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AcSim - AIRCRAFT SIMULATION PROGRAM

WITi APPLICATION TO FLIGUT PROFILE GENERATION

by

A.G. Page

SUMMARY

Program AcSim was designed to be used in conjunction with a flight
profile generator program (FPG2) which is used with an Intertial Navigation
System simulator. Both AcSim and FPG2 were written in FORTRAN-77 on an
ELXSI System 6100, AcSim is implemented as a subroutine of FPG2 and is
called if the user selects a dynamic manoeuvre segment t, be performed.
AcSim calculates the dynamic state of an aircraft for a sequence of user-
specified control surface deflections. The aircrafts linear accelerations and
angular velocities are sent back to FPG2 for subsequent processing.

A six-degree-of-freedom model is used to simulate the user-defined
aircraft. AcSim implements a State Vector approach to solve the non-linear
equations of motion simultaneously using a 4th order Runge-Kutta scheme.
An optional "Eigen Analysis" can be performed which provides the user with
longitudinal and lateral characteristic equations, their roots (eigen values),
transfer functions and unit impulse response functions for the given flight
condition.

DSTOM E L B 0 U R NE

(C) COMMONWEALTH OF AUSTnALJA 1989

POSTAL ADDRESS: Director, Aeronautical Research Laboratory,
P.O. Box 4331, Melbourne, Victoria, 3001, Australia

r., m M m m



CONTENTS Page No.

NOMENCLATURE
1. INTRODUCTION .. .......... 1
2. PROGRAM SUMMARY .... ........ 2
3. PROGRAM THEORY .... ......... 3

3.1 Eigen Analysis ..... .. . . . .......... 3
3.2 Aircraft Response Determination .. .. ....... 3

4. PROGRAM VALIDATION ... ....... 4
5. ASSUMPTIONS IN ACSIM .. ...... 5
6. CONCLUDING REMARKS .. ...... 5

REFERENCES
APPENDIX 1: Aircraft Data required by AcSim
APPENDIX 2: Eigen Analysis
APPENDIX 2.1 : Manipulation of h(,)

APPENDIX 3 : Aircraft Forces and Moments
APPENDIX 4 : Runge-Kutta Implementation
APPENDIX 5: Numerical Convolution Solution
FIGURES
DISTRIBUTION
DOCUMENT CONTROL DATA

Accession ForJ

NTTS CRA&I ~~
D71C TA.9

J t : t 1

2 ZI

y .. .. . . . ...



NOMENCLATURE
Symbol D~efinition

ii, ,, i Non-dimnensional linear accelerations, da/dr,Adi/dT, dti/dr
C, Aircraft lift coefficient, 2m7grose,/pV,.2S

9 Gravity
IT A MomenTt of inertia of the aircraft about 0Ox
I", B) M/oment of inertia of the aircraft about Oy
I, C Moment of inertia of the aircraft about Oz
11, -- D Product of inertia of the aircraft about oxy

1- E Product of inertia of the aircraft about Ozz
=' F Product of inertia of the aircraft about Oyz

il Non-dimrensional moment of inertia about x-axis, A/ms.2

Non-dimiensional moment of inertia about y-axis, 11 /Fnf2

Non-dimnensional mronient of inertia about z-axis, C/nis,
I E Non-dimensional product of inertia about ojz, El 7,

2

k (7112
k' -k ane,,

L Mloment about x-axis duec to external forces
L, Lr, L_, Rolling moment dlerivatives,

L(, , a iar 9£/r, d/r~, aLa~,OL/l9 c
f-i- Tailplane lever arm (aircraft c.g to tailplane ac)

Non-dimensional rolling moment derivative dlue to rate of roll, L,,/pV,Ss 2

INon-dimnensional rolling moment derivative (Ile to rate of yaw, L,/ 1'V,,Ss2'
1. Non-dimnensional rolling momrent derivative due to sideslip, L,,/;,V,,Ssq

Non-dimrensional rolling moment derivative due to ailerons, L.,,rtKSS
1,Non-dimyensional rolling moment (derivative due to rudder, Lc/iV,2Ss

M Moment about y-axis due to external forces
M,,M,", M.,, P~itching moment derivatives,
x,, M, 3AM1Jq, ,9M1,9u,dM1,3w, aM/a3i, OM/,7
in Aircraft (ruass

rn 1  Non-dimeInsional pitch ing moment derivative
to rate of pitch, M,,/pV,)Sf,.

in, Noni-dimnensional pitching momnent (derivative
dule to velocity increment along ox, M,,/PVISFT
Non-dimensional pitchinug momeInt derivative

luie to velocity increment along Oz, M,,, /pV,,Sf7-
rj, Non-dilnensional pitching moment derivative

due to rate of change of wv, M,hly!nfT
in,, Non-dimenisional pitching moment derivative

duet( to elevators, Mql/pV.S6'

N Momnent ab~out. z-axis du le to external forces
N,,N,, N_, Rolling yawing derivatives.
N,, N, aN/a7 ,, aN/ar, aN/a, a,,N/ac, d N/ac

Non-dimnensional yawing moment derivative due to rat~e of roll, N,,/Pt',,Ss 2

Non-diumierisional yawing moment derivative duie to rate of yaw, N, /PV,,.S s

7" Non-diirgo inua yaw ig mnomnen t der ivativye dluie to sidlesli p, N,,1/;V,,S.s
7,Non-dirmmensiomial yawing moment derivative mdne to ailerons, N 1/pV,~ss

it, Non-dimnensiomial yawing momnent derivative dule to rudder, N, /pV,,lSs



NOMENCLATURE (cont.)
Symbol Definition

p Angular velocity of Oxyz about Ox (roll rate), d/ldt
p IRat." of change of roll rate, dp/dt

Non-dimensional angular velocity about O,, 1,/dr
p Non-dimensional angular acceleration about o,, L2,/.1,

2

q Angular velocity of Oxyz about oy (pitch rate), ,t/St
4Rate of change of pitch rate, dqIdt
4 Non-dimensional angular velocity about 0.1, 1O/,T

q Non-dimensional angular acceleration about O7, {2/,Tr
2

r Angular velocity of Oxyz about Oz (yaw rate), ,hp/dt
R ate of change of yaw rate, dr/d
Non-dimensional angular velocity about Oz, ,hp/dr
Non-dimensional angular acceleration about O , q/Sr

2

S Wing planform area
Wing semi-span
Laplace operator

t Time
i' Time non-dimensionalisation factor, Yn/,,V,,S
17 Component of aircrafts center of gravity velocity along Ox.
Io Component of aircrafts c.g velocity along O in the initial steady state flight

Velocity perturbation along x-axis, U U.
itNon-dimensional velocity perturbation along x-axis, u/v,
V Component of aircrafts center of gravity velocity along oy
V. Initial flight speed
v Velocity perti'rbation along y-axis

Non-dimensional velocity perturbation along y-axis, ,/v,
W Component of aircrafts center of gravity vccity along Oz
Wn Component of aircrafts c.g velocity along Oz in the initial steady state flight
w Velocity perturbation along z-axis, w W,
? Non-dimensional velocity perturbation along z-axis, T,/V,,
X External force acting on aircraft along x-axis
X,,, X,,, or Force component derivatives,
X,,,, xR aX/dq, O X/au. o X/a,w,axle,1
X, Non-dimensional Ox force component derivative

due to rate of pitch, X,,/PV,,SPT
Non-dimensional Ox force component, derivative
due to velocity increment along O., X,,/,,V,,s
Non-dimensional Ox force component derivative
due to velocity increment along Oz. X,,,/pV.S
Non-dimensional Ox force component derivative
due to elevators, X,,/pvS

Y External force acting on aircraft along y-axis
Y,,, Y,, Y,, Side force derivatives,
Y(l 1, aY/ap, ,Y/cr, ,Y/0v, ,JY/Jc , OY/fOl

Non-dimensional side force derivative
due to rate of roll, Y,/pv,,S,
Non-dimensional side force derivative
due to rate of yaw, Y/iVsS
Non-ditnentional side force lerivat, ive
due to sideslip, Y,,/pvs

.. /cont.



NOMENCLATURE (cont.)
Symbol Definition

NonI-diniensional side force derivative
due to ailerons, Y /,V,'IS
NonI-dimensional side force derivative
due to rudder, 1,/pV,S

z External force acting on aircraft along z,-axis
1, xI-, u, Force component derivatives,

7,,, 7, 0 iZ/lq,fl Z/a3u,aZ/,9w, aZ/r 1
Z" Non-dimensional Oz force component derivative

due to rate of pitch, Z,/1PVS tr
NonI-dimnensional ()z force component derivative
due( to velocity increment along ox, Z,,/pv,S
Non-dimensional Oz force component derivative
due to velocity increment along Oz, 7 Z,l,,S

ZI Non-dimensional Oz force component dlerivative
(be to elevators, Z,/pV2S

Greek S) titols

Angular displacement of elevator
Longitudinal relative density parameter, tn/p)Se,
Lateral relative (density parameter, rn/psz

TNon-dimnensional time, i
[toll angle
Yaw angle
Pitch angle

00Initial pitchm attitumde
P Air density

Anmgul ar (lisplac'rmernt (if ailerons
Anmgu lar dlisplacememnt of rudder

L



1. INTRODUCTION
Inertial navigation plays an important role in air vehicle navigation clue

to its high accuracy over short periods of time, good performance ill a high
dynamic environment, total independence of external systems, and its irnmu-
nity to jamming. This is why, even with the advent of (PS Navstar (Global
Positioning System Navigation Satellite Tracking And Ranging) the Inertial
Navigation System (INS) is likely to remain a primary navigation system
with GPS, or some other system, continually calibrating the INS.

An inertial measurement unit is very sensitive to errors in its components
and their calibration. The resulting navigation errors grow with time. Be-
cause different error sources (accelerometer bias, gyro drift, mis-alignment,
etc.) cal produce navigation errors with similar characteristics, INS simula-
tions are necessary to study the effects of individual error sources. It is also
extremely expensive to test INS's by flight trials.

A simulated INS requires simulated sensor inputs, so the aircraft's dy-
namic environment must be emulated. A mathematical aircraft model is
required to obtain a time history of the aircraft's accelerations.

A program exists, FPG2 (ref. 1), which creates flight profiles from a
selection of four 'ideal' manoeuvres. 'Ideal' refers to the fact that the air-
craft's state is determined using simple equilibrium equations rather than
the flight dynaiioh. equations. As well as determining the dynamic environ-
ment (linear and angular accelerations) of the INS, FPG2 also calculates the
nominally true, or reference, position and velocity of the aircraft over the
Earth reference ellipsoid.

With ideal mnanoeuvres, the aircraft proceeds through the flight by exe-
cuting sequences of rotations and linear accelerations, which FPG2 calculates
from the specifications of each manoeuvre. An ideal manoeuvre is specified
by its type and duration, and some of the following: heading or pitch change,
linear acceleration along path, mnaxirnum allowed z-axis (See Figure 1 for air-
craft axes) acceleration, maximum bank angle, maximum angular velocity,
and the angular acceleration about the relevant axis.

In order to improve the fidelity of the FPG2-generated dynamic envi-
ronment of the aircraft (and hence the INS), it is necessary to include in
the simulation a mathematical model representing the six-degree-of-freedom
dynamic model of the specific aircraft. This document describes the aircraft
model and computer program (AcSirn) used for this purpose.

AcSim uses a standard six-degree-of-freedom aircraft model with pilot.
(user) inputs via the control surfaces; elevators, ailerons and rudder. A
State-Vector approach was adopted to solve the non-linear equations of mo-
tion simultaneously using a 4th order Runge-Kutta scheme. This scheme
was, implemented to compliment the 4th order Runge-Kutta scheme se(d
in F lG'2. An optional, so-called 'Eigen Analysis', is also available which
provides tire user with the longitudinal and lateral characteristic equations,
eigen valuc, transfer functions, and unit impulse response functions. This
analysis enables the user to identify the stable anld unstable modes of the
aircraft and provides aii indication of the degree of stability or instability.

lBecause FG'2 was written in "OIRT'I'IAN-77 and AcSim was written
specifically as an extension to I'(I:2, AcSiir was also written in FOR'IRAN-
77. AcSirm is imnplemented as a subroutine of FIP(2 and may be selected by
the FP(;2 user at, any tirime during the sirulated flight, as an alternative to
any of the four 'ideal' manoeuvrs. If ACSimn is called, the aircraft's linear



acceleration and angular velocity response to the user's control surface inpits
are determined by AcSim and returned to FI'G2 for further processing.

2. PROGRAM SUMMARY
The ideal manoeuvres of FPG2 are totally independent of the particular

aircraft, whereas AcSim requires that the aircraft be fully defined (See Ap-
pendix 1). If AcSirm is called the tiser must enter the aircraft data, eithvr
interactively or via a file.

Once the aircraft and its flight condition are defined the user is asked
if an 'Eigen Analysis' is desired. The eigen analysis consists of determining
the longitudinal and lateral characteristic equations and their roots (cigen
values). The longitudinal eigen values consist of the Short Period Oscillation
and Long Period (Phugoid) Oscillation modes, and the lateral eigen values
consist of the Roll, Spiral, and )utch Roll modes. The type (real or complex),
sign (positive or negative), and magnitude of the modes give the user valuable
information about the dynamic stability characteristics of the defined aircraft
at the specified flight condition. After the eigen values have been deterirniied
the user is given the option of having the transfer functions and unit impulse
response functions determined for each of the control surfaces.

Even if the user doesn't request the eigen analysis, the eigen value, are
still calculated. If, and only if, an atypical situation occurs (for example, an
unstable SPO mode) the user is notified.

After the eigen analysis is completed the user is required to enter the
control surface deflection schedule for the current sequence of manoeuvres.
A so-called 'manoeuvre sequence' consists of one or more control surlaces
(elevators, ailerons, rudder) being deflected. The manoeuvre is considered
finished when the time duration for required response output (user-specified)
to the current manoeuvre control deflections has elapsed. This data can he
entered at any of three levels, depending on whether the user has save'd
mnanoeuvre data files from previous runs:

I) l)efine control deflection curve. Control deflection curves are spv'c-
|fied by as many data )airs (magnitude of deflection, tiic) as ice-
essary to approximate the desired control deflection cuirve. ''his
data may be saved in a user-namned fininterpolated- M anocr vre-
S p.....nce-File (iiiMNq t")

2) Input previously saved unMSl'.
Once the control deflection curve has been specified, via I) or
2), the deflection curve is assumed linear between data pairs and
is interpolated so that data points are obtained at, every tinie
increment, At. The interpolated data may be saved in a user-
namned Manoeuvre-Sequence- File (MSI").

3) Input previously saved MSF.

The rser can input as many inaroeuvres as desired until the segmen,
duration, specified in FV(;2, has elapsed. I)ynatnic mian(euvres (AcSiur) is
one oit of a selection of five segIreni t types available it]" I' C2.

When AcSiin has the aircraft lata and interpolated control dl('flection
data available, the aircraft response( can be calculated. The linear acci'hera-
tiOns and angular velIcities are subsequently returned to I",'(;2 at each time
incremieit. ''im' timing is controllhd by I"PC2.

unnnnnm~nnu m Inl l~nl mnn[ a [ l~
nnnnnnnnn~nnnn
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Figure 2 shows tihe programr siiimary llowchart. of AcSirii. Figure 3 shows
the structure of suibrouitines for AcSini. Figuire 4 is t lie group of siihroiit iii's
w hich p erform s tlie vigen a iialY sis.

3. PROGRAM TIEOI{Y
'T'he general diyn amical eq iat.ions for a rigid aircraft ini hod a xes are

(p)12, ref. 3)

(1, 10P ,I - 0 ' t ') ) 1,0 /

'Thie aircraft iF acted upon hy thle external lorces, XNA Z along Or0i,,07i
re'spective'ly, anid the mromnenits oif tlii' e'xternal forces, abiot )O,,.( are

Note thiat the iniitial flight, speed'i vector is trlade cincidie'nt .'itlii Or. so
that t it(' aircaft's co-ordin ati' sys temi is dief ined hly a set. of s tabhility axis.

Aliso note thiat th ni'rot ation iisei] ill thIiis diiciin'it ail( ill thie AcSiji
source code for the aerodiynamlic derivatives etc., is tue( ltritisii svstetll (uised
in ref. 1). A com11par ison he twe'cn thiiis sys temnn and ftlie Amneric an sy ste 'i
given on p). xxi re'f. 3.

3.1 Eigen Analysis

Thel( 'l'3gel Analysis' nltilises the classical anaiytical dynariiic st abilit v
an alys is a pproachi. Th le ahove six tion-lii'a r iffe re ntialI equiiat ions are li-
('ar li( (onl the assum5 i IIpt ion tha ~t aniy di stuirbanIce's fromi s teadl Y v trillmed1( rec ti
linear ilotion are sniall) aindi nonl-di iii'risionalisi'ii. itecatise tile longitudlilnalI
;tnd( lateral smnall ilist iirhance equlatioins are unlcouled' (i.e longitudinal anid
at eral rn§tion are indepelnden~t) two sets of th~reeqllatiols ar' obt ainie'i 'Ilhe

chiaracterist ic equIiat ions aiid thiir roots (i.e cigen valures) are dieteri' nedilIl for
hboth tihe lonlgituldinlal anid later': I sets of equations. 'l'llw lorigitioinal andu lat-
eral transfer ftillctions and unlit, impulise response funlctins for inpults fromi
each oif the' thIlree conitrol su rfaces an' also dietermlined upon)1 u~ser re(ijlesir. 11
the user does's 1t requnest fil heigeiall aalysis to he pe rformeldci thenlly t it(,
i'igen~ valui's for the systemn are deterinledl anld anyV 1101-110rinal (11110 lillg
noit flie tyx'pe of res'sllt u'xpec ted' for a conlvenltionlal aircraft) condliitionls ari' ri'-

prtei'd to th le iuser. 'I' ll(, thieory for thIis vigell anal ys is is givenl ill Appendix 2.

3.2 Aircraft. Response D)etermnination

A State-V('ctor aupproachl wai$ adoptedi to solvi' the six lionI-lillear iltia-
tOIlS of rrnt1. il Si111111 ta isi isl isin- 71 foiurth oiirider Run11ge-K lit ta silieme.i

Th'eii st ati' vaniablecs were si'lIctedi s I I, V, W. anid p. q, r. Tllenr'fo re thle St at v
\ecftor is:

- I



it(e six nori-Ii itear i Irfere itjal t equations of inot ion (1-6) aire re-arranged
into a form sunitabnle for imrpilemrenitirng a IRungv-Krrtta rnurmericail solving
schiemre ( Rief. 5 and 6) ( Not-' tfriat, the rmass distribuiiton is assumrred conrstant,
i.v tioriss, in~rthA)! If ii, arnd symmnretrical about. tite roll axis, i.e I_,I, n

A ip A pq I -A A,/,

C (,7 ( I C2 ( ,N C~.r, 1,

whe lre

lihe torces ( A, 'rZ) arid momnrets (1_11',N) i tirig on tire, aircraft rous1.t
lbe derterrmined before thle euations of iriotoin cani ibe solived for thle ai rirafts
response.

Tihe external forces acting on thre airciraft, consist, of ineroulyrrariic andu
grayvitatijonia Icorn porren tAs, whle reais thbe mromrenits are 0only aerodlynoai c (Sinic e
tihe axis origin is at, the aircraft's centre of gray it~y ).

Thie ae rodl vniaric cormponients are ilerired rising linear aerrovfiarirics
aird tire, aerodl ia ic de riv~ativyes are assum i ed conistairt. No i-liii (a r ae roil v -
niirics arid /or rionr-con st airt ae roilyri a mic dr iivat ivies coilId bi' i ncorpol)rarted
if a spnecial rneedr arose. lint, for thre irrte'nded appulicartion both are unnrece's-
sary compnjlications wich woruldi requjire' ai rnrCl rMore diled ii aerori 'riairic
kniiowlIedge oif thie ai rc raft.

Appeni(1x 3 details tihe iiiterrrirrrratiorr of thre forces arid moimenit s acting
urn tire aircraft,.

Thie IiRuoge-Eritta 5OCITiVri to soli' t hr equiat ions oif miotion is iipleiiiertenl
iLS d e tai led iii A ppenrdix 4.

lire linear arccelerationrs aid( anguilar ve'locit ies rIi t rcurrnid to li'(:2
for fuirt her proceissinrg.

4. P~ROGRAM VAIDATrION
Validatiorn of thn' Au Su souirce' uode %NXX, ( arrrrd out bY first valirlt ing

Ire 'i'igern Analysis' si'Ctinni of thre programr.

Using ilata availairle' For a lfecircraft Bfoinanza (srev Figure 5 for th fi'datan
requnireud by Acin file summanirry ) thei A(rSimr l'ige'r Arrrnlsis was prerformed'u.
P art oif tire result fi le froTrI t Iis aria lv sis is riprodrceul it) Figure 6. 'T'e
chiaracteristirc equations, ('igeri varies, t ranisfer funictions, anrld unit impulnrse
rr'spnise functions (for all 3 conitrorl surfaces) were verifirdl as corrrct by1
manulal calculation onf tin' resulits iry tl alitnrtlor ini pre'viours striers.

To valirdate tw l i rgc'-littta rr'sjorise surinitiuri of tire rionu-lifiii'r c'qtia-
ins of mnotioni, somne terst runs rof th fir' ~runriin were' condiucte'dl Ear-l contrid

siiirfnce was defle'ctedl sr'paratr'ly using tihr scineridie dep'iictedl in Figiire 7. 'To
riralr someir compajurisorn, i rnumerrricail crurixi in schermer wars appjlie'r tI tn'
runt. impurnlse respnise fhrimins tio iobhkiii th ai'rircraft re'spmnse sril-irn tin
itr' litrr'nr strinrll-ulistunrlrni ' eu'rnatiomns of mot in (se'r Appenidix 5). Test

rins rdent icai tri th v lrr'errfirrrm-ri mm Aini Nwrrr conduiicte'd. 'l'itr' rr'srtirrhg
aircrarft Mttituniir re'sponnrses for lboth inolutions aire 'd...'wrn ini Figures 8a-,-. As



(-an lbe seen frn diese phlots, thre resulits agree qiit wiell wI f it h var altioria
attribhitahble toi difIfe rences biet ween linear and non-li near so luin is.

5. ASSumi-rIONS IN ACSIM
AcSirn makes assumptions (or rather, approximatrions) abiouit the airmirft

itself, which are:
1. It, has a Ion gi t tn al plane of symnimet ry, this beiniig tOle vertical planev

hroiigh the centre line of the fuselage. The mass (list rihition of thle
a irc raft, is ass ued symimre trical with respect. to th iis p~lane, so t hat

Note t hat G,. will niot be zero, unless ox and ():: are primo-ipal axes of
inert ia.

2. TIhe miass ritrihoition oif the aircraft is assiriied constant,. so t hat I h
airc raft, rass arid] inertias are invariant.

3.' lie airecraft is assuii ed1 to be a rigid body, thiat is. any dst ort i on of
he at rrct,re is ignored (i.e 00 aeroelastic efects)-

Linea r aerodyniiam ics is assulmed by AeS i n, an d thle aerodyniianmiic dleriva -
ties are ass iinie(I coilstan t. Th1 is ws dtoile to avoid Coll ip lic at ions andi to0

Iiii ii se thle ari on nt of aerodynamic dIata reqiredl to mode iO i vi aircraft.

6. CONCLUDING REMARKS
It shiould be ,;tr(',s,( that program AcSini is inipleenitd ais at sukiroi-

tine of FF'C2. AeSimi is an extension to F 1C2 to provide ft( i apabilitY, if
req ired, of a rmo re realistic dynamic aircraft reasponse. 'I'lle .. S in prog ramii
atrucire r and( thIie inplement ation of a thi order Iiinige- K t ta a~hmeI 'iu were
writ. ten ex p1ic ity t o coimplimerit, F PC2.

AcSinr could lie mnaide into a stand-aloneC aircraft sinnolation miodel, foill
501V TIi ic i fi leat ion to th le code wonuld be necessary. Ili part ic ilor, thIie a irecraft
alat iide, which is currently passed into Ac~im~ froiri I"PC2 as at direct in
cosine matrix. would have to he corrupuited in AcSimr. Also, sortic iioifiiat ion
to the p rogram rnt. nect re andi tirni ig wonuld lie reqiredl.

'Thle Aes im n sou cre code validation presenteid in t Iiis docuenii t d oes leji if
ereibility to AcSini resuilts, however a non-linear solution to fiirt her validate
thn' Cmfe will he forth1com~inig. TIhis will p~rob~ably coiustitoit.e aii A .( .L

Adrvancedu Conitiriioiis Sim latiori Language) model.
Ar Simi couldl he dlevelopedI in the future t~o iiucorporakr such th1ings as:

rioni- liii(a r a erodlyniiarmicis, non-consati t aerod yniamnic dir ivativyes, or a ii-

ri oe' v r( an to- pilot. Ciurren tly, AeS im req n irea thle ruser t-o fly th le a irecraft
hy s peci fyinrg a series of con trol anurface nlefle tions . 'I'l' s inakes it. ifflicuilt.,
withuit mranly trials, for tOl' riser to successfully fly a dersi redl II iglt profleI.
To ove'rcoeiiir Oo handlirng probhlermr, somne kind Of iiiainliv re spnecification
routinie (aiito-rinaiioctivre pilot.) coruld he set, up to provide iOre riser uvif, fi I'
rrlition of flying Iry de'lectirng Controls or huy riauoerivri' aa'eifieat imns. .rie
dna riti vre s peeci fica tions woul1( neeud to comrprise, si mcl i temis as; Iiviadiii g, or
pitch change, riiaxiillmi roll or pitch angle, Iuaxinrilili linear airil angular a(-
c'l('rat ions, ec. 'Ilhic re'levanit controls would then' Ire nlellet~cd to iirfra iii tHie

MiixirTirii s1)('eifie-d aCCelerations anid arrgle's, arid then nlellceierl iiit, Ii eoppo-
site Sellse to re'ach a ste'ady condition at appiroximna tely the' ilrsir'r aii rcraft
stati'. 'This type1 of ri arroevre-spe i fying flying couild easily Ire iiieirliirat('i



into the structure of AcSim by using the mano uvre specifications to deter-
mine the required control deflection curves. The mianual input of the control
deflection curves would then be by-passed. Once the cntrol deflection curves
are input or created, the rest of ArSirn would run as usual. Work in the field
of manoeuvre auto-pilots is currently being done at AIt,, an(d could be in-
corporated into AcSim if the need arose to develop AcSiin further. At, the
moment no future development, of AcSitn is being planned.
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APPENDIX 1 Aircraft Data required by AcSimn

The program requires data to fully define the aircraft and its flight con-
dition. The program will ask what units (SI or Imperial) the user is using,
and so all subsequent data must be consistent with the the specified units.

To define the flight condition the following data is required:
Air density, p (slugs/ft3 or kg/in3 )
Flight speed, V, (ft/sec or m/s)
Initial attitude (pitch angle with respect to Earth), 0,, (degrees)

To define the aircraft, the following data is required
Mass of aircraft, rn (lb or kg)
Wing planforin area, S (ft 2 or m

2 )

Longitudinal data .
Moment of inertia, /,,, or I1 (slugs.ft2 or kg.n)
Tail lever arm (aircraft c.g to tailplane a.c), I-r (ft or rn)
Longitudinal aerodynamic derivatives (dimensional or non-diiensional):

Z" I Z", I z11I, Z"
Sr ,, , m w , m , & , r n i

Lateral data :
Moments of inertia I,_ I_, and I1_ or A,C, and E (slugs.ft2 or kg.in )

Wing span, b (ft or rn)
Lateral aerodynamic derivatives (dimensional or non-dimensional):

n _ ? ,, n nr, n,

1,,1, u ,I1I1



APPENDIX 2 : Eigen Analysis

A2.1 Equations of Motion

The six non-linear differential equations of motion are linearised and
non-dimensionalised as given below. Because the longitudinal and lateral
equations of motion are uncoupled we obtain three longitudinal and three
lateral equations. The equations are linearised on the assumption that the
disturbances from steady trimmed rectilinear motion are small.

Longitudinal Equations of Motion :

z,1 211,, (1 s/, tanOi-,i

,, ~ ~ ~ , __ M1,, , S 0 ,t m,

Lateral Equations of Motion

l" LaS La '2 L

1. 1. 1,Sn

A2.2 Characteristic Equations

The program calculates the characteristic equations (longitudinal and
lateral) by evaluating the determinant of the matrix:

S+ A 1sF C Ds K

F Qs 2  1. Gs 1 I Is' | Is I K

( Ms - Ns 1 0 s2 I's

The coefficients (A .Q) are set at the begining of the subroutines (Long
and Lat) to correspond to the relevant equations of motion.

Longitudinal Characteristic Equation

T. sF
A,,,, de s z,,, 1t i tan

AA,,  f I ,Bs2 I Cs 1 1) D

Lateral Characteristic Equation :( i,, ~ -s - k (I i-a~ s I k'
A ,, , et El I, . , s s

As ,, 5
2

- s I ,".' s
A A s' lls'

l
(s

:
1 1)1).52 I KEs



A2.3 Eigen Values

The roots of the characteristic equations are the eigen values of the sys-
tern.

Longitudinal Eigcn Values

The roots of the longitudinal characteristic equation are then calculated
Using an iterative method (see Ref. 3, pp207-9).

For a 'conventional' aircraft we expect a solution of the form:

Ai ..... (S -S,)(sR S2)(S - S3)(S 54)

where,

subscript 's' denotes Short p~eriod Oscillation
subscript 'p' denotes lPhugoid Oscillation

*denotes a complex conjugate.
non-dimensional dlamnping factor
non-dimensional frequency

Lateral Eigen Values:

The roots of the lateral characteristic equation are found using an itera-
tive method (see Ref. 31, pp)2I1-13).

For a 'conventional' aircraft we expect a solution of the form:

A,,, , (A q - s,)$ 2$)(s s,)(s s")

where,
'I , I Roll Inode

$ 2 T Spiral muode
S3, a-, 1ZW3 Dutch Roll mode



A2.4 Transfer Fumctions

Transfer functions are the analytical relationship of any parameter to the
input of any other input. That is;

"I - Transfer Function relating any parameter, X, to an input, Y

Longitudinal Transfer Functions

c.,(.s) A,,,,, "' (s) A ' ,A

The numerator of the transfer functions are determined using Cramer's
Rule (see Ref4. pp318-21)

det z) s z,,, (1 F -")s I . tan ,,
'K j m , aLm:. -,~m,, I, -'I,

= UAs
3 ± UBs2  

UCs -1 111)

=det -z Zsau 0,,

IL I - :,: I ,

tVA,'
3 

± IVl1,
2 

f I/Cs f 'I)
( s -3:,, 32, ... ,.

A", det Z--z,, z",,ILI "I, II ~ , "1,S i, 7", ,7L
r t l 
Tfl, /1,77 Jt, 74

A 7'A
3 

TB "s,
2 

.i T('s t T)

Now, we have;
Using partial fractions to obtain a form that has a Lap)ace inverse:

G, A" UAs,
3  1 i UCs i UDI

A,,, (s - ,)( ;)(, - ,)(, - )

A A' 13 B
s s -5: ,5 53 $ $3

A ' VAs
3 

IV Ws
2 

I Ws F WI)3' (s+) A,,...... ( , ,)(s s' )(' ,s+, )( - .+

A A' B B'

'a A' 'As
3  

Tls
2 

F T(', I TD

A A' 1 IP"

5 S] S s5 5-$3 1

The complex partial fraction coefficients A and 1B are determined by
multiplying and equating coefficients.



Lateral Transfer Functions

A"l AV,

The numerator of the transfer functions are determined using Cramer's
Rule (see Ref 1. pp 3 18-21)

det (L 1t
ti ~2 ~ 2

nM d S4

V As' j V 11,
3 

1 Vs 
2 

1 V1,

'A 'A "RAs3 
+ -fYB.

2 
+ RC. - RD

A A5 (lt -YI,, V s - I

Now, we have;

Using partial fractions to obtain a form that has a Laplace inverse:

A A A. Aj) V As
1 

4' V s
3 

f V (S2 i- V I).

A, ... ..(+ )(6 $3)(s - )(5

1. 1B2 C "
, 3 $2 5 , - 33 S ,3

A" RA,'R 2R, -R
AA.('1

" - A , ... ..(., .,)(5 .'-)(s 53)(. .3)

BI 11-2 C ( I)
S -2 t 3 ;1 s

1, 1 - I 1)AA.;' C" AA. A ¢ Y4,'s ! Is- 4- V(. 4YD
A1,2+ ... . sj+,(s .'-)(-+ s- ,+ .+')

lit lB C t/ I)

S 81 S $2S S -- 5
3  

s' S

The real coelicients f1, and if, and 1) and the complex coefficient C are
determined multiplying out and equating coefficients.
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A2.5 Unit Impulse Response Functions
Unit Impulse Response functions analytically define the response of any

parameter to the unit impulse input of any other input. That is;
h- = Respo-nse of any parameter, X, to a unit impulse input of Y.

'raking the inverse Laplace transform of the transfer function yields the
Unit Impulse Response function

where
Y(S) C_ '17U IMPUISe!

Longitudinal Unit Impulse Response Functions

h 'CA"""' Ae'" f A'e";' + Be"" J We'"

2IAIe"'' cos(wJ + /A) + 2IBIe""' (1os(w,,r / H1)

See Appendix 2.1 for the above manipulation of h,.

Lateral Unit Impulse Response Functions :

h6.1,0 (7) a 13 -- "'. 112 -e"' 2-e0' ,COS(W 3 r f- /C I' D
6 A)AW AA A A A

See Appendix 2.1 for the above manipulation of h-'.,)'

(Note : I) 0 for hi'.)

A2.6 Atypical Eigen Analysis Conditions

If the user doesn't request the eigen analysis to be performed then only
the eigen values for the system are determined and any non-normal (meaning
not the type of result expected for a conventional aircraft) conditions are
reported to the user.

The atypical conditions include the following;
- Characteristic equations

- .5 coeflicient in Long-CE not equal to zero.
- s0 coellicient in Lat-CE not equal to zero.

- Real roots for Short Period Oscillation mode.
- Positive real part (unstable) of SPO mode.
- Real roots for Phugoid mode.
- positive real part (unstable) of Phugoid mode.
- Complex conjugate root for Roll and Spiral modes.
- Real roots for )utch Roll mode.
- Positive real part (unstable) of Dutch Roll mode.

LI l l l i



APPENDIX 2.1 Manipulation Of h(,)

h(r) -Ae
1

-" )' 1- A- ' I

Aee-"' J- A'e"- -

Using :e.1 -c-x six
h (r) Ae"'~(coswr F sinwr) I Ae"~(cos( --wr) t zsn( -W))

eJA(coswr + zsin wi) F A*(coswr ? sinlwr)

e" [(A IK) coswr If i(A -- A')sinwr]

now let A I
A' A - jA

SO A fA' 2A
and A A* 22i

therefore
h(T) 2e"~[A coswT - A siflwrj

21AIe"' A WIi - '

where JAI is the magnitude of the complex numbher A

iLISO, cos /A --

anl( ,in /A -"

(Z A is the argument of the complex number A)
therefore

h~)- 21A je"'[ cos / A cos w sin /A sin wrj

Now, using :cos xcos y sin xsin y1- cos (x Y

gives
h(r) -- 2IAI(e' coq (wr I 1A)



APPENDIX 3 : Aircraft Forces and Moments

The forces and moments acting on the aircraft are represented as a steady
state component together with components due to perturbations about tile
reference steady state, taken to be symmetric wings level (but not necessarily
horizontal) translational flight.

A3.1 Forces

The forces (X,Y,Z) each consist of an aerodynamic component (XY,,,Z,,)
and a gravitational component (X,Y,,Z,,).

AerodynamicForces
X- X.,, f uX,, 4 wX, qX,, 4 X(t)

Y, V, f0, 1 pV'., rY, f Y(t)

Z ,, , 1 itZ,, w,,, I qZ, I Z(t)

The steady state values are

X"'. rg sill 0
Y-, 0

Z~.=-mqcose 5o

The time varying components for this application are due to the control
surfaces only (time varying excess thrust is not be incorporated but could
be if neccesary) :

x(t)V I() x ()

7(t) - (t)v 7, ( v
z(t)= 7z,

GravitationaJForces
Because the Flight Profile Generator program keeps track of the aircraft

attitude via a direction cosine matrix (I)CM), the need for AcSim to calculate
the angular displacements of the aircraft is dispensed with and the gravity
vector components are determined using the I)CM sent in from FPG2 at
every time step.

The gravitational forces are;

[ , ,,mt [I.

where C(T is the transformation (direction cosine) matrix from Navigation
axes (local North,East,Down) to aircraft body axes. The direction cosine
matrix from Body-to-Nay axes is calculated in Fl'G2 and is sent into AcSim,
and since (N -- (C1}) we obtain:

X, (,' (I,3),tg ( '(3,l)rg

Y, C < (2,3)rnzq C'1.(3,2),ny

., - 1 (3, 3)m- C" (3, 3)mq



A3.2 Moments

The moments (L,M,N) consist of aerodynamic components (L,,, M,,, N,,)
only. The moments due to gravity (f,,, M,,N,) are zero since the body axes
origin was chosen as the aircraft's center of gravity.

AerodynamicMoments

L,, -L, v,,, I L, , t rl,. - l,(t)

M,, = M,,,, f uM,, wM,, t IbM,,, I qM, t AI(t)
N,, - N,,,, ± v N,, t 1)N,, t rN, - N(t)

The steady state values (L,,,M,,,,,N,,,) are zero, since the aircraft is ini-
tially in steady wings-level trimmed flight.

The time varying components are:
L,(t) - (t)L i drt)L,

M(t) - (t)k,,

N (t) c(t)NE f <(t)N,

So the force and moment equations, in stability axes, are

x = (:(, l)71q f mgsiI E),, + (11(t) - V)X,, ; W(t)X,, Y q(t)Xl r-

Y = C'(3,2),,g I v'(t)Y,, F p(t))', f r(t)Y, I (t)Y, I -(t)Y,

Z C '3(3, I)mg m9cosO,, I (11(t) - V0)Z,, W(t)Z,,, f q(t)Z7, r(t)Z,,

L V(t)[,,, 4 (t}L,. 4 r(t),, 4 $(t) ,

M (ifu(t) V") ,, - W(t) ,,, I ,'b(t)M,, I q(t) At,, - ii(t) Af,,

N - V(t)N,, F p(t)N,, I r(t)Nr 4 ,.(t)NE I :(t)N



APPENDIX 4: Runge-Kutta Implementation

FPG2 uses a fourth order Runge-Kutta integration method, which re-
quires the aircraft state data (linear accelerations and angular velocities) at
the beginning, twice at the middle, and at the end of each time step. In
order to achieve this AcSirn also uses a fourth order Runge-Kutta scheme is
implemented as follows

At t -= t,

get SV(,,, using siVl,,

k, -- AtSV,,

return to FPC2 with SV and sili,,)

At t t, f !At
get 's7 ,, , l ," 'i'l,. 'A,

get sVft.. , using Si(' ,,

& At's

return to FP(C2 with S'i, + and ,+' ,

At -- t At
get S , Iitj,'.

get uts ing

k, At V11

return to ,'l'(2 with ,v, ai l s i, , Ai, '

At t, At

get ~

get SI 1 n~ig s, ',t
k~ At. V

return to VFG'2 With St 'I.,,I a rid ;i~l I l
andI update:

it 1V 1 At



APPENDIX 5 .Numerical Convolution Solution
Once all the unit imnpulse response (MI R) functions and their dlerivatives

are calculated the response to the given control deflections (forcing function)
is found using a numerical integration technique: numerical convolution.

The Convolution theoremn (ref. 4I) is:
If f(t) and g(t) are the inverse Laplace transforms of F(s) and( (;(s).

respectively, then the 'nverse transforin, h(t), of thre product 11(s) F(s)(C(s)
is the convolution of f(t) and g(t), and is defined by

h(t) J fMr)q 0), 1

The algoritlin fotr tnmerical convolution is:

wheore,

t A t tot e at center of t", interval
1, valuie of reponse at center of,"' interval
f, value of input, function at. center of t' interval

hvalue of 1111? at thre end of t"' interval
ntumbter of intervals forcing function is divided into.

Note that in thre above algorithmn f fft), and] It b4'1. ILt it thte vigeln
anlalyNsis thleor y the t intie is it n-i i mension al iseil (r '), henrce we ol la it

h i).Therefore we rniist rise f f(r) and At titist bte replaced Ity A7 2f

Wev call think of this inethod wq rising the 114 Rs as influence ctiellicietts,
hat. is, thle respounse, say at , _ is the sniinnitttiin oif t he forcing fi),I ion

at ( t, for o(t, - t_, multipliedl by the MRIl, with thIe [Ak~s origin 'dtitttd
to t t, (so that the tinie between thte application of ft(i force, at I., ld
lie response. at t_, to that force is t,, tj. li orde(r for this tot le dtote

itti1nterically t lie forcing fuiiction is dividled intto intervals of- widt It At.
[The elenITenItS Oif the forciitg function tire conisidleredl itupilses of tta;gi-

tde f(t fAt acting at the Center of the initerval. So. thei responste say N:. at
ttis foundti front

X(t. fht,)hf',, t')At ,fft,)h 1 ( tjlAt I (t f fr .,AI

WVhen respotnmses are c aicti ated for paramte ters with It I Rs It' cd f ron t
other IJIRs, an xtra termy rittist be aided to the resultsdiuirinig t lie ipplicatiott
of thre cointrnil deflection. To idemionttrate t hiis, cotnis itder t6ldr

,bi' It'



FIGURE I Aircraft axes and notation
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FIGURE 2 AcSim Program Summary Flowchart
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FIGURE 3 :AcSim Program Routine Structure
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FIGURE, 4 : E igen Analysh, Subroullne Group
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FIGURE 5 : Bonanza Data Summary File

***AIRCRAFT DATA FILE***

Air Density = .002000 slugs/ft^3
Aircraft Mass 3000.000000 lbs
Moments of Inertia :
About Roll (x) axis = Ixx = 1200.000000
About Pitch (y) axis = Iyy = 2000.000000
About Yaw (z) axis = Izz = 3000.000000

Products of Inertia :
About x and z axes = Ixz = 100.000000

Wing Planform Area = 181.000000 ft^2
Wing Span = 33.500000 ft
Tailplane lever arm = 15.200000 ft
(aircraft c.g to tailplane aerodynamic center)

** LONGITUDINAL Non-Dimensional Aerodynamic Derivatives

xu = -0.019 xw = 0.056 xq = 0

zu = -0.197 zw = -2.12 zq = -0.269
mu = 0 mw = -0.306 mq = -0.356

mw dot = -0.0083
x eta = 0
z eta = -0.4
m eta = -0.43

** LATERAL Non-Dimensional Aerodynamic Derivatives
yv = -0.32 yp = 0 yr = 0
lv = -0.06 lp = -0.35 lr = 0.028

nv = 0.081 np = -0.039 nr = -0.123

y ail = 0 y rud = 0.02
1 ail = 0.02 1 rud = 0.005

n ail = -0.003 n rud = -0.1



FIGURE 6 Partial Eigen Analysis Results File

** Eigen Analysis Results **
--------------------------------------

** Flight Condition : Speed = 290.000 ft/sec **

** t-hat = .889 **

** LONGITUDINAL :

** ------ -**

*Characteristic Equation =1.0000 s^'4
** + 7.4676 s-3 **

** + 63.3017 s^2 **

** + 1.2716 s **

** + 1.0852 **

** Short Period Oscillation (Complex roots) **

** (sigmaS +/- i*omegaS) **

** - Non-dim Damping Factor ,sigmaS = -3.7247 **

** - Non-dim Frequency ,omegaS = 7.0197 **

** Phugoid Oscillation : (Complex roots) **

** (sigmaP +/- i*omegaP) **

** - Non-dim Damping Factor ,sigmaP = -. 0091 **

** - Non-dim Frequency ,omegaP = .1308 **

** LATERAL **

** Characteristic Equation .9972 s^5 **

** + 9.0336 s^4 **

** + 21.3877 s^3 **

** + 94.4173 s^2 **

** + 1.4745 s **

** Roll and Spiral Modes : (Real roots) **

** - Roll damping factor, sigmal = -7.8596 **

** - Spiral damping factor, sigma2 = -. 0157 **

** Dutch Roll Mode : (Complex roots) **

** (sigma3 +/- i*omega3) **

** - Non-dim Damping Factor, sigma3 = -. 5917 **

** - Non-dim Frequency, omega3 = 3.4138 **

************************* **



FIGURE 7 Control Deflection Schedule

f(t) conitrol surface dleflectioni (degrees)

1f. peak dleflection 10"0
duirationl of peak -- 0.5sec.



FIGURE 8 : Validation Test Runs
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FIGURE 8 Validation Test Runs (cont.)

Roll Angle Response to Aileron Test
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FIGURE 8 Validation Test Runs (cont.)

Roll Angle Respons- to Rudder Test
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A six-degree-of-freedom model is used to simulate the user-
defined aircraft. AcSim implements a State Vector approach to solve
the non-linear equations of motion simultaneously using a 4th order
Runge-Kutta scheme. An optional "Eigen Analysis" can be performed
which provides the user with longitudinal and lateral chartacteristic
equations, their roots (eigen values), transfer functions and unit
impulse response functions for the given flight condition.
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