ar + L '6 r+ (6'6a
r a

A r [1 [ (14) + re (15)] Aq + Na 'AS + [ N ' + q e(14)]A

+ [Nr' + q e(15)] Ar + N6 '6 r+ N6 '6a (13117)

The A( and Ae equations (B87) and (B88), respectively, are already in

the, dosired first order form. For convenience, the eight first order

linea-rizod differential equations of motion generalized for a steady

level turn equilibriun condition are listed below

AV = D 'AV + E ' 'Ac + F 'Aq + G ' 'Aa + H ''Aa + J ''Ap + K ''Arx x x x x x x

+ ''A + Wx '6 + Tx '6 + Rx1'6 + S x'6 (B118)Ix x Ce x T x r x a

A= D z ' ' AV + E z ''Aa + FZ'Aq + Gz ' 'A0 + Hz''AS + Jz' 'A) + K Z''Ar

+ Q '"'A + W '6 + T '6 + R ''6 + S ''6 (BI19)
S z e z T z r z a

+ ' V + + ' ACE + M + I F.

* '2  ~4 i~m'' A~ + [r(1 - IX) -" 21 x + IJ' j A

+ P ~z I + 2r eI + MaKz' '] Ar +[IM ,Q'' A~ '
+ ["j1 + x" W' 6( + [M + M*Tz1 6  + Lm . P

+ MS'] 6~ (1 2n 0

Ar -[ I AlI + j;it~ ,r- +± ;r; -(x4 At (P 121)



,. , ,. - ;...ix ' , ±, [I.,. - -\,~x  - [-A,,F A' S'

[+ .- V 1]" [I - A..fl ,J A+ r-:., , j

C2

( e 1") + 1,( 3)1 (, , A + h , + < 13) ,.,

L r + al (12) Ar + , + L (P123)

Ar [p(14) + r (15) AC3 + N t + [N 4]

+ [N + ce(15)] r + N + N 6 ([B124)eJ6 r a

[r unspe

+ + F -(nS t.74-tlj Ar + [a oA t-am r sin, e ilt3 o ([3125) S

ell 10
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A-7D Flight Control Systm

A-71) Flight C)ntrol lXescciptio.

"he A-7D fiiglt control sys!--jtm js a 1 ,' -auliC X y r C,,'rI irrevrs-

ible systaii. Longitudinal control is providedt by a Uniit ik)rizontal Tail

(U '1T). The longitudinal feel system consists of a dLal gradient feel

spring whose force varies with stick displaccment, two bobweights to

provide static and dynamic force gradients, and t..o viscous dampers to

provide damping and stick forces proportional to stick velocity.

The lateral control is provided by a combination aileron and

spoiler/deflector systen. Both sets of surfaces are active at all times

except near neutral stick were a snall dead spot in spieler notion

occurs to allow small aileron inputs. Although full lateral stick

4 ', travel remains the same, available surface deflections of aileron and

spoilers increase fron +/- 16 degrees and 36 degrees to +/- 25 degrees

and 60 degrees, respectively, when contrnl augmentation rncle is engaged.

qThe directional control systan is a conventional rudder systen. In

the cruise configuration +/- 6 degrees rudider deflection is available

along with an aileron rudder interconnect (ARI) systn which provides

adit inna] deflect ion wlen the yaw st-ibil ization n!i-il. is engaged.

Thf alrcrlft hI- s n au il'atic m~r-Ieuverirn fl,p systcrl ( AM.') which

was rot used( dur-ing this test. In addition, general autopilot imIxes

were not evaluated.

Thle three nnies of the flight control system of concern here are the

litchanical mole, thte2 yaw stabilization RrCAe, arl the control

iijimi-qi t1 )ri mrxin e. The cln<Irm ica I j t I is p-Iralleleci by the oth er twA .

Witli just th l l -(-411, i d -,I itl i t li pil') t1i 'sI an IIu, itxient-ell aircraft by

!l.S



1 15 of li q'I II T~I x~~t ( tr S 1)y e "(C t 1(3

t tI- ya-w Stabiii I L' I . )!1 ~~.7~ !%u xi. l1('h qiv'os ruidde!r trim, l ater, l

i(t T tlt I' I ti I t11 - i ti it) t,,t (t inaie t ( A I M ie trn '.1I

H"11- uISel ii. calltti 'l -t )I I, A o w t l (U)NI ANx) n ie)rl

r0e kli 12S YAW t'lJ ! 'I 1. 11 In t IiS fUl I up) 113,)d tN pit-ch findk

rol 1 Iectlain 1 c-l ~I it Irk I kiri I I f I loi I by e Iectr ical pxiths to provide

imtprove~d l irrra-11 Iynk112ics. In this rixie, pitch raite gyros a-nd normalJ

-iacctelercieters improve pitch ilamping, while roll rate feedback improves

For t i s a-nalIys is , the t. fIi iht rntrolI system i wa s s impl if ied by2
eliinaity_1 hehigh frequency elainents which included th.?- actuators,

maiking the nion-i inear teanerits l inear, and mritting the limiters in the

YA?' s7rAiA andi WONT AUGI rx ies. L'chi axes Will be addressed separately.

( ~ v Pitchi Axis

The simplificed pitchi axis block diagram (Figure Cl) is used as a

guide for w-ritinq the)( diftferential1 emuations describing the longitudinal

4flighit control syst-eil.

Starting withi the rnclnical path the fol.lowing variables are

I pitch accl erat ionoai i frani existing state equation

A cCelerVirin iii Z. ii ret ion, C(xP11)ptti frCIn lift eqTuation

K f= spring constant for duil gr~idiurt feel springj
s

6 =new input variable representing pilot elevator in~put in pounds
ep

6 =new vairiabhle for iiitchonical p-ith

6 15i ' sta t 'P Var(": Wi 1I fI fll tI~ it> I pith

6 ci6 1, is tru XCttttt wti i a L w t 1 1 ti

X ~ ~ ~ I .1)
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Using block diagrun algebra

6 = 6 + 9.6q- .0855a (Cl)aIn ep z

6 .5
em 2

- s + .5K (C2)
o em f s

The two constants 9.6 and .0855 are related to the dual Wob wvights

in the aircraft. One bob weight is located forward of the control stick

and one is located in the tail of the aircraft. Nonally the ratio of

these two nunbers will give the location of the bcb weight in relation

to the center of rotation; however, in this case the ratio yields

9.6 [ft slu1l.0 8 5 T = 112 .3 ft
.0855 L slugj

This distance is an effective length due to the fore/aft bob weight

configuration. This configuration results in the bob weight pair being

most effective during pitch accelerations, and has a minor effect on

stick forces during steady maneuvers.

The K is a spring constant for the dual gradient feel spring with
fs

the following schedule

116



2I

Figure C2. Dual Gradie nt

The initial value of K ffor the first 0.25 inches of control cable
f

7xuvtrnent is 32 lb/in cl1anging to 2.909 lb/in for larger deflection.

"I

* Contint-iirr: with the blcck diagram algebra aive-s

2(s + .5 kf ) 56 e_

jrn

6 =55 ~.5Kf 6

6 p + 96q - OH537 - -5,6(C4)

Te control au(eof fe it 0.25 is rofconCro in a

ii i nla t is.~ . 32 ibin1 fl an gin t .1i r

<?)nintir iththe loc diaramalgera iro
5< ( + .5r i : .bi



S

K .00054 with K i tg

.00054 se rad 1 1
f ft deq j (32. 'ft/sez),/g)(57.ir d)

Tre K term issd

10 [ deg ft ] - .31 deq7 32.2 ft
Lib sec gj lb sec 

The .00054 coefficient on a is

.00054 rsec2radl 1 de= I K - d e .000 54;soc2

g ft di

The coefficient on q is mde up of the folloinq

.0003794 F"" 7 1 t 1K

P.ere the 7ft is the distince f ojjwir of the e.g. of the accelercmeter.

Further r h'ctiqn

6e 1.8182

6e s + 1.8182

hichig . )

or
6 e 1.81 2. -

:Ud jst'tU' irv ,6, ,,:, :

''1'



Aldilyl the pitch rate

6 = 6 + .25q (C9)

-e pitch CAS limiter which limits CAS authority to + .084 radians

has been omitted to keep the eQuations linear. The tot-al elevator

cannared by the mechnical and CM ai-ths is represented by 6 , which
CC

equal s

+= '+6 (CIO)
ec emz eCALS

ar-0 frrn before

6 e m =- k T 6 e m

The trim constant KT is a function of the trimed position of the UHT

which varies from .05 with UHT at 40 TEU and .1 with UHT at 80 TEU.

(For this analysis .05 was used for ig, .075 for 2G, and .1 for 3G.)

Actuator dynamics vere considered negligible resulting in the

20
s + 20 -

so

6 = 6
ec e

Everywhere a 6 appears in the original state eouations, the
e

express ion

6 6 + 6 k 6 + 6 + .25(l (fully auqmeAnted) (C1I)
e erni 2 CS T c2 e2

6 = 6 (mechnical only) (C12)
e nz2

will be substituted.



SI ln , ii f I,; t k pi t, axis e(jlat ioris yields

1, '1 1:1 f em

6 .I K [ + -.0551- 5% e 2

6 2 [. ,546 p - .0X)O54aI + .003794,] - 1.81826

The a tem is C(7lc'uldtc(d using the lift equationz

FAZ = Rr z

where FAZB is the z bxdy axis aerodynamnic force ccnponent, which gives

a [ZvAv + ZAa + ZOAq + z 6 6 (C13)m

Roll Axis

( j VThe simplifie6 roll axis blrx:k diagramn (Figure C3) is used to aid in

writig the lateral fli it control equations.

Th1 e var i8lQ5 us'Ni ill tfl ('Ir p' 1 th

: ir1ut vririTh , r,,,.<,'t it( }1 1' ,ii},iron input in couXKs

'I-
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4i

CJ

T : (C14)

6
n2 2- 2 + 21. (feel spring) (c15)

am1

4wich gives

6 (s - 12.8) 2 6am 2  am1

or

6 = 2 6 - 12.8 6 = 2 6 - 12.8 6 (C16)
am 2  1m 1  a1 2 apam 2

goin throxh th- feel isolation servo

3 1.238 (C17)
2 - 12.5

Which qives

6 (s + 12.5) = 1.2386

1 2.2; 6 - 12.7 6 (01+

3

.p
'Il -S i t t~i ej# fol1r- r - vvv~± . -1r j- (

- , 2 'X r4i

I -



" Rd ib 5 7.3 ,

a2 3
s + 3 (C20)

wt ich :gives

(s +3) :36

a2 2

rru:r *3-. - - - -(c, - .. .)

Substituting for 6 yieldsaS

: 2i63 6 - 3 6 (C22)

a3 1
0 (C23)

2  a

+1

orl

"; .063i 6 - 3@ 6 (c-22 ).

a 3  10
6 510(L

"0.



,5 = s + - +c-2 5

.: , ,+:,+ : ,- 1 , i .... - o n the original st e

44

, . : ] 2 -v --, 1 2 . 5

3I

Ix 5 £0

- ,- :I ....................................................................................................

T I + : I : t l , , i r , ' t i ! l ] , } , - , t s ,] .. , x ~ i c : u :I
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3I

r 3 ) r

r .2r r0 1 
3

= .25r -. Ollp 6r(C33)

6 ~ ~ .2 +2r-.lp c
43  r

rI A



(s + 2) 2 rr

(--6

r . 5  (C )

5:4

.. ..tti -I ...D 63

9L

r.) r,- > 43

<(nt in uir jj

6 = . 25 6 (c39)

6

>- (c40)
I I

6<

.I .r- , " ' (4



I

6 = 5 + (C43)
rO0 r r,

also

6 = 6 + 6 (C44)
r 11 r4  10O

Again assuming actuator dynamics to be negligible

r rc

Toe total rLxdr ecua tion by-ccmes

r rmn r1

.001 6 + 6 + 6
rp r4  rlO

=.001 + .2 6 + 6 + 5 +6
rp a r3  r8  r9

.001 6 + .2 6 + 6 + 6 + .003 6 (C45)
rp a r3  r8  r6

substituting for 6 yields the following 6 ecia tion. in addition, the

yaw axis state t2(cations are suiarized

6 r .01 6 + .2 [6 + 6 + .lp] + 6 + 6 + .003 5
r rp a 3 r3  r8 r

:= .25 F - .i ip - $

3  r3

6 = 2 * 1 i.r - 2 6
r6  y re

Thte (lly tj-,, Ix2. inij to t:z' calc-ulated is t -e lateral accolorati-n

whi,:, is !ri-l ho ' *1 ".Y , -, , i tiOc

1 21.'



.lich gjives

y [AB + yl-p + YAr +6 6 +6 6 (C46)

r cl

I 'M
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Appendix D

Ccnputer Program Explanations and Code

I wrote several computer programs to aid my analysis. The programs

are written in Applesoft Basic and were run on an Apple II Plus home

ccnputer in the following configuration:

Apple II Plus 48K 2 Disk Drives Slot 6

Andromeda 16K RAM Expansion Card Slot 0

Videx 80 Column Card Slot 3

Hayes Micro Modem II Slot 2

Epson MX-100 Printer with Parallel

Interface Slot 1

EPS Keyboard

A brief description of each program and its code is provided for

reference.

Data Creator

This program creates a randx access data file on floppy disk for

use with the other programs. Three options are used to input data.

1. New Data Entered: This option clears the disk of all prior data

and allows entry of specific dat for IG flight conditions.

2. Ch-inge C(irrent Lrito: This option allows incorrect entries to be

ch-inged withoiut erasino datii already on the disk.

3. kid Lta: Thiis option allows entry of data for other than 1G

without erasing data already on the disk.

1 Q2



- --- - - .--

WTCRE '4TOP

I, REM THESIS AID: CREATES RANDCrl "CESS EATi FILES

2
, REM

ti REM BY JEFFREY R. RIEMER

48 REM 14 APRIL 1983

50 REM

to TEXT
HOME
PRINT CHRS (12)
PRINT

70 D$ = CHRS (4)

: REM CTRL-D

80 DIM K(108)

98 PRINT "I - ENTER NEW DATA SET'

188 PRINT

PRINT

118 PRINT "2 - CHANGE CURRENT DATA"
---------------------

128 PRINT

PRINT

125 PRINT "3 - AUD TO DATA'

PRINT
PRINT

138 PRINT "ENTER OPTION -- )"

148 GET A
PRINT A

158 ON A GOTO 168,1888,1288

- 168 PRINT D$;"OPEN A?-D,D2"

178 PRINT D$;"DELETE A7-D,D2"

!88 PRINT D$;"OPEN A?-D,L20.,2"

185 PRINT
PRINT

198 PRINT "ENTER THE FOLLOWING DATA'

195 PRINT

208 INPUT 'ALTITUDE H= ";Rd3)

0 zI INPUT "PIrID ATED M.2CH ',JVPER Irt = " I

I



220 ItPUT "DENSITv Rci= " 2

230 INPUT "QELOCIFY (FT/SEC V= K

240 INPUT "WING AREA 5
=  

4

250 INPUT "MEAN GEOMETRIC CHORD C= ";K(5)

260 INPUT "WING SPAN B= -;K(6)

279 INPUT "ACCELERATION OF GRAVITY G= - ;K(7)

280 INPUT "CENTER OF GRAVITY CG
= 

";K(8)

290 INPUT "GROSS WEIGHT WT= ";K(9)

300 PRINT
PRINT

310 INPUT 'CM ALPHA CMA= ";K(I)

320 INPUT "CM DELTA ELEVATOR CMDE= ";K(II)

339 INPUT "CL ALPHA CLA= ";K(12)

..340 INPUT "CL DELTA ELEVATOR CLDE= ";K(13)

359 INPUT " CMQ ";K(14)

360 INPUT " CLQ= ";K(15)

370 INPUT "ALPHA ST & LEVEL FLT A0= ";K(16)

380 INPUT "SIDE FORCE DUE TO BETA C'B= ";K(17)

390 INPUT "CY DELTA RUDDER CYDR= ";K(l8)

400 INPUT "CY DELTA AILERON CYDA= ";K(19)

419 INPUT " CYP
= 

";K(20)

429 INPUT " C'R= - ;K(21)

430 INPUT "ROLLING DUE TO BETA CLB= ";K(22)

440 INPUT "CL DELTA RUDDER CLDP=' ";(23

45P INPUT "CL DELTA AILERO4 CL[,,= 24'

460 INPUT " CLP= ";K(25)

470 INPUT " CLR= ";K(26

480 INPUT "YAW DUE TO BETA CtJD= ";K(27)

498 INPUT "CN DELTA RUDDER CNDR= " ;K(2@)

500 INPUT "Crl DELTA AILEPON CNDA= 
" 

;K(2)

------ ------ ------



-. • . • - . -. r. -- r" - ,r - " ''r

51 INPUT CuJP= " ; t1

520 INPUT ' ChJR= ";K( 31)

530 INPUT "LIFT COEFFICIENT CL= ";K(32)

5,1 INPUT " CLV= " ;(33)

550 INPUT "CL ALPHA DOT CLAD= ;k(34)

560 INPUT "DRAG OEFFICIENT CD= ";K(35)

570 INPUT " CDV,- ";K(36)

586 INPUT "CD ALPHA CDA= " K(37)

59e INPUT "CD DELTA ELEVATOR CDDE= ";K(38)

660 INPUT " CMY= ";K(39)

610 INPUT "CM DELTA THROTTLE CMDT - ";K(40)

620 INPUT "CM ALPHA DOT CMAD= ";K(41)

625 IF A = 3 THEN GOTO 1230

W 636 INPUT "MOMENT OF INERTIA (SA) IX= -;K(42)

646 INPUT " IY= " ;K(43)

650 INPUT * IZ= ";K(44)

666 INPUT "PRODUCT OF INERTIA ZX= ;K(45)

670 FOR I = 0 TO 45

686 PRINT D$;"WRITE A7-D,R";I

690 PRINT K(I)

700 NEXT

761 PRINT D$'CLOSE A7-D"

762 PRINT D$;"OPEr AT-D,L20,D2"

763 PRINT

INPUT "[,[ Tfl tLF- '.,TL p ST & LK'L FLT " ;IT

784 PRINT D&

PRINT D$;'WRITE A7-D,R';58

PRINT IT

716 PRINT D$;"CLOSE A7-D"

720 END

1800 PRINT "ENTER THE RECORD NULeIER TO BE CHANGED"
-PRINT



I >l1 IrNPUT "hECORD jiliftiER & STARTING LUCF ";I ,S

1028 INPUT "ENTER V"LUE ";KtI - S)

1830 PRINT D$;"OPEN A7-D,L20,D2"

1040 PRINT D*;SWRITE A7-D,R";I

1050 PRINT K(1 - S)

1868 PRINT D$;"CLOSE A7-D"

1870 PRINT "WOULD YOU LIKE TO CHANGE ANOTHER RECORD" ;

1880 INPUT AS

1090 IF As = *Y" THEN 1808

1188 END

1208 REM ADDS DATA TO EXISTING DATA DISK

1218 PRINT D$;"OPEN A7-D,L28,D2"

1228 GOTO 318

( ' '1230 INPUT "ENTER STARTING RECORD NUMBER FOR STORAGE ";S

1240 I = 18

1250 FOR R = S TO (S + 31)

1268 PRINT D$;"WRITE A7-D,R";R

1270 PRINT k(I)

1288 I = 1 + I
: NEXT

1290 PRINT D$;"CLOSE A7-D"

1388 PRINT "DO YOU NEED TO MAKE ANY CHANGES?"

1310 INPUT AS

1320 IF As = "N" THEN END

133P GOT0 1008

131I



Dl_+ta Alpha Solver

This program uses IG data fron the data disk created by "Data

Creator" to calculate the change in angle of attack (a) and the change

in horizontal tail deflection (6e) for a range of load factors. Fron

the specified load factors, bank angles are calculated. These load

factors and bank angles in stability axes are converted to body axes,

drd equilibrium values of roll rate (pe), pitch rate (qe), and yaw rate

(r e ) are calculated. All the results of this program are stored on the

same data disk containing the "Data Creator" files. A printout of Aa,

A6e ,s, ns' b' and nb is also available.

Once these Aa's are available for the various load factors, the

stability derivatives for the new equilibrirn angle of attacks are

rTwnually extracted from the aerodynamic data package and entered onto

the data disk using "Data Creator" option 3.

The equations used in this program are developed by considering an

aircraft in a steady turn [Ref 3].

Stead]y Turn

The axis systen used to describe turning flight can greatly affect

the expressions that define the parameters of interest. The development

in [Ref 3] starts with tx-xy axes expressions for the angular rates p, q,

art] r; Wowever, the asstnptions made subtiely result in stability axes

expressions when solving for the changes in angle of attack and elevator

deflection.

Since the aerodynamic data package used in this work contains

stability axes data, the assunptions necessary to gc fron body axes

expressions to stability axes expressions will be described. Once the

ch-inq.e in a and 6e are (ailculat] usinq_ stability axes the expressions



necessary U relate Ixink angle and load factor between t,,t stbility ni

lxlxy axes systf!ns will be developed to calculate the requirod

equilibriin values for p, q, and r in body axes.

Thne body axes angular rates are given by

p SinO1

q : 0cos€ + sinCmosa (Dl)

r -a sine + cospcose

For the steady turn 0 = a = 0 at equilibrium, therefore

qe = i*sinoe cose (D2)
B F I~e°0

r ecosc e e

In addition, the ball in the turn and slip indicator will be centered

" , resulting in zero side force, Y = 0. Looking at the body axes Y force

equation

FMY + mgrose sine = m(v + ru - w) (D3)
AY e e e Pew

where

FAY Y = 0 (D5)
B

v = 0 (equilibritm)

which gives

1IYr(cS9esin(e = Ire U MIeW (L)6)

The Z force equation is

-TsinaT + FAZ + nicosCOsa = m(w + PeV - qeu) (D7)

whiere

Tsinqr 0 (D8)

FAZ : -[ sir -

w 0 ((' 111i I ihiAITI1)



which gives

-Ds ina- L eosa + nrcos( e wsO =r v 114-j Meu (D9)
_e - e e e e

Etklin [Ref 3] assumes mp.w and mpv to be much carller than mru and mqu

respectively ard thereby neglecting than is the subtle assumption tiat

iwvkes his resulting expresisons equivalent to stability axes

expressions. For stability axes the following is true

= e 6 e = p = v = w = 0

therefore, the Y and Z force equations at equilibrium become

Y Force (stability axes)

mgsinl m Ir u (DIO)

Z 1brce (stability axes)

I = ngcoso + rmqu (Dll)

w e 

U= VcOS'eCOS e  V (D.12)

i st~i'st it t jiug for re camd q _ using

[qj s:1::: (D13)
eqe =C I~ I

N L~5~V (D 14)

Z: 1, :iJx)si + rNsi.n V (D15)

Jfirs the Y equation to solve for g gjives

qtan

(11s)

.', .. . .... .. l~l'
IV



'Me subscript "S" denoting stabil ity axes will be ciitted in the

following stups. Sabstituting into the Z equation gives

L = n eP(XDsa + iqtane sine (1iT)e e e e

r(,. irrang ing

L (0)s2 t + sin 2n ]e _ e2 ______(I]

Imq cos4) coso

This expression defines load factor n.

L-= n1 = I (D19)
W cost

e

Deternining a change in a relates to a change in lift. Taking the

difference between 1G and nG's of lift yields.

A lift = 6L = L-W = nW - W (D20)

SO

( , • 6L = (n-l)W (D21)

Also recall that in equilibrium

Monents (L = M = N) = 0
(D22)

Y= 0

Using the functional relationships given in Appendix B, and neglecting

the L , M and M' terns which are very small comrAired to the other
V V a

terms give the following set of ecations.

M , + I M + M 6 : )a q " 5 ('
(1

L + L q + L 6 = (n-l)W
a q e

Y B + Yp + Yrr + Y 6 + Y 6 a 0 (D23)
B ~r 6 r 6ar a

NB + N +Nr r + N 6F + N 6 6 0

I, + ,p + 1r + I, 6 1 + 1,6 ()

I-,



, 1'.' fo the chlinge in 1(ai n, i hid fctol- rTss the pitchi-

i :nm .nt ,n i lift eaultions tre Wr-itten in Tnttrix fori ann

AWL e = -q 2
IWi 16e A6 ( - )11 L[ C: ][ I = -["I!,+

The pitch rate q can be expressed in terms of load facto- and veilocity

qe = Wsin(e

1
substituting for yD(16) and letting - n

cost e

gtanesinoe _ nqsin2 e (D25)

e V V

Using the trigcmetric identity cos2 (e + sin 2 e = 1 gives

ng(q - c=s2¢e) (D26)

e V

letting

cos21Pe (D27)
n
2

= g(n-) (D28)qe - V11

This expression can also be written in the follcAiing form whiich allows

Sfor (_)inVenlient qroupirx_ of terms

q(n+l )(n-] ) _ r (n+1 ) (n -l)

Using this expression for % and applying Crumner's rule to FXoive the

nuitrix equation for Ac and A6 yields

(1- ) ( n+l" I, -M L (D30)

)W-M e+ 6 ] q 6

M ( 11 c - PM

06



(D3

Tlh_ oIef ficient form" o)f t, 1, l .'.~ .I~~ y

vr~jranWsince the dimons ioraIier I a vi :r o vailable at this

jx)i:1t on the data dIisk.

(n-I) c + (n+l)(pSc) (C ~ (D32)
(J e 00 q

CC - CL CM
6 6
e e

A~e (n1)CL C + (n+l)(pSc) (C CL -CC(D33

C mCL CL CM
CL 6 a 6

e e

With Aae available, it can be addedi t- a 0for ICG level flighjit to obtain

Sthe new equilibriUnx CE for the steadly turn. Thle aercynainic dlata tikg

can he reentered to detennine niew values for stability derivatives

affetedby angle of attack.

*iJ lb outain ecluil ibriunt angjular rates 1) , (I arl' r" 1!2 xII2y aits, 't

is necessary to relate stability axes and bry z i Lei anijles. i

aid itionl, the load factors will also be relatedN3 between these axes.

I F Irn r"( to the trII-y axe S e'Xj we55i nt 1_S fr tIe It~I 1 1 Y aT !114. the" Y

I4 s 0I

s irl~pCI)so (D34)

(135



Using the Y equation amd substituting with the following

r = Cosr csO e
e e e

Pe = -  sine

u = Vcosa cosB (I
e e

w = Vsina cos8
e e

gives

mgsecos e e eCOS ee s e e sine Vsie- oose

rearranging and assumrbing 8 = 0 gives

__V [ cOse sini 1
_ e e

g [coso ecos6 e oSe + sin06 eSine B

Recall in stability axes

V _ tan 'tp

there fore

c s csa + sin sina (U

See e

Since in bodiy axes ae = e a can be substituted for e which gives

tam e e (t
It l, COS Co + sin2eU S L°SeeJ B

To viI Lie for a is knc n and 3 can be determind frcxr

[1e]S n (1) sL

To solve for [Le] B the above equation can be written in the followinc

form

C2 sino

I C3cos + C4

] .-4

i " *= ; =A "'= '= i=) l ' ~ m ' mi
I



where

C1 = tanp
e

C2 = cosa

= 
(D42)

C= oo2e

C4 = sinCet

rearranging gives

C C4 = C2sin e -1 C 3 "' s e (D43)

by letting

C5 = -C C3

this expression beccones

CC= C2sine + C5cOSIe (D44)

( -, Using the trigometric identity

sin (P + n) = sine cosn + cose sinne e e

where n is an arbritrary angle, and multiplying by an arbritrary

constant C, gives

Csin(o + n) = Csino cosn + Ccoso sinne e e

which can be written as

Csin(o + n) C 2sino + C 5cos (D45)e 2 e 5 o

by letting

C2 = Ccosn

C5 = Csinn

Solving for C and n gives

C -2 +C (D46)C 2 C5

C5

= t iin- 5
C 
2



Equating (D44) and (D45) yields

C1 C4 = Csin(e + n) (D46)

or

eB sin-' (-CC4 (D47) j

This expression gives the body axes bank angle in terms of a and .
e e

With CeB cmputed and realizing a e= e for body axes the equilibrium

values for Pe, q and re can be calculated using (D34). The expression

for 9 is obtained from (D16). The body axes load factor can also be

calculated as follows.

Repeating the body axes Z force equation

-TsinaT - D sina - L cosa + mgcose cose = Pe v - q e u (D48)eia e e e e e

and noting that the lifting force is in the -Z direction gives

Tsina T + Desina 4- LeOS =t mgcosceCsO8 e - V + mqeu (D49)

substituting the following

Pe= -i sinoe

qe = sine cose
e e

(D50)

u = VcoSe Cosa e

V = Vsing

gives

Tsina + D sina + L cosa e= mgcosO cosO + m* sine VsinB
T e e e e e e e e

+ rTV sinO ecOS8 Vcosa ersB e (D51)

AssUning B 0 and substituting for V using (D16) gives

1145 ,



TsinaT + D sinc + L cosa = ncos oose
T e e e e e e ,

cose sin(P
+ e ie sine cose cosa (D52)+m cS~ e e e eeose Cosa + sina sine e e e

I Again noting that = in body axes, and rearranging the expression

the body axes load factor becomes

Tsino + D sina + L cosi cos( (cos2C (l-cosj) + cosO
T e e e e e e e e

n B mg + cos2z e(COS e-1) (D53)

The equilibrium values for sideslip, rudder and aileron deflection

are calculated in the AMAT and BMAT program using data frcon this program

and solving the side force, yawing and rolling mment equations given by

(D23). These equations written in matrix form are given below

B 6r Be p Yr1 Fp

La L 6r L6a 6r L L Lr _ (D54)

N8  N6r N6a L6a NP N r

Again, the coefficient form was used in the program. The pe and re are

changed to pe and re by multiplying by (b/2V e). In the program the

T
matrix pre-multiplying [Be 6r 6a] is inverted using the cofactor

method. 0

This gives

C C 0 C C

Be Y Y6r Yp Yr pe(b/2V)

6 6r 6a p C e re(b/2VeD55)

6r n6a p r

] 40
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DELTH "LPHA SOLVER

2808 REM DELTA ALPHA AND DELTA STABILATOR SOLk FR

2818 REM

2828 REM PRINTS OUT LOAD FACTOR AND BANK ANGLE FOR BOTH

STABILITY AND BODY AXIS

2838 REM

2848 REM BY JEFFREY R. RIEMER

2058 REM 14 APRIL 1983

2868 REM

2828 TEXT
HOME
PRINT CHR$ (12)

PRINT

2888 Ds = CHR$ (4)

2882 DR = 57.29577951

4 ')' 2898 DEF FN SE(X) = ATN ( SOR (X * X - 1)) + ( SGN (X) -

1) * 1.5787963

2895 DEF FN R(X) - INT (X * 1800888 + .5) / 1888808

2108 DIM C(286),AN(180),FE(188),NB(188),F(188),DS(180),DA

(188)

2185 DIM AE(I1B),CI(188),PE(180),QE(188),RE(108),0(2,168)

2118 PRINT "THIS PROGRAM FINDS DELTA ALPHA AND DELTA STAB
ILATOR USING STABILITY AXIS DATA"

2128 PRINT

2138 PRINT "ENTER FLIGHT CONDITIONJ"
PRINT

2140 PRINT "I - 15888 FT, MACH .6"

2158 PRINT "2 - 15080 FT, MACH .8"

2168 PRINT "3 - OTHER"

2178 PRINT
: INPUT "ENTER CHOICE ";FC

2188 PRINT
PRINT "INSERT AZ-D DATA DISK FOR FLIGHT CONDITION

;FC;r IN DRIVE 2"

2190 PRINT

PRINT "PRESS AN'r KEY TO CONTINUE"

147



2208 GET C$

2285 PRINT D$

2210 PRINT D$;"OPEN AZ-D,L28,D2"

2220 FOR I = 8 TO 15

2230 PRINT DS;"READ A7-D,R';I

42248 INPUT C(I

2258 NEXT

2268 PRINT DS;"CLOSE A7-D"

2278 MU = (2 * C(9) /C(7)) /(C(2) *C(4) *C(5))

220 Cu = 2 * C(9) / (C(2) *C(3) ^2 * 0(4))5

2298 PRINT
PRINT "ENTER DESIRED LOAD FACTOR RANGE AND INTERVAL

2388 PRINT
:PRINT " STARTING LOAD FACTOR-;

2318 INPUT NI

2328 PRINT " ENDING LOAD FACTOR=

2338 INPUT N2

42348 PRINT INIERVAL=

2358 INPUT S

2368 1 =I

2378 FOR X = NI TO N2 STEP S

2375 AN(U) = X

2388 DS(I) =(A'J(I) - 1) * CU (C(18) + ((AJ(I) + 1)/
(2 *MU *ANC(I))) *(C(12) * C(14) - C(15) *C

(le)))/(C(13) C(10)-C(12)* C(11))

2290O DAC I)= (AN( I) - ) * 01 * -( I II + (o:4N() + I

/(2 * MU *AN(1))) * (C(II) * C(15) - C(14)

C (13))) / (C(13) *C(18) -C(12) C(11))

2488 FE(I - FN SE(AN(I))

2410 GOSUB 3888

2415 GOSUB 488

2428 r * I

148



2430 NEAT

2448 R = 1081

2456 PRINT D$;"OPEN eT-D,L28,02"

2460 FOR J = I TO (I - 1)

* PRINT D$;"WRITE A7-D,R";R
* PRINT AN(J)
: R=R+I
( NEXT

2478 FOR J = I TO (I - 1)
: PRINT O$;'WRITE A7-D,R";R
: PRINT FE(J)

* R=R+I
NFXT

2488 FOR J = I TO (I - 1)
* PRINT D$;"WRITE A7-D,R";R
* PRINT DA(J)

R = R + I

NEXT

2498 FOR J = I TO (I - 1)

* PRINT D$;"WRITE A7-D,R';R
* PRINT DS(J)

qR -R R +I

NEXT

2588 FOR J = I TO (I - 1)

* PRINT D$I'WRITE A7-O,R";R
* PRINT F(J)

R=R+I
NEXT

2518 FOR J = I TO (I - 1)
* PRINT D$;WRITE A7-D,R;R
* PRINT NB(J)

R=R+I
NEXT

2511 FOR J = I TO (I - 1)
* PRINT D$;"WRITE A7-D,R";R
* PRINT CI(J)
* R=R+I

NEXT

2512 FOR J = I TO kl -
: PRINT D$;"WRITE A7-O,R";R

: PRINT PE(J)
R = R + I

NEXT

2513 FOR J - I TO (I - 1)
* PRINT D$;TWRITE A7-D,R';R
: PRINT OE(J)
* R=R 1

NExT
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't, 14 FOR T I TO I
* PRINT D)$;"UJRITE A7-C,,R";R
* PRINT RE(J)

R =R + I
NEXT

2515 FOR J = I TO (I - 1)
* PRINT D$;"WRITE A7-D,R" ;R

* PRINT AE(J)
R R=R+lI

NEXT

2516 FOR J -I TO (I - I)

* PRINT DS;"WRITE A7-D,RI;R
* PRINT Q(l,J)

R R=R+ I
NEXT

2517 FOR J 7 1 TO (I - 1)

PRINT Q(2,J)

R P R +$"JRT I7DR

NEXT

2518 N3 = 13 * ((N2 - NI) / S + I)
PRINT D$;"WRITE A7-D,R';I888

PRINT N3

2519 PRINT D$;"LJRITE A7-D,R';998

PRINT N2
PRINT D$;L"JRITE A7-D,R";999
PRINT S

2520 PRINT D$;"CLOSE A7-D"

2530 PRINT

2540 PRINT "WOULD YOU LIKE A PRINT OUT (Y/N)>

:INPUT 64$

2550 IF AS "N" THEN END

2560 PRINT
:PRINT "SET PRINTER PAPER'

2570 PRINT D$

2580 PRINT D$;"PR"I"

2590 PRINT CHR$ (15)V- ---------
2688 FOR J = I TO (I - 1)

2610 AN'J) - Ft~' R(V(J))

2620 NB(J) =FN R(NB(J))

2638 DS(J) DR *DS(J)

2631, OS(J) FN R DS(J))



- - -, . .. - - - -

2640 D D(J R = ER (J

2645 DA<J) = FN R(DA(J))

2650 FE(J) 
= 

DR * FE(J)

2655 FE(J) - FN R(FE(J))

2660 F(J) - DR * F(J)

2665 F(J) = FN R(F(J))

2670 AE(J) = DR * AE(J)

2675 AE(J) = FN R(AE(J))

2680 NEXT

2698 PRINT
PRINT
PRINT
PRINT

2788 POKE 36,23
PRINT "FLIGHT CONDITION: ";FC
PRINT

r '
x  

, PRINT

2710 POKE 36,69
PRINT "STABILITY AXIS';
POKE 36,185
PRINT "BODY AXIS"

2720 POKE 36,23

6 PRINT "DELTA ALPHA";
POKE 36,43
PRINT "DELTA STABILATOR";
POKE 36,63

PRINT "LOAD FACTOR";

POKE 36,80
PRINT "BANK ANGLE'
POKE 36,95
PRINT "LOAD FACTOR"

POKE 36,112
PRINT "BANK ANGLE"

271 POKE 36,26
PRINT "(bEG)";

POKE 36,48
PRINT "(DEG)*;
POKE 36,67
PRINT "(G)";
POKE 36,82
PRINT "(DEG)";

POKE 36,99
PRINT "(G)";

FOKE 3A,114
SPRIN4T ", [K
PPINT

I



2740 FOR J = 1 TO (I 1)

2758 POKE 36,24
: PRINT DA(J);
* POKE 36,46

: PRINT 0S(J);
: POKE 36,67
: PRINT AN(J);
: POKE 36,81
* PRINT FE(J);

POKE 36,99
PRINT NB(J);

* POKE 36,113
: PRINT F(J)

2769 NEXT

2778 PRINT CHR$ (18)

2788 PRINT D$
PRINT D$;*PR#8"

PRINT D$;"IN#N"

2790 END

3800 REM SUBROUTINE TO CALCULATE BODY AXIS BANK AND LOADrc'* I FACTOR

38le DEF FN ASN(X) - ATN (X / SOR ( - X * \+ 1))

3828 PRINT DS;'OPEN A7-D,L28,D2"

3838 PRINT D$;"READ A7-D,R";16

3848 INPUT A0

3058 PRINT D$;"CLOSE A7-D"

3868 AE(I) = A0 + DA(I)

3865 AE = AE(I)

3878 AA = COS (AE)

3808 E38 = A4 - 2

3090 CC = ( SIN (AE) 2

3180D = TAN (FE())

* 3118 TH = ATN ( -18 * DD/ AA)

3128 MG = SOR (BB ( -+ D * B8) 2)

313( F(I, - FN ASN(DD * CC / MG) - TH

3148 NtB1) AA * (88 * (l - COS (F( ))) C OS (F(l)))
(I * E8 * ( COS (F(I)) - 1)

1 -2



315 RETLIRN

4000 REM SLIBROUTI NE TO CALCULATE P,O,& R EQUILIBRIU-I

4010 CI(I) = (C(7) * COS (AE(I)) * SIN F(1))) / (C(3) *

CO1S (SF I) COS (AE ( 1 2 + C SIN (AE( I)
2))

4020 PE(I) = - CI(I) * SIN (AE(I))

4030 QE(I) = CI(I) * SIN (F(1)) * COS (AE())

4848 RE() = CI(I * COS (F(I)) * COS (AE())

4050 0(1,I) = SIN (AE(C)) * CI(I) * C(6) / (2 * C(3))

4060 0(2,1) = - COS (F(l)) * COS (AE(1)) * CI(1) * C(6) /
(2 * C(3))

4070 RETURN

0 ' -. . . . . . . . - - -__ _ -: ,( , nii ,I mid--" m - Ii t-" l
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Auqpented TMAT and MAT/Ver 2

This progra m calculates the individual elinonts of the A and R

matrices. To accomplish this, several intermediate steps are performed.

First, the desired load factor is entered into the programn, and the

equilibrium values for body axes bank angle 0 1 roll rate Pe' pitch rate

CV, yaw rate r e, and angle of attack a e are loaded fran the data disk.

By answering questions as to the location of various sets of stability

derivatives on the data disk, which is determined from Table Dl, the

stability axes non-dimensional derivatives and momxents of inertia are

converted to body axes. These stability derivatives are dimensionalized

and the X and Z body axes derivatives are calculated and stored to the

data disk. During this process the equilibrium sideslip Be, rudder 6r,

and aileron 6a were also calculated and stored to the disk. With all
C' %f the equilibrium conditions calculated and all the stability derivatives

converted to body axes, the A and B n,trices are computed by evaluating

the individual elements. These mtrices are stored to disk for later

use. Up until this point the progrmn is very general, and given the

stability derivatives and flight condition the A and 1 mtrices are

calculated by evaluating the lineariz(d e<ations of notion for a steady

level turn or straight and level fl iql g ih epl 1din -q )n the inpuAt IcciJ

f'ctor.

The next option asks if yOu Winnt t- ca'lculate an augmented set of A

and B matrices. This option specifically contains the A-7D meclhnical

and augmentedA Control paths resulting in a 17 x 17 A maitrix and a 17 x 3

B ritrix. Various levels of au(ynrltation can he selected

I- ( it rw)l Aiigioit' ,t i n with i P li1t -end l a ricrat ion fetollxlck

2 - mtr,)) Aii ,mtttli,, witlym, ]elt ,ral , -co l,_-,it ion f, ]-; _'
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3 - Yaw Stabilization wth lateral acceleration feedback

4 - Yaw Stabilization without lateral acceleration feedback

5 - Mechanical Path Only

(bntxol system limiters in the augmented control path have not been

modeled. Alscm the dual gradient feel spring in the mechanical pitch

axis is only nodeled for pitch inputs up to and including 8 lbs. These

limitations result in the A and B matrices only being valid for smiall

inputs.

To run the next two programs for large order A matrices (greater

than 10 x 10) it is necessary to run a machine language comercially

obtained program "Diversi-DOS Mover" which relocates the disk operating

system (DOS) in the language card.

'25

159
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.. I

I.

- LIGCIEfi TE[, AMT Eit.IAT,- Ek 2

o1 REM CONVERTS LATERAL DERIVATIVES FROM STABILITY AXI
S TO BODY AXIS

20 REM

30 REM BY JEFFREY R. RIEMER

40 REM 20 APRIL 1983

50 D$ = CHR$ (4)
REM CTRL-D

60 DIM C(110).CB(20),MI(5),DB(20),DL(20),X(6),ZD(6),PR(

3,2),CFT(3,3),PP(3,1),0(2,1).Z(3,3).ZE(3,1).A(20
,20),8(20,3)

70 DIM AE(2e),PE(20),QE(20),RE(2),AN(20),F(20)

80 DIM K(100),AZ(20)

90 TEXT
HOME
PRINT CHR$ (12)

f PRINT

18o DEF FN R(X) = INT (X *188888 + .5) / 1e8888

1ie INPUT * LOAD FACTOR= ";AN

120 GOSUB 1940

130 GOSUB 2500

140 AE = AE(B)

150 PE = PE(8)

160 GE = QE(B)

170 RE = RE(B)

100 F = F(B)

190 PRINT "ENTER RECORD NUMBERS FOR LATERAL DERIU
AT IVE S"

PRINT

200 INPUT STARTING RECORD CYB ";R

210 INPUT " ENDING RECORD CNR -;E

220 PRINT

230 PRINT D$

: PRINT DI;OPEN A7-D,L20.D2"

240 FOP I = R TO E

160
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250 PRINT DS;"PEAD 47-D,R'I

260 INPUT C(I - R)

270 NEXT

280 PRINT O$;*CLOSE A7-D"

290 CA = COS (AE)

308 SA = SIN (AE)

318 CS - CA 
^ 

2
SS = SA 

^ 
2

320 S = 8

330 CB(1) = C(S)

348 CB(2) = C(S + 1)

358 CB(3) = C(S + 2)

368 CB(4) = C(S + 3) * CA - ( 4) * SA

4 378 CB(5) = C(S + 3) * SA + C(S + 4) * CA

388 CB(6) = ( 5) * CA - C(S + 18) * SA

398 CB(7) = C(S + 8) - CS - (C(S + 9) + C(S + 13)) * SA
* CA + C(S + 14) * SS

488 CB(8) = C(S + 9) * CS - (C(S + 14) - C(S + 8)) * SA
• CA - C(S + 13) * SS

418 CB(9) = C(S + 6) * CA - C(S + II) SA

428 CB(18) = C(S + 7) CA - C(S + 12) * SA

438 CB(11) = C(S + 10) * CA + C(S + 5) * SA

448 CB(12) = C(S + 13) * CS - (C(S + 14) - C(S + 8>) * S
A * CA - C(S + 9) * SS

450 C8(13) = C(S + 14) * CS * C(S + 9) + C(S * 13)) * S
A * CA * CS * 8) * SS

466 CB(14) = C(S II) * CA + C(S + 6) * SA

478 CB(15> - C(S * 12) * CA + C(S + 7) * SA

480 PRINT
PRINT "LATERAL BODY AXIS DERIVATIVES"

PRINT

490 INPUT "ENTER STARTING RECORD " N

50 PRINT D$

PRINT D$;OPEN A7-D,L28,D2"

1];I]



A0 FOR I = 4 TO 15

* 520 PRINT D$;"WRITE A7-D,R*;N

530 PRINT CB(I)

540 N = N + I
NEXT

558 PRINT D$;"CLOSE A7-D"

566 GOSUB 2188

570 GOSUB 1150

586 GOSUB 1440

590 PRINT
: INPUT "CALCULATE INERTIAS (Y/N)> ';AS

688 IF A$ = "Y" THEN 650

618 PRINT DS
: PRINT D$;"OPEN A7-D,L20,D2"

620 = 59
* FOR I = I TO 4
* PRINT D$;"READ A7-DR";R

: INPUT MI(I)
* R=R+I

: NEXT

638 PRINT D$;CLOSE A7-D"

@ 648 GOTO 668

658 GOSUB 1818

660 GOSUB 1770

678 GOSUB 2610

688 PRINT
* INPUT "CALCULATE AUGMENTED A & B MATRICES (Y/N)- ZA

$

698 IF A$ = "Y" THEN GOSUR 4370

700 PRINT

: INPUT "ANOTNER EQUILIBRIUM (Y/N)? ";AS

716 IF AS = "Y" THEN GOTO 110

728 PRINT

738 PRINT "WOULD YOU LIKE A PRINT OUT (Y/N);
: INPUT A$

747 IF A$ = "N" THEN END

I ]I,)2
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75@ Ll PRINT Dt
:PRINT [B'~ I

7t0 PRINT CHR ( 15,)

770 FOR I = I TO 15
CB(I) = FN R(C,

2
(I)>

NEXT

780 FOR I = R TO E
C(I - P) = FN R(CI - )..

NEXT

790 PRINT
: PRINT

8se PRINT "LATERAL DERIYATIVES"
:-PRINT

818 PRINT "LOAD FACTOR -;AN

820 PRINT
PRINT

838 POKE 36.23

( : PRINT "DERIVATIVES";
POKE 36,48
PRINT "STABILITY AXIS';
POKE 36,60

PRINT "BODY AXIS"
PRINT
PRINT

840 POKE 36,30

: PRINT "CYB";
POKE 36,43
PRINT C(S);
POKE 36,62

:_PRINT 
CB()

B5@ POKE 36,30
SPRINT "CYP" ;

:OKE 36,43
PRINT C(S + 3);
POKE 36,62

PRINT CP(4)

H60 PORE 36,30
PRINT "CYR";
POKE 36,43
PRINT C(S + 4);

POKE 36,62
PRINT C8(5)

870 POKE 36,30
PRINT "CYDR";
POKE 36,43
PRINT C(S + I);
POKE 36,62

16 3
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* PRI1T CB,2)

880 POKE 36,30
* PRINT *CYDA";

* POKE 36,43
* PRINT C(S + 2);
: POKE 36,62
: PRINT CB(3)

890 POKE 36,30
* PRINT "CLB";
* POKE 36,43
* PRINT C(S + 5);
: POKE 36,62
* PRINT C8(6)

988 POKE 36,30
: PRINT "CLP";
* POKE 36,43
: PRINT C(S + 8);

: POKE 36,62
: PRINT CB(7)

918 POKE 36,30
* PRINT "CLR";

* POKE 36,43
* PRINT C(S + 9);

* POKE 36,62
* PRINT CB(8)

928 POKE 36,30
: PRINT "CLDR";

: POKE 36,43
* PRINT C(S + 6);
* POKE 36,62
* PRINT CB(9)

938 POKE 36,38

: PRINT "CLDAV;
* POKE 36,43
£ PRINT C(S + 7);

: POKE 36,62

* PRINT CB(10)

940 POKE 36,38
: PRINT "CNB";
* POKE 36,43
: PRINT C(S + 10)
* POKE 3c.,62

PRINT CB(II)

958 POKE 36,38
: PRINT "CNP';
* POKE 36,43

: PRINT C(S + 13);
* POKE 36,62
* PRINT CB(12)

960 POKE 36,30
* PPINT "rtJP-

I (A
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PRINT CS + 1-4';

POKE 36 ,62

PRINT CB( 13)

9203 POKE 36,30
PRINT "CNDR*;
POKE 36,43
PRINT C(S + 11);
POKE 36,62( PRINT CB(14)

980 POKE 36,30
PRINT "CNDA";
POKE 36,43
PRINT C(S + 12);
POKE 36,62
PRINT CB(15)

9980 PRINT CHR (18)

1888 PRINT DS
PRINT D$;"PRW
PRINT D$;"IN#8"
END

( 1010 REM CONVERTS STABILITY AXIS INERTIAS TO BODY AXIS

1820 TEXT
HOME

PRINT CHRS (12)
PRINT

1038 PRINT D$S"0PEN A7-D,L20,D2"

1846 R = I

1850 FOR I = 42 TO 45
PRINT D$;READ A7-D,R';I

* INPUT MI(R)

R - R + 1
NEXT

1860 MI(1) - MI(I) * CS + 2 * MI(4) * SA * CA + MI(3) * S

S

1870 MI( 3 = MI(3 - CS - 2 * MI(4) * £4 * C + MI () S
SJ

1080 MI(4) = (MI(3) - M(1)) * SA *CA + M(4) (CS SS

1090 R = I

1100 FOR I = 59 TO 62
* PRINT DS;"WRITE A7-D,R*;I
: PRINT MI (R)

: N EX T

]o V
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I I 1 PR IN T IDVC L USE A 7 D

1I1211 PRINT MI (1 Mil( 2)K 1130 PRINT MI(3),MI(4)

1140 RETLIRN

1 150 REM O1MENSIONLIZES LAlTERAL DERIVATIVES

1168 PRINT 0$
PRINT 0S;"OPEN A7-0,L28,02 5

1178 FOR I = 2 TO?9
PRINT 0$;"READ A7-0,R";1

INPUT C(1)
NEXT

1188 PRINT 0$;0CLOSE A7-0*

1198 01 = .5 * 0(2) * (C(3) 2) C (4)

1280 02 = 01 * C(6)

1210 03 = 02 / (2 * C(3))

1220 04 = 03 * 0(6)

1238 06(1) = 01 * 0B(1)

1240 08(2) = 01 * 08(2)

1250 08(3) = 01 * 06(3)

12610 08(4) = 03 * 08(4)S

1270 08(5) = 03 * 08(5)

1288 08(6) = 02 * 08(6)

1290 08(7) =04 * 0(7)

1300 08(8) =04 * 0(8)

1310 08(9) = 02 * 08(9)F 13-20 08(10) = 02 * 08(10)

1330 06(11) = 02 * 08(11)

1348 08(12) = 04 * C18(12)

1358 08(13) - 04 * 083(13)

2368 08(14) = 02 * 08(14)

1-178 08(15) = 02 * 08(15)

1380 PRINT5

------ ------ -----
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1400 PRINT Dt
: PRINT D$;"OPEN A7-tL20,D2"

1410 FOR I = I TO 15
PRINT D$VWRITE A7-D,R";N
PRINT DB( I
N = N + I

NEXT

1420 PRINT D$;"CLOSE A7-c,"

1438 RETURN

1446 REM DIMENSIONALIZES LONGITUDINAL DERIVfATIVES

1450 INPUT "ENTER RECORD NUMBER FOR CM A:LPHA" ;N

1468 PRINT D$
: PRINT D$;"OPEN A7-D,L20,D2"

1470 FOR I - I TO 6
PRINT D$
PRINT D$"RElD A7-D,R" ;N

INPUT K( I)
: N = N 

+
I

NEXT

1498 N = N + 16

1490 FOR I = 7 TO 16
PRINT DS;"READ A7-D,R";r4

INPUT K( I)
N N + I

NEXTp

1508 PRINT D$;"CLOSE A7-D"

1510 05 = 01 * C(5)

1520 06 = 05 * C(5) (2 * C(3))

1530 07 = 06 / C(5)

1540 Q8 = 31 " f7(3

I 550 CL I - U * I

15t0 DL(2) = 05 * k2

1570 DL(3) = 01 * K(3) S

1588 DL(4) = 01 * K(4)

1590 DL( ) = 06 * 0,(5,

608 [L A) 07 * k ,

I
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-6 2 - ) , -- - - - - - - -- ,- - : ,

1630 DL9 = 07 * Q t i

1t4 O DL(18) 01 Ot Ft 18)

1t50 DL(II) = 09 * k2 * k(10' K(11))

1660 DL(12) = 01 * K(12)

1678 DL(13) = 01 * K(13)

1680 DL(14) = (05 / C(3)) * k(14)

1698 DL(15) = 05 * K(1)

1700 DL(I6) = 06 * K(16)

1718 PRINT

1720 INPUT "STARTING RECORD LONG DIIMENSIO4AL " *N

1730 PRINT D$

: PRINT D$;"OPEN T7-DL20,D2"

1740 FOR I = I TO 16

. PRINT DS
* PRINT D$IJWRITE A7-D,R';N

: PRINT DL(I)

N = N + I

NEXT

1750 PRINT D$;"CLOSE A,7-D"

1768 RETURN

1778 rLf SUBROUTINE TO CALCULfATE X & 2 DERIVATIVES

1780 X(I) = - DL(II) CA * EL(S) * S,

1790 X(2) = DL(10) * - D.1?) * Co, + DL 7) ftCA [,LC3

) F 4,

130o$ X (3) - [) 9) ,, 1

t' , '-C -Z,* & , )- [ ' ''*I

18J ZDM) = CL( I I* S - DL(8) * CA

2040 ZD(2) = - DLW10 * CT , [Lk7 * Sb - DL(3) C 04 - DL

( 12) f SA

1050 ZD(3) = [L(-') - CA.

1(368 Zr, 4, = - [,I ' . *

1Pr7€' ZU,,', ,-- ,t4, * 04 -- [[41 3 ,, 0.4

- - - - - - - - - - - - - -- - ---
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1880 PRINT
: INPUT "RECORD NUMBER FOR & 2 DERIVATIVE'-. ;N

1898 PRINT O$

PRINT D$;
t
OPEN A7-D,L28,D2'

1988 FOR I = I TO 5
: PRINT Os

* PRINT DS;"RITE A7-D,R';N
* PRINT X(I)

N = N + I

NEXT

1918 FOR I = I TO 5
: PRINT D$;"WRITE A7-D,R";N

* PRINT ZD(I)
SN = N

+ 
I

NEXT

1928 PRINT D0;"CLOSE A/-D"

1938 RETURN

1940 REM SOLVES FOR BETA,DELTA RUDDER, & DELTA AILERON

1958 PRINT D$'OPEN A7-D,L28,D2"

1968 PRINT D$;READ A7-D,R';998
INPUT N2

1970 PRINT D$;"READ A7-D,R";999
INPUT S

1980 PRINT DS;"READ AZ-D,R';1008
: INPUT N3

1998 R - 0
FOR I = I TO N2 STEP S

R = R + I

2888 IF AN = I THEN B = R

* 2010 NEXT

2828 N4 = N3 / 13

2030 N5 = 1088 + N3 - N4 * 2

2848 N6 = N5 + B

2058 N7 = N6 + N4

2060 PRINT D$;"READ A7-D,R";N6
. INPUT 0(l,I)

2070 PRINT DS;,READ A7-D,R" N7
: INPUT 0(2,1)

2080 PRINT D$;rCLOSE A7-D"

109
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2100~ REMS

21 10 PRkl,1) = 013.4)

2120 PR(1,2) - 08'(5)

2138 PR(2,I) =08(7)

2140 PR(2,2) = 083(8)

2150 PR(3,1) =08B(12)

2168 PR(3,2) = c8(13)

2178 OFT(1,1) =08(9) * 0815) - 0(14) * 0(18)

2188 OFT(1,2) = - (08(2) *t 08(15) - 08(14) * 08(3))

2190 OFT(1,3) = 08(2) * C8(18) - 08(9) * 08(3)

2208 OFT(2,1) = - (08(6) *t 08(15) - 08(11) * 08(18))

2218 OFT(2,2) = 083(1) * 08(15) - 08(11) * 08(3)

@12228 O-FT(2,3) = - (083(1) *t 08(10) - 08(6) * 08(3>)

2238 OFT(3,1) = 08(6) *t 08(14) - 08(11) *t 08(9)

2248 OFT(3,2) =-(083(1) * 08(14) - 08(11) * 08(2))

2258 OFT(3,3) = 08(1) *t 08(9) - 08(6) * 08(2)

2268 DOT = 08(1) * OFT(l,1) - 08(2) ft FT(2,1) + 08(3) f

OFT(3, 1)

2278 FOR I = I TO 3

2288 FOR J =ITO3

2290 Z(I,J) = OFT(1,J) /DOT

2308 NEXT
NEXT

2310 FOR I = I TO 3

2320 PP(1,1) = 8

2338 FOR L=-IT025

2348 PP(I,1) = PPUl,1) + PR(1,L) ft OL,1)

2358 NEXT
NEXT

2360 FOR I = I TO 3

1 70



237o 2E I,1 = 0

2330 FOR L = I TO 3 1
2390 ZE(I,I) = ZE(I,I) Z(I,L) * PP(L, )

2400 NEXT
: NEXT

2418 PRINT
INPUT 'ENTER DESIRED STORAGE RECORD 988--> ";R

2420 PRINT D$
: PRINT D$;*OPEN A7-DL20,D2"

2438 J = I

2448 FOR I = R TO R + 2

2458 PRINT D$;UWRITE A7-D,R";I

2468 PRINT ZE(J,I)

2478 J = J + 1
NEXT

2488 PRINT D$;CLOSE A7-D"

2498 RETURN

2580 REM

2518 PRINT D$;"OPEN A7-D,L28,D2"

2520 R = 1801

FOR J = I TO N4
PRINT D$;"READ A7-D,R*;R
INPUT AN(J)
R = R + I

NEXT

2538 R = R + 3 * N4

2540 FOR J = I TO N4
PRINT D$;"REA[D AT-D,R*;R

INPUT F(J)
R = R + I

NEXT

2558 R = R + 2 * N4

FOR J = I TO N4
PRINT D$;*READ AT-D,R";R
INPUT PE(J)
R - R + I

NEXT

2568 FOR J = I TO N4
PRINT D$;OREAD A7-D,R*;R
INPLIT QE(J)

FR.IJ
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2570 FOR J = I TO N4

PRINT D$;"READ A7-D,R" ;R
* INPUT RE(J)

R = R + I
NEXT

2580 FOR J = I TO N4

* PRINT D$;"READ A7-D,R";R
* INPUT AE(J)

R = R + I
NEXT

2590 PRINT D;CLOSE A7-D"

2688 RETURN

2618 REM COMPONENTS OF AMAT & SMAT

2620 REM

2638 M = C<9) / C(7)

2648 BE = ZE(I,I)

2658 CS = COS (BE)

2668 S8 = SIN (BE)

2678 CF - COS (F)

2688 SF = SIN (F)

2690 VE = C(3)

2708 AX = M * CA * C8

2710 BX = X(3) - M * YE * SA * CB

2728 CX = M * VE * CA * S8

2730 DX = X(I) - M * GE * SA * CB + M * RE * $8

2740 EX - X(2) - M * QE * VE * CA * CS

2750 FX = X(4) - M * Y1 E * S# * CS

2760 G' = - c * CA

2770 HX - M * YE * (QE * SA * SB * RE * CB)

2788 KX = M * YE * SB

2798 WX - X(5)

2880 AY = M * SB

2818 CY = M * VE * CH

172
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- - - - - - - - -- - - - - - -

283 0 E'f = r-1 - - * - E C (RE - S 7 * PE CA )

2848 G'y - C(9) * SF * SA

2858 HY = 08(1) * M f VE * SB * (RE f CA - PE * SA)

2868 JY - 08(4) + M * YE * SA * CB

2878 KY = D8(5) - M * VE * CA * CS

2880 QY = C(9) * CF * CA

2898 RY = D8(2)

2908 SY = O(3)

2918 AZ = M * SA * CR

2920 5Z = 2D(3) + M * VE - CA * C8

2930 CZ = - M * YE * SA * SB

2948 D = ZD(I) - M * PE * SB + M E 0£ f CA * CB

2950 E2 = ZD(2) - M - OE - VE SA CB

2968 FZ - ZD(4) * M - VE * CA * CS

2978 GZ = - C(9) * CF * SA

2988 HZ = - M - VE * (PE * CB * DE ft CA SB)

2998 JZ = - 8 * VE - SB

3888 02 = - C(9) * SF * CA

3010 WZ = ZD(5)

3828 CI = CX / C'Y

3830 At = Ax - Cl * AY

3840 DI = [' - CI • DY

3P5) El - 1 Cl EY

3070 HI = HX - Cl - Hi

3088 JI - CI JY

3898 KI - KX - C I * KY

3108 01 = - CI * oD

3118 RI = - cl * P,
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31 30 C2 = CZ C'.

3140 .32 = AZ - C2 * A

3150 D2 = DZ - C2 * DY

3160 E2 = EZ - C2 * EY

31 78 G2 = GZ - C2 * GY

3180 H2 = HZ - C2 * HY

3190 J2 = JZ - C2 * JY

32A@ K2 = - C2 * KY

3218 02 = 0Z - C2 * QY

3220 R2 = - C2 * RY

3238 S2 = - C2 * SY

3240 C3 = 8Z / (Al * BZ - A2 * BX)

C 
-358 81 = BX / 82

3260 A(I(,1) = C3 * (DI - 81 * D2)

3278 A(1,2) = C3 * (El - 81 * E2)

3280 A( 1,3) = C3 * (FX - 81 * FZ)

3298 (1,4) = C3 * (GI - 81 * G2)

3300 A( 1,5) = C3 * (HI - 81 * H2)

3318 A(1,6) = C3 * (JI - B * J2)

3328 A(1,7) = C3 * (KI - 81 * K2)

3330 A(1,8) = C3 * (01 - 81 * 02)

3340 8(l,1) = C3 * (WX - B * WZ)

3350 B<1,2) = C3 * (RI - 81 " P2)

3360 B1 ,3.) = £3 * .31 - 81 * S2)

3370 A3 = A2 / Al

3388 C4 = Al / (BZ 0 Al BX * A2'

3398 A(2,1) = C4 * (02 - A3 * Dl)

3480 A(2,2) = C4 * (E2 - A3 * El)

13110 62,3) = C4 * (FZ - 63 * FX)
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3420 (,,2,5) = C4 * (G2 - A3 * 6 H
34 3> 4 2 , 5) = £ 4 ft U H 2 - H 3 * H I'

3440 A(2,6) = C4 * (J2 - A3 - JI)

3450 A(2,7) = C4 * (K2 - A3 * KI)

3468 A(2,8) = C4 * (02 - A3 * 02)

3478 B(2,I) = C4 * (WZ - A3 * WX)
---------------------
3486 8(2,2) = C4 * (R2 - A3 * RI)
3490 8(2,3) = £4 * (S2 - A3 * SI)

3500 C5 = I / MI(2)

3510 A(3,I) = C5 * (DL(14) * DL(16) A (2,1))

3520 A(3,2) = C5 * (DL(1) * DL(16) * A(2,2))

3530 A(3,3) = C5 * (DL(5) + DL(16) * A(2,3))

3540 A(3,4) = C5 * DL(16) * A(2,4)

3550 A(3,5) = C5 * DL(16) * A(2,5)

3560 A(3,6) = C5 * (RE * (MI(3) - MI(I)) - 2 * PE * MI(4)
+ DL(16) * A(2,6))

3570 A(3,7) = C5 * (PE * (MI(3) - MI()) + 2 * RE * MI(4)

+ DL(16) * A(2,7))

3580 A(3,8) = C5 * DL(16) * 4(2,8)

3590 8(3,1) = C5 * (DL(2) * DL(16) * 8(2,1))

3600 8(3,2) = C5 * DL'16) * 8(2,2)

3610 8(3,3) = C5 * DL(16) * 8(2,3)

3620 A(4,I) = 0

3630 A(4,2) = 0

Th40 A(4,3: - CF

3, 5(i A'44, = 0

3660 A(4,5) = 0

3670 A(4,6) = 0

3680 A(4,7) = - SF

3690 A(4,8) = - (QE * SF + RE C £F)

3780 B(4,2) = 0
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, 0 5,1) : C6 C) ( Y - A I I I )

- - - -- - - - -- -. - - -.

3750 (5 ,2) = C6 * Ey • 1 ,2)

--------..-----------
3760 A(5,3) = -C6, * AY *A(I1,3)

3770 A(5,4) = C6 * (GY - AY * A ( 1,4))

3780 A(5,5) = C6 * <HY - AY * A ( 1,5))

---------------------

3790 A<5,6) = C6 * (JY - AY * A(1,6))

---------------------

3880 A(5,7) = C6 * (KY - AY * A( 1,7))

---------------------

3810 A(5,8) -- C6 * (QY - AY * A(1,8))

---------------------

3820 8(5,I) = - C6 * B<1,1)

---------------------
3838 8(5,2) = C6 * (RY - B(1,2))

---------------------
3840 B(5,3) = C6 * (SY - 6(1,3))

3850 IX = MI(1)

---------------------

3860 IY = MI(2)
---------------------

3870 IZ = MI(3)

3880 ZX = MI(4)

389?0 11 = IX * IZ - ZX ^2

3900 12 --- (IZ * (IY - IZ) - ZX 
^ 

2) / 11

---------------------
3910 13 = (ZX * IZ + ZX * (IX - y)) I1

392e 14 = (IX * (IX -IY) + ZX ^2) / 11

3930 15 = (ZX * (IY 12I ) -ZX * IX) 11I

3940 A(6 1 0

---------------------
3(50 A(S 2) = 0

3960 A(6,3) = RE * 12 + PE A(13

3978 A(6,4) = A

3980 A(6,5) = (D8(6) * IZ + fl( 1) * ZX) / 1

39980 A(6,6) = ( 8(7) * IZ + , )(12) * ZX) / 11 + GE 13

4008 A(6,7) = (D8(8) * IZ 8 (1313) ) ZX) 11 4 OE 0 12

383 Z 11(4

!-~
3930- 15---- 2X- ft---- - 1)-ZX f X) /

3948 A6,176



,4020 8(6,1) = 0

'1030 8(6,2) = (D8(9> * 2+ 08(14) 1 2'' II

4048 8(6,3) = (D8(10) * I D B 08(15) * ZX / Ii

4050 A(7,1) = 0

4660 A(7,2) = 0

4870 A(7,3) = PE * 14 + RE * 15

4680 A(7,4) = 0

4090 A(7,5) = (D8(11) * IX + DB(6) * ZX) / 11

4100 A(7,6) = (DB(12) * IX * D8(7) * ZX) / II + QE * 14

4110 A(7,7) = (DB(13) * IX + D8(8) * ZX) / II + QE * 15

4120 A(7,8) = 0

4130 B(7,1) = 0

4140 8(7,2) = (DB(14) * IX + DB(9) * ZX) / II

4150 8(7,3) = (D8(15) * IX * D8(8) * ZX) / 11

4160 A(8,1) = 0

4170 A(8,2) = 0

4180 A(8,3) = SF * TAN (AE)

4190 A(8,4) - (RE * CF + GE * SF) / (CA 2)

4200 A(8,5) = 0

4210 A(8,6) = I

4220 A(8,7) = CF * TAN (AE)

4230 A(8,8) = (QE * CF - RE * SF) * TAN (AE)

4z40 8<8,) 0

4250 88,2) = -

4260 8(8,3) = 0

4270 PRINT
: INPUT "AMAT STORAGE LOCATION 2001 -- )" ;R

4288 PRINT D$;"OPEN A7-D,L20,D2"

4290 FOR I = I TO 8

4308 FOR ,I = I TO 8
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4310 FFI NT D'I;"WFITE A -C, ;R

: PRINT A(I,J)

: R=R +

NEXT

NEXT

4320 FOR I = I TO 8

4330 FOR J = I TO 3

4340 PRINT D$;"WRITE A7-D,R";R

* PRINT BIT,J)

S R = R + I

NNEXT

:NEXT

4350 PRINT D$;"CLOSE A7-D"

4360 RETURN

4370 REM CALCULATES AUGMENTED AMAT & 8MAT

4380 INPUT "ENTER THE ELEVATOR INPUT IN POUNJDS -- > " E

4390 PRINT
: INPUT "ENTER THE TRIM CONSTANT -- > ";KT

4408 PRINT

PRINT "SELECT FLIGHT CNTROL AUGMENTATION"

PRINT

PRINT

4410 PRINT I I CONTROL AUG - ON; WITH AY FEEDBACK"

: PRINT

4428 PRINT " 2 CONTROL AUG - ON; WITHOUT AY FEEDBACK'

: PRINT

4430 PRINT " 3 YAW STAB - ON; CONTROL AUG - OFF; WITH

AY FEEDBACK"

PRINT

4440 PRINT " 4 YAW STAB - ON; CONTROL AUG - OFF; WITH

OUT AY FEEDBACK"
:PR I NT

44S0 PRINT 5 MECHANI CAL F'T 44(TH lr4LY"

PRINT

PRINT

4460 INPUT "ENTER SELECTION -- ) ";S

4478 ON S GOTO 4480,4498,4500,4510,4528

4488 00 - I
PP = I

: RI = 1

,OTOi 4531

178



PP
PI
n'I = 0

COTO 4530

4500 00 0
PP = 0
RI =

NY =I

GOTO 4530

4510 00 = 0
PP = 0
RI = I
NY = 8
GOTO 4530

4520 00 
=

0
PP = 0
:RI = 8

NY = 8

4538 REM CHANGES EXISTING ELEMENTS OF AMAT & BMAT FOR CO

NT AUG - ON & OFF

4540 FOR I = I TO 8

4550 A(1,3) = A(I,3) + .25 * QO * 8(1,1)

4560 A(1,6) = A(I,6) + .02 * PP * 8(I,2) .I PP *8(

1,3)

4570 A(1,9) = KT * 8(I,I)

4588 A(I,l) - 8(I,1)

4598 A(1,l1) - 0

4608 A(1,12) = .2 * RI * 8(1,2) + 2(I,3)

4610 A(1,13) = 0

4620 A(1 ,14) = .2 * RI * 0(I ,2) + 8(I ,3)

41,,3 0 A(1,15) = B1I,2)

4640 A( ,16) = .003 * 8(1 ,2)

4650 A(1,17) = B(1,2)

4660 8(1,I) = 0

4670 1(1,2) = .001 * 8(1,2)

4680 8(1,3) = 0

4690 NEXT

] *;<)



( 4,

Ti I II4
472d L -

R[Mr fBb L-J L I OH Cull F II FJT Ff-) , WiT

'1730 L3 .0655
REM RBO WEIIGHT COEFFICIEt4T FOP 7,:

4740 L4 = .5 * L2

4750 M = C(9) / Ck7)
---------------------

4760 L5 = .5 * L3 / M

4770 A(9,j) = L4 * A(3,1) - L5 * ZD(1)

4788 A(9,2) = L4 * A(3,2) - L5 * ZD(2)

4790 A(9,3) = L4 * A(3,3) - L5 * (ZD(4) * .25 * 00 * ZD

438 A(9,4) = L4 * A(3,4)

( ,010 A(9,5) = L4 * A(3,5)

4.20 A(9,6) = L4 * A(3,6)

4H3o A(9,7) = L4 * A(3,7)

,;,19 A4 9, 9) = L4 * A 3, 8

C4300 49* ,%; = LI * 4(3,9) - L5* K) * ZDu5) - It ,

4et9. A(9,10) = L4 * A(3,10) - L5 t Z0(5)

4P70 A(9,11) = L 4 * o,(3,11

• 4O0 A,(9,12) = L4 - Ae3,1)

I40-- ,; ( , q L4 - -, <3D, 1 3

J,00 '(,14) LI 4 .< 1,'

A 4, ?, 1 " 2 LI * 1 , 15

4120 4(9,16) L4 .4(3,16

4930 A(9,17) = LI * 6(3,17)

4940 0(9,1) - L4 * 9(3,1) + .5 f LI

4960 B(9,2) = L4 * B(3,2)

-IY h I ?. = t v' 3

I ,:



6 f ri-1 i l :~ . iP
'  

-p,o " ' T It.H, F fj - i 1r 1,; 
' 

?

:'7 = .00054 * PP

l REM "- COEVFICIEII

4.1Y)0 LS - 1.9182 * kL7 / M1 * FP

---------------------
taa0 4 = .006898 * PP

A5010 (10,1) = NO * (3,1 LB * ZC(k I

5020 A(10,2) NO * A(3,2) - LS * Zt'(2)

5030 A(10,3) = No * A(3,3) - L8 * (2D(4) * .25 * *D(

5))

5040 A(10,4) = NO * A(3,4)

5050 A(10,5) = NO * A(3,5)
0- - ---- --- --- ---- ---- -

5060 A(10,6) = NO * A(3,6)

500 A(10,7) = NO - :(3,7)

cr ZOY 4(10,9) = NO * 4(3,9) -- LB * [,5 * K

5100 4(10,10) = NO * 4(3,10) -L8 * 2D(5) - 1.8162

5110 FOR I = 11 TO 17
* A(10,1) = NO *3,1)

.1 : 20 1 f 10,: ) = No * V2,1 9 1.81 T

.51 30 8(10,2) = NO1 ft 0(3,2)
5 8(10,3) NO * 8(3,13)

5140 LY;

: PEN- 4ILEPO4 LOEFFIECI AT

5110 FOR I = 11 To 1'

. : 4(11l,1) =0

A
" ,  

0 , I NO 3I , I2

I * NEXTi : I u I.

r, 1 -10 ll I 0 B

5180 8(11,1) = 0
B(10,2) = N

5:940 L91,3 2 I

I -, a FORP I I TO I0
: P( I 12,1 ) = 0

F i I I TO 0



*'~ -. *~-5'- *,0 ****I ,1 i ' * = 't -..

523 I 1 13 30 1

: , 12,1 , = I I T

NEXT5240 FOR I = I TO 3
A 2(12,) =

NE;xT

5258 FOR 1 = 1 TO 1 ?
: fl(13,1) = 0

NEXT
---------------------

5260 A(13,13 = ----------------------

5270 FOR I = 14 TO :7
: A(13,1 = 0

NEXT

5280 B(13,1) = 0
: B(13,2) = 0

( 'j 52 -0 B(13,3) = .063 * FF

5300 FOR I = I TO 12
: A(14,1) = 0

NiEXT
316 ( 14,13 , = 10 '

"420 f,, 14,.A;, = - I

5330 FOR I = 15 TO i7
A (14,i) = 0

NEXT

5340 FOP I = I TO 3
* 8(14,1 , = 0

- NEXT -:

5356 yP .25 * RI
YP = .011 * RqI

53,0 FOP 1 = I T 1
* ,klS 5,1 , F * , 1' , - p ,- * :'6,

NEXT

5370 A(15,15) = YR * A(7,15 - P * (.,15)

5380 FOR I = I TO 3
: B(15,1) = Pr * ( 7,1 - 'F * P( , )

NEXT

• -,3 'o NI! = p' * r~t ," h----- ------1 ....... I



5410 F 0f- I I TO 4
: /( I.6,I ) : NJ * A '

: NEXT

5420 A(16,5) = N? * , :',5 * * £1B(1)

5438 A(16,6) - N2 * Ak7,,' * NI * [,84 .82 * NI * 0B(2
) . * NI - ['B(3)

5440 A(16,7) = N2 - A(7,7) + NI D(5)

5450 FOR I = 8 TO 13

A(16,1) = N2 * 7,1
NEXT

5468 A(16,12) = N2 * Ak7,12) * .2 * tI; * 06(2) NI1 * DB(
3)

5478 A(16,14) = N2 * A(7,14) + .2 * NI * DB(2) + NI * DB(
3)

5480 A(16,I5) = N2 * A(7,15) + NI * D8(2)

5588 A(16,16) = N2 * A(7,16) + .083 * NI * DB(2) - 2

-u 5510 A(16,17) N2 * A(7,17) + NI * D(2)

5520 8(16,1) - N2 * B(7,1)

: 8(16,3) N2 * B(7,3)

5538 8(16,2) = N2 * 8(7,2) * .001 * NI * D8(2)

5548 FOR I = I TO 15

A(17,1) = 8

NEXT

5558 A(17,16) = .0889

5568 A(17,17) = 8

5578 FOR I = I TO 3
. B(17,1) = 0

NEXT

5588 GOSUB 5718

5590 PRINT
PRINT "WEW , M,,T OFT I QCU"

PRINT
PRINT

5608 PRINT I SAME AUGMENTATION, DIFFERENT ELEVATOR
INPUT"

PRINT

5610 PRINT 2 DIFFEREJT ALJC,FNJTATIOt4"
: PRINT

5620 PRIJT 3 [,:IT *i1I-11 t i



9

PRINT
PRINT

5630_ INPUT ENTER SELECTION --- > S

5640 ON S GOTO 5650,4370,570o

5650 REM CM4NGES AtlfitT A(9,9) FOR DIFFERENT ELE.4TOR IrNPL
T

5660 PRINT

: INPUT "ENTER NEW ELEVATOR INPUT IN POUNDS ;E

5670 A(9,9) = L4 * A(3,9) - L5 * ZD(5) - 16

5680 GOSUB 5716

5696 GOTO 5590

5706 RETURN

5710 REM SUBROUTINE FOR STORING AMAT & BMAT TO DISK

5720 PRINT
INPUT "STORAGE LOCATION DESIRED FOR AUGMENTED At'AT

& SMAT -- > ;R

l5 q 5738 PRINT

: INPUT "ORDER OF AMAT ";OA

5740 PRINT D$
PRINT D$;'OPEN A7-D,L20,D2"

5750 FOR I = I TO OA

5760 FOR J = I TO OA

5770 PRINT D$;"URITE A7-D,R";R
PRINT A(I ,J)

S R = R + I

* NEXT
NEXT

5786 FOR I = I TO 0

5 7Y FOR J = i TO 3

500a PRINT D$;WRITE A7-D,R";R
PRINT Elk I

S R = P + I

* NEXT
NEXT

5810 PRINT D$;"CLOSE A7-D"
: PRINT

820 RETLIRN

-' . . .. .. . " - " - m" i' d " • m 1• -8 4-



Staite Traansiti(i Mtrix

ATThis proqr-m calculates e where A is a matrix and T is the step

size desired to prolpagate the state variables forward in time. The

prorarn asks for the size of the A n-trix and the desired number of

terms in the exponential series expansion. It calculates the state

transition rwatrix (F-n-itrix) and the matrix used to propagate the input

which is labeled G-matrix. These matrices are stored to disk and a

printout is available. The algorithn used in this program is presented

in the digital solution section of this appendix.

bI

*] I



STTE TRrJSITIot4 MATRI'

16 D$ = CHR$ (4)
: REM CTRL-D

28 M= I
P - 18
0 = II

30 DEF FN R(X) = INT (X * 10808 + .5) / 100886

48 HOME
TEXT
PRINT CHR$ (12)
PRINT

58 INPUT "KEY IN ORDER OF MATRIX A ";N

68 INPUT "HOW MANY TERMS IN "FMAT' DO YOU WANT EVALUATE
D? ";RR

78 DIM A(N,N),F(N,N,RR + I),G(N,N,RR + 1),IM(N,N),AM(N,

N) ,FM(N,N) , GM(N,N) ,FP(N,N) ,GP(N,N)

80 FOR I = I TO N

--i 98 IM(I,I) = I

188 NEXT I

110 PRINT "INPUT ELEMENTS OF MATRIX A"

128 PRINT
: PRINT

138 PRINT "I - ENTER AMAT FROM DISK"
PRINT

140 PRINT "2 - ENTER AMAT FROM KEYBOARD"
: PRINT

158 PRINT "ENTER OPTION -- "'

168 GET A
: PRINT A

1 78 ON A GOTO 248,I8

188 FOR I = I TO N

190 FOR J = I TO N

200 PRINT"

218 INPUT A(I ,J)

220 NEXT J
• PRINT
NEXT I



23 0 GOTO 300

240 .. INPUT "STORAGE LOCATION FOR AMAT ";RS

250 PRINT D$
PRINT D$;"OPEN A7-O,L28,D2"

260 FOR!I = 1 TO N

4270 FORJ=- I TO N

280 PRINT D$;'READ AZ-D,R";R
* INPUT A(I,J)

R R= R+I
NEXT

NEXT

298 PRINT D$;"CLOSE A7-D"

388 INPUT "ENTER TAU AND T-STAR *;TAU,TI

318 T =TAU /TI

320 PRINT
POKE 36,12

INV.ERSE
PRINT "PLEASE STANDBY*
PRINT
PRINT "CALCULATING THE STATE TRANSITIONJ MATRIX"
NORMAL
PRINT

338 FOR I = I TO N

4 348 FOR J = I TO N

350 K1=

360 F(I,J,K) = IM(I,J)

378 G(I, J ,K) -IM(I,J * T

38 NEXT J
NEXT I

390 REM

488 FOR I I FG N

418 FOR J= I TO N

428 F(I,J,K + 1) =

438 FOR L = I TO N

448 F(I,J,K + 1) =F(I,J,K 1 ) *A(I,L) GCL,JK

;4.o NEXT L

187



NE T T
E'.,T I

4 60 FOR I =I TO N

470 FOR J =I TO N

480 G<l,J,K + 1) =F1I,J,K 1 ) *(T /(K< 1 ))

490 NEXT J
:NEXT!I

500 IF K= RRTHEN 520

510 KR=K+1I
:GOTO 396

520 REM
- - - - - - - - - - - - - - - - -

530 FOR I = I TO N

540 FOR J = I TO N

556 FP(I,J) = 6

560 GP(I,J) = 0

4 '5710 FOR 1< - I 'TO RR + I

586 FP(1,J) -FP(I,J) + F(I,J,R)

590 GP(I,J) - GP(I,J> + O(I,J,k)

600 NEXT K<
NEXT J

NEXT I

<610 PRINT

620 PRINT "00 YOLI WANT A PRINTOUT OF THE MATRICES'

636 INPUT AS
IF AS = "N' THEN 940p

t!40 PRINT O$

PRINT £SPM
P R INT CHP$ 1I5)

PRINT "A-MATRI>7
PR INT
PRINT

666 I =I

676 FOR J = I TA N

' po C11( I J) = F PA

P------------ ---



: FR Ir l I " Ii

NE , T

730 PR I NT

710 IF I = N THEN 730

720 I = I + I
: GOTO 670

730 PRINT

: PRINT

740 POKE 36,6 * N

PRINT "F-MATRIX"
PRINT
PRINT

750 I = I

760 FOR J = I TO N

770 FM(I,J) = FN R(FP(I,J))

780 POKE 36,12 * J
PRINT FM(I,J);

-V :NEXT

790 PRINT

880 IF I = N THEN 820

810 I = I I

GOTO 760

820 PRINT

830 POKE 36,6 * N

PRINT "G-MATRIX"
PRINT
PRINT

840 I = I

850 FOR 4 = I TO N

t60 GMI ,J) = FN GP( I J))

870 PUKE 36,12 * J
PRINT C-M(I ,J);

NEXT

880 PRINT

890 IF I = N THEN 910

900 1 - I * I
: GOTO 850

9I0 PRINT

12' ,. S



S -FRE ,'

920 PRINT D$
SPRINT D$S;"PR#0"

PRINT D$;"IN#0"

930 HOME
PRINT CHR$ (12)

PRINT

948 PRINT

: INPUT "FMAT & O-iAT STORAGE LOCATION 4888+ -- >';R
----------------------

950 PRINT D$
: PRINT D$;"OPEN A7-D,L20,D2"

968 FOR I = I TO N

970 FOR J = I TO N

980 PRINT D$;LWRITE A7-0,R";R
: PRINT FP(I,J)
: R=R+I
* NEXT
NEXT

--998 FOR I = I TO N

108 FOR J = I TO N

1010 PRINT D$;'WRITE A7-D,R';R
: PRINT GP(I,J)
: R=R !
: NEXT

NET

1020 PRINT D$i"CLOSE A7-D"

9



Discrete Time Response

This prcxiiam solves the discrete state differentia-l eqllttiolIs to

produce a discrete tine response to step, pulse, arid doublet inputs.

Tle programr, asks for the desired ntumber of seconds for tile time

solution. Thea response to this question must result in scine multiple of

50 when the time 4s divided by the time increment. The order of the

systan matrix is input and the A matrix can be loaded from disk or from

the keyboard. The state transition matrix is loaded from disk along

with the G matrix which prenultiplies Bu. The appropriate colunn of the

B matrix is input from the keyboard, as are the initial conditions for

tie state variables. The magnitude of the input is entered in pounds,

and the choice of a step pulse or doublet is made. If the input is a

uilse -r doublet, the approximate period of the primary mode being

excited is needed, i.e., rudder input implies dutch roll. The program

calculates the state variables at each time increnent and stores these

values on a disk for future use. A tabular listing of the response is

available and the stored data is used for plotting time responses for

each state variahle, using the program called Augmented Plotter.

Thi s pro(Iram E )lves

x(t) = A x(t) + k 1(t) (D56)

Wh ih - IIV; t i u; I t i Of fom I oT f

Att A(TT
x(t) e x(o) + . e Bu()di (D57)

0

lotting t =kT

AkT kT A(T-t)
x(kT) e AkTx(o) + f e u)LI(- )dT

0



x (k'i) =o ATx (o) + e ATf kTe Bu T ft

0

= (e~l X(O) + e ATf Te-A Eu(o)dT+ e kTf 2Te-A u-~

kT
+- e kA eA 1U(k-1)T]dT

(k-I)T

x~T)= ' A o k kT A(kT-T)

k=O (k-1)T B[k1Td D8

icoking at. k=1,2,3

k=1

x(T) = eA x(o) + Tf(e Bu(o)dT (D59)
0

A2T zrA(2T-tc)
x(2T) =e' x(o) + f e Bu(T)d-t

0

A2T T A(T-) 2 (Tx x(c) + f e BuI(OWdx + f e u(T)d-t (D60)
0 T

k= 3

x(3T) = eA3T x~)+f3T eA(3T-T) B(~-

0

S(170 x (o) + f e A B 'P u(n)dri + ;e A(Ti)lu(T)di
o T

3T A(3T-) Pv(2T~dr 
(D61)

2T



uls ing x (2T ) frcin iihvA

x(T e AT x()+ITeA(2T-Tlt~)I + 1 e A(T h u(T)dIT
0T

AT AT + A (T-x) A( 2T
=e [e x(o) +fe Bu(c)dT]I + I. e TBu(T

AT 2rA(2T-x)
=e [x(TF)] + f B(T)dT 1)2

so e ATx (o) = e NPx [(k-l)T] and fran above

U1w changing variable of integration for k=2 and1 k-3 to shxw this

S integral has tlhe &-ime form

let T T

T T~. t T + T dT =dCT

T 2T + T d = dT

T 2T 3
fr-r k--2

I e A(T('T)Bu(T)dT' e f c i' Bu(T)dT' (D)64)
T o

f3T eA(3T-(T'2) Bu2~d' = f T A(T-T' BIu(2T)dT' (D)65)

Tic M ad T are just dlumny v:iriahles intocjrais are equal so

x(k+1)T) = e N' x(kT) + e NIf e-AM T u (1T) (D)66)
I. 0

sol1virq

TT

-A1 P



AT -I -AT -1
- + A ]Lu(kT)

[e AT (-A- I ) O-AT + e A ]A Iu (kT)

[-A - 1 + e 1A 1 ]Iu(kT)

A [eAT - I]Bu(kT)

TeAd T

I A-I e T T A- e AT-A-1 =A- (e AT -I) (D67)
0 0

x[(k+1)T] = e ATx(kT) + A- I (e AT -I)Bu(kT) (D68)

I used a series expansion of eAT

AT AZT 2  A3 T'

0 e [I + AT + + A + ... ] (D69)

and

-2- 3!

AT2  A2 T 3  A3T 4

3;IT + + + 4 (D70)

thereforf,

- kAk+l
x[(k+1)T] : [ Z ]X(kT) + [ £ (k_+ ]u(kT) (D71)

k=0 k=0

This is implemented in the following program written m Applesoft

0



,, : , l rA P ,Ti L -D '

-r--- -- rn r r ~ r.;5 - ; - r--- - - - - - - - -. - -s - -. - -' - -.

1 0 0D = C1 ( l
20 M -II

:rIW N P hEN CHF'$ ''I 2

:PRINT HS (2

110 1 UT "ENTER SECCW4. DS OF TP,' SC ,E.IPE[" ;Hi

6 0 INPUT E IN 0F DER OF MATTRIX ;r

7.3 D Ir A (N , r, , . tN, I , 50) ,GB t4 I P , (N, I I,2p(N,rj) ,FP(N,N)

, , 1 ,5.I 50 , I , 50

o T I MEk0) =1

300 PRI NT "I r NLTT ELEMENT* OF MATR 5

1 0 i PPlINT
PR I C'NT

,I F)R RINrT " I - ENTER AMAT FPC"' EI "
PP I NT

1 0 PRINT 2N ENT ER t T FRO FE T E -. IF U.

SF-RIrJT

16 PRI T "Ei IOTE DE OPTI R94 - PI"*;

50 = NT+, A

I0 TIF 0 T = I TO t4

1- PRI T E EMN OF M -,TR-" 4 :" •

I9? PRINT

-,o o I 4F'I.T A I ,J

ZI Pi E T -J
PPINT

4 PI NT IN T



ITI

I t k . i I T L , G E T O

: PINT D$;"OPEN A7-D,L20,D " D

25e FOF, I I TO N

2 ) 0 FOP J - I To N

270 PRINqT D$;*READ A7-D,R" ;R

INPUT A(I ,3)

NEXT

NEYT

280 PRINT D$;'CLOSE A?-D"

290 INPUT "ENTER TAU AND T-STAR ";TAU,TI

300 T = TAU / TI

10 INPUT "STORAGE LOCATION FOR FMAT ";R

320 PRINT [S

: PRINT D$;"OPEN A7-,L2A,D2"

- - - -FOR I = I TO N

340 FOR = I TO N

,0 FOR J = I TO N

e,P, FOR r4 I , ; R * =T D,' I TOAt@ O .T I TO N

F'PIN- C-S; REKD A7-ClR' ;r'

', IH rIET 3PT

.NF'R l T "INPUT DESIRED C ELL' : (4 -. v ' T I

-41 PRINT

1'0 FOR I - I TO h

,1 ,i PI IrJT " P " ; I ;" , I ) = "

, I I I L I.T V EL I *

PPINT

4 10P



I -

45L1 '4ET 1

4t, PRINT

INPUT "ARE ALL ENTRIES CORRECT <Y/N)9 ";As

IF AS = "N" THEN 400

470 PRINT

: PRINT "INPUT INITIAL CONDITION MATRIX"

480 PRINT

490 FOR I = I TO N

500 PRINT " X(";I;",l,0) = ;

510 INPUT X(I,1,0)

520 NEXT I

530 PRINT

INPUT "ARE ALL ENTRIES CORRECT (Y/N)? ';A$

IF AS = "N" THEN 470

540 PRINT

PRINT "BE SURE DATA-TR DISK IS IN DRIVE 2"

PRINT

I! " 550 PRI1NT

: PRINT "ENTER MAGNITUDE OF INPUT FUNCTION"

560 PRINT

561 PRINT "I - MAGNITUDE IN POUNDS"

t PRINT

562 PRINT "2 - MAGNITUDE IN DEGREES"

: PRINT

563 PRINT 'ENTER OPTION -- >";

564 GET A

: PRINT A

565 ON A GOTO 573,570
---------------------

:70 INPUT "MfAG,,NITUDE IN DEGREF'" I F

571 IF = IP / 57.2957R

572 GOTO 530

573 INPUT "MAGNITUDE IN POUNDS";IP

580 HOME

PRINT CHR$ (12)
PRINT

590 PRINT

PPINI "TYPE OF INPPUT DFSIPEt'"
PPINT

1')Y



- - - - - - - - - - -- - -

Si

t0 PRINT** I -STEP"

PR I NT

610 PRINT "2 PULSE"
:-PRINT

620 PRINT "3 - DOUBLET"

PRINT
:4PRINT

638 PRINT "ENTER OPTIN -- > 

648 GET A

: PRINT A

658 IF A = 1 THEN 680

668 PRINT
: INPUT "ENTER PERIOD -- > ";T

678 NI = INT (T / (2 * TAU))

688 PRINT D$;"OPEN DATA-TR,D2"

690 PRINT D$;"DELETE DATA-TR"

700 PRINT DS;"OPEN DATA-TR,L20,D2"

710 PRINT D$;"WRITE DATA-TR, R";8

720 PRINT HX

730 PRINT D$;"JRITE DATA-TR,R";N + 2

740 PRINT TAU

750 XS = 266 / HX
: PRINT D$V"WRITE DATA-TR,R";N + I

768 PRINT XS

778 PRINT D$;"CLOSE DATA-TR"

7g0 FOR I = I TO N

0,9 81B(I,1I) = 0

800 FOR L I TO N

810 OB(l,1) = GB(I,I) * GP(I,L) * B(L,I)

820 NEXT L

NEXT I

930 FOR I = I TO N

LY(I) IE3SA
Hr I) = - lEa5

N E, T I

nE1 1,1



C40 K =I

850 FOR I = I TO r4

860 FX(10,Ip) = 0

870 FOR L = I TO N

80 FX(I,I,K) = FX(I,1,K) + FP(IL) * X(L,I,K - I)
S-

890 NEXT L
NEXT I

90 ON A GOTO 950,910,930

918 IF K = NI AND M = I THEN IP = 0

928 GOTO 958 

938 IF K = Ni AND M = I THEN IP = - [P

948 IF K = 2 * NI AND M = I THEN [P = 8

958 FOR I = I TO N

968 GU(I,I,K) = 8 5

970 GU(I,I,K) = GU(I,I,K) + G8(1,1) * IP

980 NEXT I

998 TIME(K) a TIME(K - 1) + TAU

1080 PRINT t$;"CIPEJ OATA-TR,L20,D25

1010 PRINT D$;"JPITE DATA-TR, R";Q

1828 PRINT TIME(K)

1030 FOR I = I TO N

1040 X(l ,I ,K) = FX< 1,1 ,K) + GU(1,I.K)

1050 IF (1I , K) < L''( I THEN LY(I) = X(I,. ,K)
----------------------

106o IF II I , ) 2 T ,(I) THEN HY( I = X( I ,I ,K;

I10 2I W, [,i; '" -I TC [&TA-T R, R" ;O + I

1880 PRINT X(I ,I ,K)

1898 NEXT I

1180 0 = 0 + N * I

I110 IF K = 50 THEN 1 130

1120 K - *1 5
: 7, OTOj WD5

6010 058



I FOf- I I TO N

S1140 IF V' I) = 0 eWND Lr'(I) = 0 THEN )SJ I
* GOTO 1 1 78

I15 4 IF P BS (HY(I)) ) ABS (LY(1)) THEN YS(i = INI (60
/ #BS (H4( I))

uOTO I 1 70

1160 YS(I) = INT (80 / ABS (LY(1)))

1170 PRINT D$;"wRITE DATA-TR,R" ;I

PRINT YS(I)

1 180 NEXT I

1190 PRINT D$;'CLOSE DATA-TR"

1200 PRINT

INPUT "DO YOU WANT A TABULAR PRINTOUT OF DATA Y/N)
S" ; ;AS

IF A$ = "N" THEN 1320

1210 PRINT D$
PRINT D$; PRW"

PRINT CHR$ (15)

1220 PRINT "TIME";

1238 FOR I = I TO N
: POKE 36,12 * I

: PRINT "VARIABLE '; I;

NEXT

1240 POKE 36,0

1250 PRINT

PRINT

1260 FOR K = I TO 50

1270 PRINT TIME(K);

1280 FOR I I TO N

* ,(I ,K ) = FNP((I,I.,'

POWE 36,12 * I

: PRINT Mk I ,K ;

: NEXT

1300 PRINT

1318 NEXT

1320 IF M = HX / (50 * Tf,U) THEN 1408

1330 FOP I = I TO J

: f IT I

,! 0



1340 1 IMHEA3 0 : TI=TIME 15(
'

1350 M = M + I
: K = I

1368 PRINT DS
PRINT D$;"PR#8"
PRINT D$;"INW8"

1370 PRINT DS;"OPEN DATA-TRL20,D2"

1388 GOTO 858

1398 END

1488 PRINT "RUN AUGMENTED PLOTTER"

201
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Auojnent od Plotter

This progr, ml plots the data generated by Augnented Resjonse/Ver 1

onto the high resolution screen. It also allows the generated plots to

be saved to diskette.

ri1



I d 1-
PI

-- -- --' -~- - -. - -q - - -- - - - -

30 IN PUT "WHITCH VARHIAL DOr OU WNT -- ";N

- ~ ~ ~ ~ ~ - - -------- q-- 7 ~~'r --

4@0 PRINT D$I"0PEN 1 ATA-TR,L20,D2"

50 PRINT D$;"REi:O DA TA-TP, R";6

-J

60 INPUT H', I

7 PRINT D$;'READ DATA-TR, R*;I

80 INPUT YS

go0 PRINT D$;'READ D"TA4-TR,P";N + 2

100 INPUT TAU
Ito PRINT D$;"RLOS DATA-TR"

120 INLT XS T I9 J1,

140 PRINT D$;OPEN DATA-TR,L28,D2

583 PRINT Dt;'PEAD 5ATA-TP, R';P

16 INPUT X

60 TPIT 19,0 TO 9,T6

910 PRINT D$;"READ DATA-TR,P" ;N , 2

828 INPUT YS

.....................

4 418 IPUOT TUYI

118 PRINT DIV"READ OATA-TR, R";P

I 28 INPUT XS

138 PRINT D-S;"CLOSE ATA-TR"R;l 1

20 INP Z

168 HPLOT 19,8 o1,6

25 T = 9 * x + x

258 I = I + N + I26 --- P- -= - -- --N -- -I
Hy TAL



270 IF K S. THEnj 20

288 K = K + I

: GOTO 188

298 PRINT D$;"CLOSE DATA-TR"

380 INPUT "WOULD YOU LIKE TO SAVE THIS ";AS

318 IF A$ - 'N" THEN 338

328 INPUT "FILE NAMVE --> ";B$

325 PRINT D$;"BSAVE";8$;*,A$280,L$200,0)2"

338 END

~20,1



Aug(_montod Print [ta/Ver 1

This program provides the iains of printing the stability

derivatives, eqilibritin conitions, and A and B matrices. For systems

larger t.an 8 x 8, a wide paper printer is required.

2(5

0



Ii

(l

T~ *- E-U (I p PF I T If I

lU1 REM PROGRAM-l FOR PRINTING GUT DAT- FFt L't I

2? REM

30 REM BY JEFFREY R. RIEMER

40 REM 5 MAY 1983

50 REM

60 DIM C(I10) ,BE(20) ,DR(20) ,DA(20) ESk28 ,AN, 20) 2F ,
NB(28) ,PE(20) ,RE(20) ,E'2e) ,AE(28)

70 DIM A(20,28) ,B(28,2@),A1(28,2),BM(20,20

88 DEF FN R(X) = INT (X ZI + .5) / ZI

98 TExT

HOME
PRINT CHR$ (12)
PRINT

10 D$ CHR$ (4)
: REM CTRL-DC' O"

I10 REM MENU

128 PRINT
PRINT SPC( 15);
I tJERSE
PRINT 'MAIN MENU"
NORMAL

0PRINT
PRINT

138 PRINT "I - PRINT DERIVATIVES"
PRINT

148 PRINT "2 - PRINT EQUILIBRIUM FLIGHT CONDITION"

: PRINT 

p

150 PRINT "3 - PRINT AMAT ArND BtMAT"
: PRINT

160 PRINT "4 - END"
PRI T
PRINT

---------------------

178 PRINT "ENTER OPTION -- > "

18 GET A
: PRINT A

190 ON A GOTO 80,140,1740,130

288 REtl DEPI''AT I E

20(l
I



1'-'. L4S -Fl ri E'L20 1D2"

.'hq F I = eI TOI S

-, P#Inr CS;"PEflO A7-D,R";I

I tPUT C( I

NF'T

.140 PRINT I; "CLOSE AZ-D"

Z'.0 INPUT "ENTER LOAD FACTOR --- " ;Rt 5
__PRINT

i0 IF A = 3 THEN 1780

270 PRINT D$
PRINT D$;"PRWI"
PRINT CHR$ (15)

2 0 IF AN > I THEN 350

290 PRINT D$;"OPEN A7-D,L20,D2.

300 R = 1@

310 FOR I - 10 TO 103

320 PRINT D$;'READ A?-D,R ;R
* INPUT C(I)

R = R + I
NEXT

330 PRINT D$;"CLOSE A7-D"

348 GOTO 440

350 INPUT "STORAGE RECORD YOU WANT TO START AT" ;R

360 PRINT D$;'OPEN A7-D,L20,D2"

370 FOR I = 10 TO 41

380 PRINT D$;'READ A7-D,R ;R
* INPUT C(I)
S R - R I
NEXT

390 FOR I = 46 TO 57

400 PRINT D$;"READ AZ-D,R";R
* INPUT C( I5
* R = R +
NEXT

410 FOR I = 63 TO 103

420 PRINT D$;PEAD A7-DR" ;R
* INPUT C(I)

: P=R.I T
pJE>7

NE T



LI

4 nu r&:'' ri;"7 CLrJL g j -C"

0 444 GOSU 93$

45.j POKE 36,23

PRINT "DERIVATIVE"
POKE 36,45

PPItlT "STABILITY AXIS";

POKE 36,64

PRINT "BODY AXIS";

POKE 36,86
PRINT 'DERIVATIVES";
POKE 36,188
PRINT "STABILITY AXIS";

POKE 36,127
PRINT "BODY AXIS"
PRINT
PRINT

460 POKE 36,15
PRINT "CL";

POKE 36,45
PRINT C(32);
POKE 36,78
PRINT "CYB";
POKE 36,108
PRINT C(17);

POKE 36,127
PRINT C(17)

470 POKE 36,15

PRINT "CLV";

POKE 36,45
PRINT C(33);

C POKE 36,78
PRINT "CYP";
POKE 36,108

PRINT C(20);

POKE 36,127

PRINT C(46)

488 POKE 36,15

4 PRINT "CLA (CL ALPH44t";

POKE 36,45

PRINT C(12) ;

POKE 36,78

PRINT "CYR";

POKE :-e
PRINT C(21);

POKE 36,127

PRINT C(47)

498 POKE 36,15

PRINT "CLD (CL ALPHfu DOT"

POKE 36,45

PRINT C(34):

POKE 36,78
PRINT " CYOR TCr -, P1 '['(C, 'P1
PUKE 7k'A ,18

"02 3



jS

I 

T]

F Tf- l4T CL[ w L ', EF. LE.'TCR)

F 36,4

; I ('J ,

FtrE 3,

I it T C

f-k F

Si ''. F.' k "E : I

E RINT "C
* ikE V.,4-

:R I 4T C 35,

CU E 2t, 7e

- F8 POkE 3 , 15
PRINT "CG t ;

FOL E 36, 4,
P rINT C, ,,'

POKE 36,7 ;
F-RINT "CLP"
POkE 2' j 0

FPI4T -(. - -
: F' KE -,e , I :-"

VPlr T C' '

PRINT "C[; C[',LP f, -

FOKE 36,45

PRINT C(37)
POKE 36,7e
PRINT "CLOR (CL DELTA4 RUDDER)";
POKE 36,10R

PRINT C(23,
POKE 34, 127

PRINT C(5 1

- - - - - - - - - - - -



'-I

-]
.j

I T 4 I
IJr jT C'1

PFRIFIT -i I ( CL CELT- AIt. EROK4."

F"IrE 36,1a

PR INT C 34); 

'(IHE 36, 127

PRINT C'5, 

0 re POKE 36, 15

PRINT " C"

POKE 36,45

PRINT C(39)

POKE 36,64

PRINT C(39)

POKE 36,7S

PRINT "CNS"

POKE 36,108
PRINT C(27);

POKE 36,127

PRINT C(53)

570 POKE 36,15

PRINT "CMIA (CM ALPHA)";

POKE 36,45

PRINT C(18);

C .. • POKE 36,64

PRINT C(18);
POKF 36,78

PRINT 'CNP"

POKE 36,108

PRINT C(30)

OPKE 36,127

P PINT >(54)

'580 POKE 36,15

PRINT "0CtMA, (CM ALPHA DOT)";

POKE 36,45

PRINT E(41)

POKE 36,64

PRINT C(41

POKE 36, 79

PRINT "DtjR"

PORE 3-., 1R
PRlNT C' SI

F cl0 E IST,, -,
p lp T C ,

> PORE 36, 15

PRINT "Cfi" ;

PORE 36 ,45

PRINT C(14)

POWF i6,..4
-r I T C, 14';

P INT "(F1 E TA PLILCER)"

I~l-F,3'],,

-, 0 ' 1. F V
F T'



PRIN1 t 5",

80 POKE 36,15

PRINT "CMDE (CM DELTA ELEVhTR)";
POKE 36,45
PRINT C(11);
POKE 36,64
PRINT C(11);
POKE 36,78
PRINT "CNDA (CN DELTA AILERON)";
POKE 36,188
PRINT C(29);

POKE 36,127
PRINT C(57)

610 POKE 36,15
PRINT "MDT (CM DELTA THROTTLE)";
POKE 36,45
PRINT 8;

POKE 36,64
PRINT 0

620 PRINT CHR$ (12)
Z=2

GOSUB 938

638 POKE 36,23

PRINT 'DERIVATIVES";
: POKE 36,45
: PRINT "BODY AXIS';
POKE 36,86
PRINT "DERIVATIVES";
POKE 36,115
PRINT "BODY AXIS"
PRINT
PRINT

640 POKE 36,15

PRINT "XV";
POKE 36,45
PRINT C(94);
POKE 36,78
PRINT "YB (SIDE FORCE DUE TO BETA"; p
POKE 36,115

PRINT C(63)

t 
4  

POKE 36,15

PRINT "XA (X ALPHA)";
POKE 3o,45
PRINT C(95);
POKE 36,78
PRINT "YP";

a POKE 36,115

PRINT C(66)

668 POKE 36,15

PRINT "XAD (X ALPHA DOT)";
POKE 36,45

PRINT C(96)p
POKE 36,78

211 9



:o P0E >e 5
FI PI NT C' , , )

PRINT "XQ"

:POKE 36,45
PRINT C(97);

7 POKE 36,78
PRINT "YD (Y DELTA RUDDER)";
POKE 36,115
PRINT C(64)

680 POKE 36,15
PRINT "YDE (X DELTA ELEVATOR) ;
POKE 36,45
PRINT C(96);

6 POKE 36,78
PRINT "YD (Y DELTA AILERON)';
POKE 36,115
PRINT C(65)

690 POKE 36.15
PRINT "XDT (X DELTA THROTTLE)";

: POKE 36,45
PRINT 0;

690 POKE 36,78
PRINT 'LB"

POKE 36,115
PRINT C(68)

700 POKE 36,15
u PRINT "Z";
POKE 36,45
PRINT C(99)

7 POKE 36,78
PRINT "LP";
POKE 36,115
PRINT C(69)

710 POKE 36,15
PRINT "ZA (Z ALPHA)';
POKE 36,45
PRINT C(690);

7 POKE 36,78
PRINT "LR";
POKE 36,415

o PRINT C(78)
720 POKE 36,15

PRINT "ZAD (Z ALPHA DOT)";

POKE 36,45
PRINT C(181);

7 POKE 36,78
: PRINT "LDR (L DELTA RUDDER)';

POKE 36,115

PRINT C(71)

2730 POKE 36,15
PRINT "ZQ";

21 2



PC) E 3t,45

PRINT C(102;

POKE 36,73
: PRINT "LDA L DELTA AILERONr

POKE 36,115

PRINT C(72)

746 POKE 36,15

PRINT "ZDE (Z DELTA ELEVATOR)";
PONE 36,45

PRINT C(103);( POKE 36,78
PRINT NB";
POKE 36,115
PRINT C(73)

756 POKE 36,15
PRINT "ZDT (Z DELTA THROTTLE)";
POKE 36,45
PRINT 8;
POKE 36,78

PRINT "NP";
POKE 36,115

PRINT C(74)

760 POKE 36,15
PRINT "L";
POKE 36,45
PRINT C(84);
POKE 36,78
PRINT "NR";
POKE 36,115

PRINT C(75)

770 POKE 36,15
PRIN "L" ;
POKE 36,45
PRINT C(85);
POKE 36,78
PRINT "NDR (N DELTA RUDDER)";
POKE 36,115
PRINT C(76)

786 POKE 36,15
PRINT "LA (L ALPHA)";
POKE 36,45
PRINT C(8)

POKE 36,78
PRINT " kft, AN DELTA AILEROP ";

POKE 36,115
PRINT C(17)

790 POKE 36,15
PRINT "LAD (L ALPHA DOT)";
POKE 36,45
PRINT C(86)

800 POKE 36,15
PRINT "LO'
P0< 36,45



. . . _ _____ -______________ . - .. q.., . •T qy* - W -T-* V , , ,,*d** *I, * b S

PRINT C83)

816 POKE 36,15
PRINT "LDE (L DELTA ELEVATOR)";

POKE 36,45
PRINT C(81)

920 POKE 36,15

PRINT "MV";

POKE 36,45
PRINT C(91)

330 POKE 36,15
PRINT "MA (M ALPHA)";

POKE 36,45
PRINT C(78)

840 POKE 36,15

PRINT "MAD (M ALPHA DOT)";

* POKE 36,45
PRINT C(93)

---------------------

850 POKE 36,15
PRINT "MQ";
POKE 36,45
PRINT C(82)

C @868 POKE 36,15
PRINT "MDE (M DELTA ELEVATOR)";

POKE 36,45
PRINT C(79)

870 POKE 36,15
PRINT "MDT (M DELTA THROTTLE)";

POKE 36,45
PRINT C(92)

886 PRINT CHR$ (12)

890 PRINT D$

PRINT D$;"PR#W'
PRINT D$;"IN#"

98 INPUT "ANOTHER CONDITION ('Y/N>
° 

•;As

918 IF AS = "Y" THEN 258

928 GOTO 90

936 PRINT
iPRINT

* :PRINT
PRINT
PRINT

---------------------

940 IF Z = 2 THEN POKE 36,50

: PRINT "DIMENSIONAL STABILITY A4D CONTROL DERIVATIVE
S"

6 PRINT
SPR I NT

6 :214'



II

950 I F Z - 2 THEN 970j

ri 960 POKE 36,50
PRINT "NWY DIMENSION4AL STABILITY AND CONTROL tERIYA4

T lO)ES"
PRINT
PRINT

978 POKE 36,15
PRINT - ALTITUDE L ;CT)

980 POKE 36,15
PRINT MACH ;C(1)

9980 POKE 36,15

PRINT " WEIGHT ";C(9)

180 POKE 36,15
: PRINT " CG " ;C(8)

1818 POKE 36,15
PRINT "LOAD FACTOR ";AN

PRIt T
PRINT

1@08 POKE 36,409
PRINT "LONGITUDINAL";
POKE 36,18

PRINT "LATERAL-DIRECTIONAL"

1838 RETURN

104A INPUT "ENTER LOAD FACTOR -- >" ;AN

1850 PRINT DS
: PRINT D$;"OPEN A7-D,L20,D2"

1060 PRINT DS;"READ A7-D,R";998
: INPUT N2

1878 PRINT DS;"READ A7-D,R" ;999
INPUT S

1880 PRINT D$;'READ A7-D,R";I@ee

INPUT N3

1090 PRINT D$;"CLOSE A7-D"

110 R = e
FOR I = I TO N2 STEP S

R - R * I

1118 IF AN = I THEN 8 = R

I 120 NEXT

1138 N4 - N3 / 13

1140 N5 = 1008 - r3 - NI4 2

21 Y



1150 PRINT
PRINT

1160 PRINT D0

PRINT O$;"PRNU
PRINT CHR$ (15)

1170 PRINT )$;"OPEN A7-D,L20,D2'

1180 R = 901( FOR J - I TO N4
PRINT D$;"READ A7-DR";R

: INPUT BE(J)
R = R + 3

NEXT

1198 R = 902
FOR J = I TO N4

* PRINT D$;"READ AT-D,R";R
* INPUT DR(J)

R = R + 3
NEXT

---------------------

1200 R = 903
FOR J = I TO N4

* PRINT D$;"READ A7-D,R";R

* INPUT DA(S)
R = R + 3

NEXT

1210 R = 1981

FOR J = I TO N4
: PRINT D$;READ A7-D,R";R

: INPUT AN(J)

P = RR I
NEXT

1220 R = R + 2 * N4
FOR J = I TO N4

* PRINT D$;'READ A7-D,R";R

* INPUT DS(S)

* R R
+ 

I
NEXT

1230 FOR J = I TO N4
• PRINT C4;"READ A7-D,P" ;R

* INPUT P(J,
P= R 1

NEXT

1240 FOR J -= I TO N4
: PRINT D$;"READ A7-D,R"iR

* INPUT NB(J)
: RR*I

NEXT

1250 R - P + N4

POP J = I TO N4
* PRINT D#;"RFAC, A7-D,P" :

210



[ rip I; Fh T

NEXT

- r . - .-- - - - - - - - ---- - - - -

1260 FOR J = I TO N4
* PRINT [,$;"READ ,A7-D,R" ;R
* INPUT QE(J)
: R=P I

NEXT

1270 FOR J = 1 TO N4
* PRINT D$;"READ A7-D,R";R
2 INPUT RE(J)

: R R + I

NEXT

1280 FOR J = TO N4
PRINT D$;"READ A7-D,R";R
INPUT AE(J)
R = R + I

NEXT

1298 PRINT D$;"READ A7-D,R";8
INPUT H

1300 PRINT D$;*READ f7-D,R";1
: INPUT IMN

(- - -

1310 PRINT DS;"READ A7-D,R";58
INPUT IT

PRINT D$;'CLOSE A?-D"

1320 DR = 57.29577951

1330 21 = 1000

1340 FOR J = I TO N4

1358 8E(J) = BE(J) * DR

1360 BE(J) = FN R(OE(J)h

1370 DR(J) = DR(J) * DR

1338 DR(J. = FN R(15R(J))
-------------.--------

139 [,A(J ,(J) * DR

I 1;o 00 4  =, RN R( Lw ))

1418 F(J) = F(J) * DR

1420 F(J) - FN R(F(J))

1430 NB(J) - FN R(NP(J))

1440 PE(J) - PE(J) * 'R

145,0 FFJ) FN P(fPE(J))



146 GE ' , GE(J)

1478 OE(J) = FN R(OE(J))

1488 RE(J) RE(J) * DR

1498 RE(J) - FN R(RE(J))

1588 AE(J) - AE(J) * DR

1518 AE(J) - FN R(AE(J")

1528 DS(J) - (DS(J) + IT) * DR

1530 DS(J) - FN R(DS(J))

1548 NEXT

1558 POKE 36,23
* : PRINT "ALTITUDE: ";H

1568 POKE 36,23
: PRINT IMACH: ";ItN

1570 PRINT
* PRINT
POKE 36,23

PRINT "BODY AXIS EQUILIBRIUM VALUES"
: PRINT
PRINT

1588 POKE 36,24
* PRINT "LOAD";
POKE 36,34

PRINT "ANGLE OF";
POKE 36,46
PRINT "SIDESLIP';
POKE 36,58
PRINT "BANK";

POKE 36,69
PRINT "ROLL";
POKE 36,79
PRINT "PITCH';
POKE 36,91
PRINT "YAW";
POKE 36,101
PRINT "ELEVATOR";

POKE 36,115
PRINT "RUDDER";

1598 POKE 36,128

: PRINT "AILERON"

1688 POKE 36,23
PRINT "FACTOR";
POKE 36,35
PRINT "ATTACK";

POKE 36,47
* : PRINT "ANGLE';

POKE 36,58

218



PRINT "A-46LE";

POKE 36,69
PRINT "RATE";
POKE 36,79
PRINT "RATE";
POKE 36,91

PRINT "RATE';
POKE 36,100
PRINT "DEFLECTION';

1618 POKE 36,1144 PRINT "DEFLECTION";
POKE 36,127
PRINT "DEFLECTION"

1628 POKE 36,25
PRINT "(G)";
POKE 36,35
PRINT "(DEG)";

POKE 36,47

PRINT "(DEG)*;
POKE 36,58

PRINT "(DEG)";
POKE 36,67
PRINT "(DEG/SEC)';
POKE 36,77
PRINT "(DEG,/SEC)";

POKE 36,89
PRINT "(DEG/SEC)";
POKE 36,182
PRINT "(DEG)";

1630 POKE 36,116
PRINT "(DEG)";

4 POKE 36,129

PRINT "(DEG)"

1640 PRINT
: PRINT

1650 FOR J = I TO N4

1668 POKE 36,25
PRINT #J(J);
POKE 36,35

PRINT AE(J);
POKE 36,47

PRINT BE(J;
POKE 36,58
PRINT F(J);
POKE 36,69

PRINT PE(J);
POKE 36,79

PRINT OE(J);
POKE 36,91
PRINT RE(J);
POKE 36,102

: PRINT DS(J);
: POKE 36,116
: PRINT PP(J);



16h POKE 36, 129i : PRINT OA(J)

16t80 NEXT

1690 PRINT
: PRINT
* POKE 36,23

: PRINT "NOTE: LOAD FACTOR IS IN STABILITY AXES"

170e PRINT DS
: PRINT D$;"PRW8"

* PRINT D$;'INWO"

1710 PRINT

* INPUT "ANOTHER CONDITION (Y/N)? ";AS
* IF A$ "Y" THEN 1040

1720 GOTO 90

1730 END

1740 PRINT
: INPUT "STORAGE RECORD YOU WANT TO START AT';R

1750 INPUT "ENTER THE ORDER OF DESIRED AMAT -- > ";N

1760 ZI = 100000

1778 (30T0 210

1780 PRINT O$
PRINT D$;"PR#1"
PRINT CHR$ (15)

- :PRINT CHR$ (12)

1790 PRINT D$;"OPEN A7-D,L20,D2"

1808 FOR I = 1 TO N

1810 FOR J = I TO N

1820 PRINT O$;'READ A7-D.R';R
: INPUT A( I ,J)
* P = R
* NEx.T

K NEXT
1830 FOR I = I TO N

1840 FOR J = I TO 3

1850 PRINT -$;"READ A7-D,R";R

: INPUT 8(I,J)

* NEXT

* NEXT

I13M PRINT D;"CLOSE A7-D"

220I



139PR INT2PRINT

PRINHT
PRINT

PRINT

1O86 POKE 36,15

PRINT ALTITUDE ";C(O)

1890 POKE 36,15

PRINT MACH ";C(I)
---------------------

1900 POKE 36,15

: PRINT * WEIGHT : ;C(9)

1910 POKE 36,15

PRINT CG :;C(8)

1920 POKE 36,15

: PRINT *LOAD FACTOR ;AN

1930 PRINT

: PRINT

1940 POKE 36,6 * N

( % •:PRINT 'A-MATRIX"

PRINT

PRINT
---------------------

1950 I = I
---------------------

1968 FOR J = I TO N

1970 AM(I,J) = FN R(A(IJ))

1988 POKE 36,12 * J

PRINT AM(IJ);

NEXT

1998 PRINT

280 IF I = rN THEN PRINT

* PRINT

GOTO 2020

2019 1 = I +

2828 POKE 36,24

4 PRINT "B-MATRIX"

PRINT

PRINT

2830 1 =

2040 FOR J = I TO 3

*j5E' PM I,J = FN P (H lJ)

-----

.. ...
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NE'- T

20.7@- PR INT

20. 30 IF I = N4 THEN PRI T

* PRIrNT

G OuT 2106

2090 I =I * I

lGOTO 2848

21 00 PRINT DS
PRINT D$;"PR"

PRINT D$;*INWO"

2118 INPUT "ANOTHER CONDITION (Y/N)l "';As

: IF AS = "Y" THEN 1748

2128 GOTO 98

2130 END

"1
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L I L' F':K'EL_ TqP

I Df = CHRi (4'1)

2 HOIME
PRINT CHRI k12)

PRINT

I0 REM CALCULATES
. 
EIGEtIVECTORS DOING NUtL-IERATOp METHOD

20 REM

30 REM BY JEFFREY P. RIEMER

40 REM 26 DECEMBER 1983

50 D$ = CHRS5 (4)
: REM CTRL-D

60 PRINT D$;"PR#3"

70 PRINT CHR$ (12)
: PRINT

80 INPUT "ENTER SY STEM ORDER -- > N

'0, 90 DIM RE(N,15),IM(N,15),Z(N + 1),G(N + I),GK(N I),AR
IN,N) 041 IN,N) , ER(N,N) , El (N,N')

91 B = 1

100 PRINT

l11 PRINT "ENTER THE YVALIJE OF THE ROOT E1Er4G UlSFD TO EVA
LLIATE THE NLUEPATORS"

120 PRINT
: PRINT "REAL, IMAGIt4RY

130 INPUT RE(0,0),IM(0,0)

140 PRINT

145 IF 0 = I THEN OTO 1100

I GO PRINJT "ENTER THE Nir-iBER ('F T," U-FPTIF E:EN? EKYL' U
A TED'"

160 PRINT
PRINT "NUMERATOR NLIMOER "

170 INPUT G(9)

17n C = G(BI

176 P = C

I 6 PPRINT

.'4
--
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S

I-: FR jl LIFlT ER I LH[ l tIE- P, TO< (4,1!"

162 PRINT

:F IPR NT "JLRt'IERATOR IN

189- INPUT GK(8'

: PRINT

185 GK = 6R(B)

198 PRINT "ENTER THE NUMBER OF ZEROES IN THIS NUMERATOR"

195 PRINT

: PRINT 'HOW MvONY ZEROES "

288 INPUT Z(6)

218 PRINT
: PRINT "ENTER THE VALUE OF EACH ZERO"

228 PRINT

: PRINT REAL, IMAGINARY"

238 PRINT

248 FOR I = I TO Z(8)

4 J 250 PRINT " 2(";G;V,";I;") "; S

268 INPUT RE(G,I1,IM(G,I)

278 NEXT

288 PRINT

298 INPUT "ARE ALL ENTRIES CORRECT (Yr4)
-  

;A$

388 IF A$ = "N" THEN 218

385 MR = I

: MI = 0

318 GOSUB 2888

417 PRINT

428 INPUT "C0 YOU tI4tJT TO EU AY (I,TE ,NOTHER NUIIMERTOR (:

438 IF A$ = "N" THEN 99

435 PRINT

448 INPUT "0 YOU LWAiNT TO USE THE SttE ROOT (Y/N)
9  

";AS

458 IF AS - "N" THEN 478

468 8 - B + I
: G(T0 158

--------S



476 GOSU 000

400 GOTO 110

999 GOSUB 1000

END

1088 PRINT
PRINT

---------------------

105 INPUT "WHICH MODE IS THIS EIGENVECTOR FOR' ";BS

: PRINT

186 PRINT D$;"PR#5"

1010 PRINT "THE EIGENVECTOR FOR THE ";1$;" MODE"

: PRINT

1026 PRINT "ELEMENT";
% POKE 36,15
: PRINT "REAL";
: POKE 36,36
PRINT "IMAGINARY"

1036 PRINT
---------------------

1646 FOR I = I TO N
---------------------

1656 PRINT " ";I;

* POKE 36,15

: PRINT "(" ;ER(1,I);")";
* POKE 36,27

a PRINT "+ j(";EI(II);")"

106 NEXT S

1661 PRINT D$;"PR#3"

1062 0 = I

: PRINT

1663 RETURN
---------------------

1065 PRINT

1070 END

1100 REM

1105 FOR S a I TO P

1106 MR - I
* MI - 0

ille G - G(8)

* GK GK(S)

1126 GOSUB 2666

1140 NEXT

220



1145 GOSUB 100o

1146 INPUT "DO YOU WJANT TO EVALLATE ANOTHER ROOT"

1147 IF A$ = "N" THEN END

1148 GOTO 11

1158 END

2888 REM COMPLEX ALGEBRA

2810 FOR I = I TO Z(B)

2828 AR(G,I) = RE(ee) - RE(G,I)

2830 AI(G,I) = IM(8,8) - IM(G,I)

2840 NR = MR * AR(G,I) - MI * AI(G,I) 

2858 NI = MR * AI(G,I) + MI * AR(G,I)

2868 MR = NR

2878 MI = NI

4W'21SlB NEXT

2898 ER(I,G) = MR * 0K

2188 EI(IG) = MI * OK

2118 RETURN

2. 2_ S



Other Pr(Qrams

The other prograims w ere usexd to support this thesis. A fortran

program to obtain eiaenvectors using the IMSL routine EIGFR [Ref 13].

'Pie program used to cItin the transfer functions was "Cointrol" [Ref 6].
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Tabl e El

GENFERAL AIRCRAFT INFORMATION

The dlunension and desig:i data were extracted fran LTV Report No. 253320/
8R-8089.

GENERAL DIMENSIONS

Length (not including test boan) 46.18 ft

4 Height over highest part of tail (static) 16.06 ft

Wing:

Area 375 ft'

Spi n 38.73 ft

spdfl, winqS foled 23.77 ft

Aspct ratio 4.0

Ta-cr ritio 0.25

S'wr ep of 1/4 chnr] 35 deg

Ct-cinet r i twi;t, 0 cieg

Dihedral -5 deg

I nc iden"? -1 deg

Pi)t chord 15.49 ft

Tip chord 3.87 ft

M(em gncqlietric chord length V.84 f t

Tri i ing Edge Flaps:

Typene slotted

Area, each 21.74 fta

lS

?4 n q git ric chon, I (MC i:) , m~trn a a,' - yr ,:in i ilk w-, (MAC<) a ,, used

i nte rchat,:ab1 y.
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MAx imLi flection 40 deg

Chord 22.55-pct wing
chord

Leading Eige Flaps:

Area

Inboard sections 18.36 ft 2

Outboard sections 18.88 ft2

Chord

Inboard section 1.01 ft

Outboard section 8-pct MAC

Ailerons:

Type Plain sealed

Spanwise range (inboard/outloard) 59.69 to 90.34 pct
semispan

Chord 25-pct wing chord

Area, total 19.94 ft2

Deflections ±25 deg

Spoilers:

Spanwise range 28.94 to 43.46 pct
semispan

Chord (inboard/outboard) 0.839/0.804 ft

Area (both sides) 4.60 ft'

a Deflection 60 deg TEU

Vertical Stabilizer, Nbt Including Dorsal:

Area (root chord at WL 97) 115.2 ft 2

Span 12.86 ft

Mean gecretric chor] lein]th 10.20 ft

231
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Tail Length (25-pct wing MGC to 25-pct tail 13.49 ft

MGC
Rudder:

Type Plain sealed

Area 15.04 ft 2

Deflections

Flaps up ±6 deg

Flaps down ±24 deg

Horizontal Stabilizer:

Area (including 37.56 ft2 in fuselage) 93.75 ft'

Spxan 18.14 ft

Aspect ratio 3.50

Taper ratio 0.148

Swvepback of 1/4 chord 45 deg

Dihedral 5.42 deg

%-an gooretric chord length 6.12 ft

Tail length (25-pct wing MGC to 25-pet tail 16.18 ft
MGC)

De flect ions

TELI 26.5 deg

qTE 6.75 deg

Speed Brake:

Hinge point Fuselage station
368.0

Waterline 58.25

Area 25 ft2

Deflection 60 deg
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Fuse lage:

Length 46.18 ft

Max cross-sectional area 30.81 ft2

Outside height 7.20 ft

Outside width 4.88 ft

Store Stations:

Fuselage Capacity

Number Station* Baseline* (ib) Vet

1 & 8 473.3 136.6 3,500 Yes

2 & 7 443.5 97.2 3,500 No

0 3 & 6 434.4 61.2 2,500 Yes

4 & 5 384.2 40.4 500 No

*Fuselage station and baseline are at cg of
Mark 29 IC Sidewinder missile.
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Table E2

PARAMETER RANGE AND RESOLUJION

Paranete rs Recorded on Magnetic Tape Range Resolution

Angle of attack - nose bocn vane (deg) -10 to +30 .039

Angle of sideslip - nose borxm vane (deg) ±20 .039

Roll attitude (deg) ±175 .342

Pitch attitude (deg) t85 .166

Roll rate (deg/sec) ±250 .488

Pitch rate (deg/sec) ±60 .117

Yaw rate (deg/sec) ±20 .039

Normal acceleration - cg (g) - 5 to +10 .015

Longitudinal stock force (lb) ±60 .117

Lateral stick force (ib) ±40 .078

Rudder pedal force (ib) 0 to ±200 .39

Rudder position (deg) ±25 .049

Aileron position (deg) ±26 .051

Unit horizontal tail positicn (deg) 27 TEU .033
7 TED

Event mark
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I

Paraneters Displayed in Cockpit (Fli:cht Test) Range

Airspeed - nose bocm (kt) 40 to 650

Altitude - nose boon (ft) 0 to 50,000

Machixeter - nose bocm 0.5 to 1.5

Engine high pressure rotor speed (rpm) 0 to 110 Pct

Normal acceleration - cockpit (g) -5 to +10

Speed brake position (deg) 0 to 60

Time correlation counter

Maneuver light

Calibrate light

Tape record light

235
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VITA

Captain Jeffrey R. Rioner was born 26 August 1951 in South Haven,

Michigan. He graduated in 1969 fran Leto Co-prehensive High School in

Taxnpa, Florida. He attended St. Petersburg Junior College for his

associates do-ree and continued his undergraduate education at the

University of Florida, which culminated in his receiving a Bachelor of

Science Degree in Aerospace Engineering and a ccmmnission in the USAF

through the ROC program. He graduated from pilot training at Webb AFB,

Big Spring, Texas in December 1975 where he received recognition as an

Outstanding Graduate, and recipient of the Military Training Award, and

ATC Ccrmaader's Trophy. Follow-on training in the F-4C at Luke AFB,

Phoenix, Arizona lead to his first operational assignment as a F-4C Wild

Weasel Pilot with the 67th Tactical Fighter Squadron, Kadena AB,

Okinawa, Japan from February 1977 to August 1978. He followed this

assigrznent as a T-37 Instructor Pilot at Columbus AFB, Columbus,

Mississippi frm September 1978 to May 1981. During this time he

attended Squadron Officer's School in residence, and distinguished

himself as 9 Top Graduate of the Pilot Instructor Training Course and

0 Instructor Pilot of the Year 1980. His next assignment was as F-16

Acceptance Test Pilot with Air Force Plant Representative Office,

C2nerdl L namics in Fort Worth, Texas fran April 1981 to May 1982, fran

* which he was selected for the Joint Air Force Institute of Technology/

Test Pilot School program. The AFIT course work was ccanpleted in June

1983 with graduation frm Test Pilot School as a Distinguished Graduate

* in June 1984.
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