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1.IN |ttODUC] lON
The.:tesitn and development of mo.:tem aircraft makes

extensile use of flight simulations. A vast range of
problcms is opcn io invcstigation on snnulators. Thc
esseniialfeatureof allsuchinvestigationsisioinirodLrce
the pilot nrio a closed loop control situation, so that
accountis taken of his capabilities an.t lintitaiions. The
u.p, c Jlior i,.1,. Ihi.l,inrl'-LruLnd .lll e.,pe-;rnFr-
til conditions, hisbehavior in thesimLrlator mitcheshis
bchavior in the flight situation.

It is importani therefore, to establish the right simu
lah)r for ihc research investi8aiion h'hich is planned.
Ext€nsive simula iion fa cilities are requ ired thro ugho u t
theprocLrrementcycle of large and small aircraf t projects.
The chojce of aircraft configuraijon $'ill be innuenced
by early sirnulator evaluntions, trade off siudies lvill
deternine the b.ll.lnce of airframe and equipmeni. At
the design phasc, aspccts of stability inct control, and
the prinraD' flightconirol opiions $,ill besinul:1tcd. On
t]\e other hand, human factor considerations of the
dcsign, such as cockpit hyoui, control, displays and
crclv workload willbeassessed. As hn rclware becomes
rvailable, it is incorpornted intoengineernrS simulaiors
for evaluaiion, ancl betore night, the sinrulator will bc

vaLUIllE XtX. NA. 4

used for pibt familiarization. Fli8ht test clcaran.a will
besupplementecl byparallel activiticson ground-based

Engineerhg flight simulators are playinS a rnore and
more important role in the design and development of
modernaircraft, researchonthe man machine in terface
and for licensing, certification and accidcnt invesiiSa'

This paper discusscs thc mathcmatical modelin8 of
the aerodynamic, flight control, propulsion, ground-
hanciling and environmentnl characteristics of ihe air-
plane, startnrg from the general equations of airplane
nrotjon. The enlire moclcl is cvolved and implemented
on the parallel digital computersystcm constructed by
a number of ncw VLSI single chip computers,
TRANSPUTIlts- Thc princ\iles of computer gencrated
imaBe, computer display of aero'meters and sample
systcms are discussed. The paper deals with ihe hard-
wdre and sofiu,are integration of the engjneerinB flight
sinlulator conponents and the testing of ihe complete
flighisimulator.

Iinally, the succcssfril applicationsof thefl ightsimu-
lator to ihe several kindsoflightairplane arepresented
The fljghi performances of the airplancs rvere dcter



mincd on thc simulitor/ and ihe responscs io conirol
inputs of fljght of the AD200 light canard-configlrrcd
airplnnc designed and manrifacilrred by Nanjlng Uni
vcAity of AeronaLrtics & Astronautics (NUAA) r'ere
.xraly,c.l and compared rvith experimental daia. The
snrLrlaior canbe usecl for ceriification and design devel-
opmcni of lighi airplane, researching flying qualities
and control systcm rcquirements, pilot iraining, and
evaluaiion ofconpetitive designs and operational pro

2. MATHEMATICALMODELINGOFANAIRPLANE
Thc basis of any flighi simuiator - as mentioned

before - is the mathematical model, includin8 ihe data
packate describing the characieristic features of the
airplane to be simulaied. Airplane mathemaiical nrod
els may be obiained from theoretical analysis, wind
tumel measurem{rnis and flight tests. Thissection pre
sents the mathenatical modcling of the aerodynamic,
night control, propulsion, groun.l+andlhg and envi-
ronmenial characieristics of the airplane, starting from
the most general equations of airplane motion. The
simulation ofa complcic missn r,from take-offioiand
rr g r'rc.l-tlt<n 'rr J.r,..'cqJ.'lirr,"fnJli,'n.!u\, i .;
the full fliBht cnvclopc.
Equntion olMotion

The motions ofanairplanc arc affcctcdby theexler-
nal forces(F) and noments(M) resulting from flight
throuth the a hnosphere, engine thrust and landing Bear
forces during take-off and landing, actnlg on ihe air
plane. The general cquatiorls of motjon of a rigid aircraf t
in the body axcs rcfcrence frame read (a)

F- - -pr.b t t X - D. (u+e/ra)
F, - -Dtad,.!..+ 7 . D, (hn-tf,) 1a

r- - -atra.. Nr+ Z - E (ht*iu)
u. - t - t-JF,-(14r.)-I-(*rd-rryk-' -o,-L)rt
t+ - Y - I,e-I-(r'-t')-I-(t+.')-L-etd-(L-Ua 1b
K- . N. r.rlab4q.rl..(q.rprr-(t-jr)-(t -1,)n

To ihe Equarions (l) the kinematic Equations (2) shor.rld
be addcd, expressing the relations be twcen thcraiesof
change ofthe airplane's attftude angles an.l the anguiar
yclocities about ihe airplancbody ares

Eround contact (LC), rcsults in the following general
cquations for the exicrnal forces and moments in

x -lr'stc,.t+x - +x,

r -+tY'slc,.t + t d + t,
z -Irv'stc,.) + z a +2,

t - !t'st<c ,.1 't r, - + t,
u -lrv'sr1c-.1+ u -+ x,
t -!rcv'sNc..l+ tt, + x,

3

Thc Atrorlttnnnic Madcl
Thc aerodynamic forccs and moments in Equations
(1) Lcsult from flight $rough a volLi,ne ofambieni air
,1 rcsl, relatirc to earth. Addint the contributions of
the forces aD.l Druncnts dLre to atmospherjc turbu
lence (t), enginc operation (T) and lanl:ling ge.rr
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The general non lin€ar aerodynamic model of light
airplane, h terms of dimensionless Iorce and moment
cocfficierts in Equations (3) becomes

.d,

c.- c,. + c,. ..+ c 
", 

. <it+ c.,ffit* c., . tf;t
+ c o,, . 6, + c,,, . t. + c,t, ... + \ac.)t

c,- c\. r+c,,,qfts+c,. '@t+c,,.. r,

c,- c 1,. t + ct, ' r+t+ c,..4)+ c t,. ,.,+ c \, . t,

c -- c-, + c -, ,.* c-..9Jt, c-. . ti) t c -, . tfv)
+ c,,,,,+ c4,, tt +(ac.t.,

c,- c,, ' t + c., . g+)+ c...9js+ c.,. .r.+ c.,, . t,

To obtain the aerodynamic forces ancl moments, a
systematic empirical approach (11), bascd on ihe
Datacom (8) incorporatnrg some rcsul ts of reference (7),
ivas developed to predict the stability, control and hnrge
momeni derivatives in the preliminary dcsignphase of
general aviation airplancs of conventional, canard or tri,
surface confiBuniion !viih a satisfynlg accuracy.
Ettgin. Model

An engine model must first produce ihe correctvalue
ofstcady thrust tocorrespond with the pilot's demand
ihrough hjs po*'er level.

ln the case ofpiston engined airplanes, thecomputa-
tionof the coniributions of the propeiler/engine combi
natiorl to the extenal forces and momenis canbe foLnd
h the references (7) (9).

Entnre power as a lunction of the engine speed,
manifoldpressurc nnd airdcnsityareobtained from the
'enginc polver chart', as given by dle enSine manufac

Cr o u n d-l t an dlin :1 M o del

c L. c L. + c,. . 
'+ c,.. qt+ c L.q+)+ c,.

+ c t,, . ,.+ c r. . tt +(ac L)..

l- eritawt + Mr..ct
,- scott -ttt,
a- D + rtitr tat t lreartul

TECHNICAL SOAR]NG



t
Ground h.rndling simrdation became an nnportant

itcn, sincc thc arrival ofvisual sinuhtbn sysicns. For
tlte sirnuldtiorl of tax)'nrg, tnke-off and landing, thc
rr-lhcn.Jr:, Jl rn"dcl "f .l,c J rcrrlr-unJrr.JI i ,de i.
necessary. Providing simple ground reactions suffi'
cieni tobalame ihe airplane's weight can be done by a
sinplc spring an.t damper nodcl, $,iih cxira damping
o recoil. for some tasks, however, a morc dctailcd
nodcl nay be ncccssnry, b irtcludc tir!'s and brikes,
anti-skid systcms and nosc-whccl stcering (1).

Additional features may need to be nrcluLted io repre
senisuch in fl L,ences as 'sround effect' (s), (8), rvhereby
ihcprcscrlcc of thc ground closc io ihe airplanc during
take off and landnrg so constranrs the airflow around
the airplane thai the forces acting differ markedly from
those applicable io the same configurauon in lree air.
TtrbulcncL and wndshcar

Ahnospheric turbulence, rvnrd and win.lshcar dis-
turb iLrc aircraft motions. Modcls clcscribnrg thcscphc-
nomena are therefore esserti.rl h fliglit snnulation (1).

A full atnosphcric modcl nccds to rcprcscnt a num
o.r./lr.l,,lr..ll,. unrncpo ,lr tl -J fl,Lo ol"-
dcnsityand tcmpcraturc wi!haltiiu.le, ascicfincd by thc
Iniernational Standard Atmosphere. These properties
nt.ry be called atmospheric strtics. A wnrd envirolrment
is also neec]ed, in terms ofmean surface h'ind for take
otf and tnnding, and rvincls at altiiude as they affect
performance on a route schedule, for example. Associ
ated s,itLrwind, ihere is usually iurbul(rncc, thc cffe.t of
whlctrcan range from a distraction and .ijs hrrb.nce ill a
precisc task, toa desigrrcase for control a othori t), or for
crew ride comfori. Methocls of moclclirrg iurbulcnce
have inprovccl in reccntycars(3), (6)asa rcsult(,fac!n (

rese.lrch into the realworld environmenl. N{ori'cxircme
ilmospheric phenomcna arc also norv bcnrg modclcd.
Whd shearh.rscnused sev€ral mnjor acci.lenisand is a
lc8itin1at( itcn io bc snnulaicd, ejther for rcscarch hh)
airrraf! dcsil]Il o. for training pilois b rccognjze nnd
counter it ef fectively.
IMI'LEMI.:N'I'AI'ION ON
I ITANSPUI'EI(S

The mathematical models ol airf,lancs
meniionecl nbovc irc dcscribcd by sys-
lelnS of ordinnrv diffcrential cquations.
These equrtlons llrst be solved io lenrn
lrorc about ihe rnodel, to study the eflect
of vir) ing parameters, or to control ihe

I Iisiorically, nralog, digital and hybr
compulers hive bcen uscrl to obtain soltr
tions ot this nl.lihenlatical mode1. A single
proc(ssor digit.ri contputcr is the nlost
widely used.lliefl rative at the curreni time.
(]l1 ihis, as ihc model bc
ple\ and ihcsolutiolr iirnc incrcJscs. I'rral-
Iel digital proccsshg can rlso be uscd kr
obt.rin the solLrtiul. l)u( Lo the lijgh har.l-
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ware costs and pro8ramming clifficulties only a fcw
such systems are in use ioday. Howevcr, rcccnt devel,
opnc, t: .,, \ lrl l..lro.o8y -re rdpi-ly n ^!in8 ur
favor of parallel digital processing.

Thc cntire modcl is cvolvedand implemented on tha
parallcl digiial compuicr system consirul:tedbyanum-
ber of ne!v VI.SI snrglecllip computers,TRANSPUTEIts.
This paper deals with thc hardware and software inte-
graijon of the engnreering flithi simulatorcomponents
and the testjng ofthe cornplete flight simulator.

figure 1 is a block diaSram of thc engnrering fiight
simulator with lixed base, in i{hich a Transpuier net
receives airplane positjon and attitude data from dr
root compu ter and da ta representing thc terrain, a irfield
etc. over rvhich the flighi takes place.In the CCI system
ofthe simulator the appropriate part of the visual data
base is selcctcd and passed tothe geometricand display
proccssors. Transputcr net genorates the video signals
rcproscnifig thc scnse and the deflection si8nal to p ro
jecbrs for projecting on ihe screen.
nrc Tra'tspttcr dnd Occan

The TranspL,ter is one ofa family ofnew VLSI sin8le
chip computc.sbuiltby INMOS Corporatjon. The T800
Transputer contains a 10 MIP (milliolrs of instructions
per sccond) 32-bit processor,4k bytes ofon clip ILAM
nemory,I/O interfaces, and a iimer. The Transpuier is
packaged in a ph grid array about one nlch square. If
necessary RAM and I/O canbe expanded using addi-
tional external devices (12). The Transputer has L\e
distinction ofbeinS one of th€ firsi desitns to incorpo
rate several hardware features to supportparallel pro
ccssng. This pcrniis any number ofTransputers to be
. ,,. I J I. d.rr, r : pr-.rllel J'roce.,.rrg
sysicn. Exisinlg languagcs require a few exiensions to
sut tort parallcl processnl8prjmitives. To do tlis INMOS
hascleveloped Occanr, a high level langu agc supported
on ihe lransputer. Occam is a simple block-structurcd
Lrnguage that supports both sequential and parallel
programmnrg on one or more Transputers (12). Stale-

Closed C,cuil Televsion

(ccrv)

Anpb.e's Mslh Mod./

(Rool Pdcgssor T,.nspule,)

f ICURE 1. Blo.l diagram of solt$a.eand hirdware DdlLrlesof th.cngnlccr



T6ble 1.The comp8rison of'Jlight'perlormances on lho simul6lor snd

lighl tesl resulls al the same flighl condition.

AD20O AO100 ADTOOI

1 2 3 1 3 3

T€kooif {m) 126 120 66 60 101

Landinq (m) 160 154 140 13 68 137 NA

Vmax(km,/h) 144 14i 135 128 120 111 NA

Vsrsll(km/h) 6S 67 68 53 51.I 64 NA

1.9 2.2 1.83 2.5 21 1.5

Vvymax{km/h) 85 84 90 66 69.6 88 NA

8lr. (m) ?0 // \A 63 53 67

*wh.r. dsrs indor 1il rimulalins Jlishl p6.lorma.c€! br!.d on lh€ snol'lc6l spproechr!r;
2 ir sie!lelins rliqhr !.'lo'msfcs, b.r.d o. th. wihdrunn.l l€ir!r'?i,
3 ii r3€l lliohl i6.t ro.oLts

NA ir no. !vsirlbl.

ments ihat are b be executed in sequential order are
placed ha StrQblock. Statementsthatarc tobccrecuted
in parallel order are placed jn a PAIi block. An Occam
program can be run on any number of TransPuters. If
tirere are more parallel processes than Transpriters,
nrult.p-o. e+ nt.- u., d r",imLl.'l.P,r,llel f ro.e... I.
Thus, one version of a protram can be Nrilicn so ihat it
will rLrn on one or a nunrber of Transputcrs. Only tlte
snnll section ofOccam protram that assigrls proccsscs
rc procF.or- $ oL,ld require nJd '^,,(.. ,, .

Co1np t.rcltrcntcd I age

An essential part of Right simulation is the Benera
tion and display to the pilotofa simLllated perspecuve
vjerv of the outside world. Thc visual systen which
.rccomplishes this receivcs inputs fr(nn thc coritPuter
which is computing the position and attitucle of ihe
airplane as it moves along thesimulated flighipaih and
musi continuously provide the vierv appropriate to
cach position and atiiiude.

Computcr-gcneratedinagery(CCl)isfarmorever
satile, CGI systerns can generate and display tcrrain of
unlimjted size, and a growing nunbcr of jeFfighter
simulaiors even use scenes generated bycornpuier.
Colnput.r Display oJ Aelo-Irst/ ctots

Tire rcquirements for objective ficlelity in the cockp ii
of thc llightsnrulaior!ary wiihitsobjectives. However,
ihcgcncral asscrtnncanbc m.rde that the chari.ter and
thervorkload ofthepilot's task in thosjmulaior shouLd
bc rcprcscntatilc of ihosc scen nr flight. Hence the
cnphasis onperccptual fidclity. Resc.uch.rnd d€v€lop
Duli simrilabrs shoulcl havc high environrnental cue
fidcli!y, *trile equjpmcnt cuc fiddity tltry be less im
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poriant hcre. In ihis engineerint
flithi sinlulak)r, a CRT (cathode
ray tube) is usc.l to sinulate fte
flight instntrncnt pancl, including
a nunrbcr of ac(lmcicrs, for re
placing the rral instruments.

The sampling system is used for
getting the pil ot's control inpu i siB-
nals (an:rloB), and converting them
b digital values. Measuremental
devices are installed on various
ponlts of the flighy controls, fuel
controls and so or1.

I tegrdtiolt and V.tIid,ttion
Thecomplexity of a fl ightsimu'

lator, elther f or tranring or rescarch
and developmeni, is obvious from
thc ibove elaborations. Before in
teBratio& dremain components are
hitially tested on a siand alone
basis. So indjvidual iesiing of ihe
simulaior components starts by
cst'rblishing a functioning com
puter, which controls all remah-

ing flight simulator componcnts. Ncxt each software
module is indiviclually iestecl. Simultaneouslywith the
simlrLation sofiware iesting above, stand alone testhg
of thc rcmafiing flighi simulator components may be
carric.l oui, starting wiih the individual componenis,
accomnodated in the flight simulabr cockpii.

lhpour. r thesinJorrisu-l rrul:r. ri.t"tem.:rr
b{' rc lcJ "l.,nd Jlonp wrtl, rh. distlJy ( l{ f . 

^r p'ojcc-
tors separated fron the hfnity opiics.

After completion of the above and of cn libra tiorl tcs ts,

ihe real-timc flight simuhtor sofh{are may be loaded
into the digital computer and ihe nighi simulator is
ready for'fl igh i' testing. In or.ler to demonstrate that ihe
flight sim ulator accuIa tely d Lrplica tes thc flight tast da ta
of the airplanc io be simulated, a number of specific
fl ight testmaneuvers areneeded tocomparethecharac-
teristic behavior of thc actual airplane with thai of ihe
fliEht simulator as discussed inihe (ollowinS section.
4. EXAMPLIS
Erd1fli fltio of Light Ancral't Flight Pe{oflna ces

Three light canard configured airplanes AD200,
ADl00 and AD100T, ivhich $'cre designcd and nanu-
facturcd by NUAA, rvere tested on the ni8ht sinuLalor
in thc same conditions as in the real flight tcsts. The
comparison ol"llighi" perf ormances rvithaerodyn;lmic
forces and momcnis gaincdby thesystemauc empirical
approach (1) and the fljght tests (13) is shownfiTable 1.

Respotlse to Contrcl Inputs
Figurc 2 sho$,s the responses of the non lnrp' r A 11200

nodei to Lrn elevator clefl cc t ion. Thick I hes refer to r\'ind
tL lncl tcst d,1ta (13), and thin lincs kr thc cmpirical
approach (1). 1he responses of the angle of attack (al-
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fhi), piich r,rte (q) and derivrtivc of alpha (.rlpha.loi)
show the 'short pcriod'Irroihn of thc Al)200. -fhc

'phugoid'is visible in tLr responscs of the totalvclocii)
rrlativc Lo thc i'irth lvith the LrndisturLed rir (Vtot.rL),
thc tjLch anglc (Thetn), thc flightpnth.rngle (cama) and
thr altiiLrde (r\ltitLi.lc).
5. SUMMARY

This pnper discusscs thc nL.rihcmati.al lnodcling of
tl,t.rerodyn.nric, flight colrird, propulsion, ground
h.udlnl8 .!rd en!ir(nurLcnial chara.icristics d Lhc air
p1.rlc, sLrrtirg from the gcncral c(tu;rtjolrs of airpl.ne
moLion. The entire mo.1el is evoh'€d an.] inplem.'ntcd
on ihc parallcl di8iial c(Dputcr s) stcm constructed by
a number of new VLSI singlc chip computcrs,
1lt,\NSl'UTElts. Thc prnrciplcs of computer generited
nnrtc, compulcr display and sampll: s)stcm are dis
cussri. Ihc paper dcals wilh the hard$nrc nnd sofi
*arc iniegretiol of ihc engineering night silnllnio.
conrponcnis an.l ihe tcsthS of thcconltlctc llight sinrLL
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frnally, some sLr.cess ful applica tioN of thc flight
simulator to th. se!eril knrds of light ajrpl.rnc
were prese,ltc.l. Thi, llitht perlormrnces oI rhc
 D2Otl nirplnnes.rs d.tr.rninecl on ihe snrlrlntor,
are compared \litit flight k'st clata and rhe re
sponscs to control iputs based on ihe.ompuied
, ,. ,1. 

' .,rnr. 1...,r... r":. ti.. Jr d ur. rl," c,p,
mcnt.ll data. The snnulakr cnnbe used for certifi
cition and design L1(vclopm€ni oflight airplnne,
res€arclint flying qu.litics nnd coitrol system
requiremenis, pilot trainjng, and r!alriatior of
conlpe ii tiv e clcsig ns a nd operaiional proccd ures.
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