bl 4

&)

DOT/FAN/CT-82/130T Flying Qualities of Relaxed Static
Stability Aircraft - Volume IIT

Ramifications of Flight-Essential/Critical
Heavily-Augmented Airplane Characteristice
on Flying Qualities

Duane McRuer

o Thomas T. Myers
Systems Technology, Incorporated
(g 13766 South Hawthorne Boulevard
w Hawthorne, California 90250
=
September 1982
(=
< Final Report

This document is available to the U.S. public
through the National Technical Information
Service, Springfield, Virginia 22161.

DTIC

3‘; ELECTE
o MAY 3 1 1983 P
vl Q
E U'S Deportment of fronsportation B
Federal Awition Administration (5?:7
. Technical Center -
E Atlantic City Airport, N.J. 08405

83 05 ov 03 x



i‘\
i
“PvVolume 1 of the report deals with airworthiness assessment and flying qualities

evaluation of highly augmented aircraft covered by Parts 23 and 25 of the Federal
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control of the outer path deviation loop are, as already remarked,
limited by the psth/attitude lag, sz. For conventional airplanes, the
augmented aircrafc pitch dynamics lead has the same time conatant, 1@2.

7 somet

(In other words, the !/T {n the augmented aircraft pitch dynamice in
Figure 5 18 l/ng.) Thus the attitude lead and the path lag sre the

same quantity, fixed by the same aircraft configurstion festure (the

11ft curve slope). The undamped natural frequency and dsmping ratic of
the augmented aircraft pitch dynamics are, in this case, = C.p and

Oy @ Wgpe Consequently, for this conventional aircraft the pitch and

path dynamics are predominantly dependent on these three variables, ng,

g A T TeemT e

Cap' and Weps vhich ia turn depend on the 1lift curve slope, the weather-

cock stability, aud the pitch damping.

——

The variation of the afrcreft short-period characteristics as static
stability {s reduced can easily be studied ueing a root locus approach.
The 1dea is to examine root plots, auch se Figure 8a, as M, 13 varied.
This 1{s done by plotting the short-period roots for & number of givea

values of M,, and then connecting the roote to form a locus.

\ The short-period characteriatic function is given approximately by:

8l + 2(cw)sps + “gp - 2. (Zu + N§ + Hq)a + (szq - H“)
(e~ )(e - H) - %

When the static stability is czero, {.e., the c.g. is at the neutral

point and M, = 0, the short-period characteristic function reducee (o
(e - Zv)(a - Hq). These roots are used as starting peincts for the
locus. The effects of N, varigtion on the short peviod are shown as
toot and corresponding step fumction control input tiss response plots
in Figure 10.

'fﬂéﬁ Flgure 102 illustrates the root variation as ¥; 18 parmitted to
' becowe wore negative (e.g., C.g+ iocresoiugly wmovod further forward of
the neutral point). The short-period changes from the two roota (2, end
Ny) at B to & cvandervous point st (I, + uq)/z, ard then break away to

 TR=11781 28




from the phugoid, approach each other, rendezvous, and hecome a quad-
ratic pair. As the static stability is further decreased, thia pair
approaches the classical two-degree-of-freedom phugoid mode wherein
wy LYz A, - /2g/U, - In this classic phugoid (Reference 22) the
angle of attack is fixed while airspeed and pitch attitude oscillate,
fnterchanging potentisl and kinetic energy, demped only by drag. Thus,
the actual divergeace in the three-degree-cf-freedom case does not stem
from the short period, but rather from the phugoide The important point
to be noted is that stability is just neutral in the three-degree-of-
freedom motions when the static margin is reduced to zern. Use of the
gshort-period approximatfon indicates neutral etahility vhen the ssneuver
margin 18 zero. (In all of this discussion, the pitzhing wement change
due to speed change, M, 18 sssumed to be zaro, so that static stsbililey
18 governed enziredy by ¥,¢)

Another {nteresting perspe.tiva about tna short-period response cen
be gained using the pesk q/q,, versus 1/t Hsp roordiaates of Figure %
as & backdrop for variamvions in stability. In principle {t might seen
that almoat any -eaponse {5 avaflable (L.e., ary potat within the
0< ¢ ¢ 1 spece of Pigure 9 c~ould de resched) {f one oaly dewigns and
balances the sirersft configurstfon properly. This g partly true ia

that sny desiced short-period dumping ratio, (., can be echieved using &

plech damplng sugmentoz. DBot, because the pazzvattitude lag @ @8 glvem
for a pavticular wing configucation, the adjusiment of «.g. (and hence
of W} cen lead only to a tightly constrained get of dynsmic yesponss
properties, This fa ehowa fa Pigw.s - io the Gonarde RSY alvcraft ia
srudga. The curve showe vhiat {8 attalngble {n terms of avexaheﬁt; Sanp~
ing vatfo, etc. For {astence, it indfeates thet very large statie
werging ave acccmponied by large overshoote fnduced by both the C,ﬁ
and i/T@R - Wy, vpread. Thie s to ba axpected whan total chovi-period
desping {a constant snd g £5 {novesesd, 8 oonurs when the .4y is
roved forwerd (wee PFiguve 13a)e. Ao gtatic stsbiiily de #&ﬁu@gﬁ dus to
denveasing My g8 N cege 0 — oft,  eha phteN. mste évwﬁma
docveases and the cempleg retfo focvessin. The curves deliuing 'tl?w
utca%gg&ie dyuasie propeviies can Lo shﬁf%wﬁ;_uﬁﬁn&y up wad dosa, by
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A major distinction can also be made between the superaugmented and
conventional aircraft with reference to the aerodynamic characteristics
which underlie their responses. For the conventional aircraft, even in
the short period, the stability derivativee 2, nq, and M; together with
their variations with flight condition, are major governing parameters.
When the complete three-degree-of-freedow airplane characteristics are
also taken {into account, several more derivatives become important
(eeges Z,, My, X, etce)s On the other hand, to the extent that the
augmentation system can be made to approach the superaugmented charac-
teristics, the aerodynamic parameters of importance reduce to the sur-
face effectiveness, Mg. Potential variations in other derivatives wmuat,
of course, be assessed in the design process to assure that no possible
variation could upset this applecart, but in actual system operation the
primary sensitivity and variationa of interest are those of Mg+ In some
ways, this sparsity of airplane-characteristic-dependence for aircraft
which approach the superaugmented state offers a major advantage. The
system which provides superaugmentation will itself be complex in that
1t 1s multiply redundant, yet the properties of any single channel of
the multiple redundant system are extremely simple, straightforward, and
senaitive to only a very few parameterd. Thus, the concept of &
"s{mplex" multiple redundant augmentor has some appeal and bears further

cons{deratione.

Finally, the ultimate comparison of tha coaventionel and superaug-
mented vehicles i@ connected with the closed-loop precision path control
flying quality aspects. Referring to Figure 5, we can now {ndicate why
the augmented sircraft pitch dynawics block was not wade wore specific
in terms of the subscripte for the gquentities in the tranafer function
fncorporated there. The attitude lead is now no louger f@z. but the
control syastex lead ‘i‘q, vhila the undszped netursl frequency snd damping
ratio ere unrelated to those of tha couventional short perisod. Thus,
the augmented atzcraft pitch attituds dynomice ave potentielly funda-
mentaily differsnt than thosa of a conventionally sugmented atvevade.
Not the least imgocrtsnt of thesma diffevences io the replacewsat of tha

sz lead by Tq. for now the attitudo lead e not the saza as the path/

TR-1178-1 &2
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EXECUTIVE SUMMARY

Conziderabie sitention has been given racantly to the use of certain advenced sirvr-
craft configurations and flight control designs and tha {aplemsatation of naw systea
cotcepts in ordar to improve or optimize aireraft designs, flight cheracteristics,
performance, snd efficiency. Utilizatioa of thesa naw aircraft sad system concepce
to achieve these desired goals usually requires congidsration of beseficial dasign
factors (such &3 aft center of gravity and smaller sissd tail-planes and expannags)
that tend to cauzse poorer aircraft flying qualities characteristics for csrtain
modas of £light. Therefora, for meny nev gensration aircraft, iz will be necescary .
to provide various tiers of stability and coetrol augneatation to optimige the
designe as well as corpeunsate for pocential problews ssscciated with flyiug queli-
ties safety requirements for failed-state conditions. The trend of uaimg highly
sugmented flight systems is well established and indeed, in the vecant WASA spocn-
sored study for Enexgy Efficient Transports, the Boeing, Douglas, sad Lockhasd air-
craft companies all recommend highly augmentad airplanes for theilr propoezd dasigus.

*

in the preseant study, the flying qualities of highly augmanted aircrsft sce exsainad
in the context of the current Federal Aviation Ragulaticne (FAR) and supporting
Engineering Flight Tast Guides to dateramine if thaey ruguire modificatiom exd/ov
-updating. Also, actention 1s directed toward the deterwination of ths data end
informatica needed to adequataly snd efficiently asseas the flying quelities aiz-
worthingss of highly sugmented eivcvaft and systems te ensure that they wzat ths
ninimas requiremsats for a level of safety.

»

D P e it e

Firsz, {t must be clearly undarstood that the curvent flying qusiities related FAR
are bassd essantially on clausical stebility end contvol of wnaugaeatsd alvcreft.

( . Therefore, it was necessary to determine what spacific differsncses exist detweea the
flying qualitiea of classical unsugmsnted alrcraft aud che highly sugasated (ov
super augmantad) aircraft being proposed for greater perforesnce and fual efficiency.
It has baea the purpose of this study to wake such detesuibucions ad updating of
pertinent agency decusants., The resulta of the atudy ave pregeated in two voluwag.
Volume I contsine a detsiled raview of the ascessmante ay defined in the PAR and
Engineering Flight Test Cuides. Voluse I coatafus a more detailed techuicel analy-
sis of highly sugasnted and super augnentad aireraft to provids analyticsl support
for Volume I. The auphasis is on tha loagitudingl saxis 1o keeping wirh tha dauive
to provide fuel efficiency via relaxed static stability. Howewur, soma cousidurs-
tiong of the leterel and directional axes have sleo bean reviewed.

. The difficulty in changing established reculatious heos been an overvidisg considess-
tion, and euggestions to zodify an sxieting PAR wese male oaly uiwn no siteruative
could be identified. 1In nearly sll cssze, the extstiag YAR hawe bada fouid to ba
adequate with the important proviso that detsiled facecpretaticus and flight cest
proceduvas cen ba developed for inclusicn in the supporting Brgiasering Flight Teed
Cuide. However, it sppears that the current versiais of the Euglwaceiog Wiight Teat
Guide do not provide slequate guidence to support tha flyding qualitdes civworthisies
sasessmant of highly sugmenced aircraft and will requive significeat woldificaticus
snd updating. In fzct, wany iwmportant sactious in thae Englozeviug Ylight Yest Culdes
are blsnk or missing and listed simply ss “Recerved.”

Specific areas of interest or posaible ectivicics vandad to afd 1a wgreding the
partinent documents eve detailen, Srief commsnts oa scae cf thass areay wve: A
synopais of FAA perticent data end io%svmatfion taken from applicsble postions of
flight cast and sisulaciony studios (35 accomplishaed by RASA, DD fn thw forwm of




reports and handbooks; e.g., MIL-F-8735C), should be culled and portions included
in the FAA Engineering Fiight Test Guides in a format thet is readily ussble to the
agency and certificstion teanm membars in the flying quslitias stiworthiness assess-
ment process for winimum requirements for a leval of ssfety. Specific piloting
tasks should be defined for evaluation of critical aspects of cortain features of
highly sugmentad aircraft. Issuas related to "long-tern" dynemic stabi ity require-
sents need to be fully and efficiently addressed. The idiosyncresies of spacific
augaentation scheses chould be discussed in sows detail so FAA fiight test eagineers
end teac p.lots can fully and efficiently evaluate such systeus. Por exexple, doth
sctive and passive augmantation schewas should ba covered ranging frow dowmaprings
and bobweights &1l the way to highly redundant full-suthority high-gain fly-by-wive
systami. All aspects of augmantatioa system fatluraes should be congidered. For
example, the Emginesving Flight Teot Guide shoxld coantain a clear interpraetation of
vhat constitutes, “"non-cssential," "asgentisl," snd "critical” £1light control func-
tione. In addition, the effects of fallure transients &nd criticsl conditions for
failures should be spelled out in detail.

Currently, the minimum requiremance for a level of safety are definad by several

kay phrases scettered throughout the FAR. ¥ov exasple, "without exceptimal piloting
ekill, alertusss, (attentica) or scrangth” i@ the phraze uzed to distisguish detween
vhat is and vhat ie not an acceptebls level of a2sfety in cone peragrapha. A worm
definitive rating ratisnale end structure should be designed and coasidered for
agency use hy the FAA flight test pilots snd enginsers a0 an additiocnal aid in doter-
aining wore pracisaly what constitutes PASS/FAIL rating aud compliigace with “key~
phrase” use for the avalustion of flying qualiti{es winiace requirements for a level
of eafety. Yo thig end, Volums ¥ cuggaste that che wall-kacwn gad widaly uged
Cooper-Harper Ratiug Scale be uwore foreally utiliced, in truncated fom, in the
flying guslities appraisal procuss. THet 18, the Coopar-Barper “Rating® colusa, the
alreraft Chavecteristics colimm, snud Donands on the Filot (Vorklosd) colua are
iduntically vecalaed Buz the block disgraa schematics for Adequuey for Selectad Task
hove besn oxcised and & vaw PaSS.WATL Judpasnt column (deaigned end calfbrated
spacifically for PAA spplicacion) has Beso juxtepcosd with the faudiiay 10-point
rating ecale for gguncy wse o conjuwcticn with tha exieting “key-phrases" of the
FAR and fiight caet guides. This trunceted vereica of the Cosper-Raxper Flying
Qualitias zacing systcm 1o offerad harw to reduce ggency spplication difficultias
ad other past vating complexity icuves. It provides e nicdg)l vacdoawle with &
wore eoldd dets foundaticn thet should add groatlv i etructuring all afvworthinszs
PASS/PALY. sppratsels. Alpe, usa of this type of pating zcsle wdouild oliminste or at
leset wicigate objecticus by sows applicants walated to velavive veting cosperiscas
(of “geodsams” or “badnese™) of afmeraft, eyetead, siad products.

In the preseat stedy, wg heve Gefised speaific sreca ¥ conceve in alvcrafe flytag
qualitias velatad Federal dvtation Regulsticss ~wd sssccisted Bagineaviog Plight
Test Cuifep whoa utilized for tha eirworthiscsy asscosment of highly awgeantad
ajvcrate.




SECTION I
vy o

A great deal of attention hse recently baen given to the techuclogi-
cal uays and wmeans of improving aivcraft emwrgy efficiency and perfor-
mancg. It is believed that this trend wiil continus with, if anything,
increasing urgency in the ysars shead. A ledding approach has been the
development of new control concepts which can be used {n conjunction
with atircraft configuration téiloving to achieve a wora efficient system
products. Congservative vetsions of wmodern multiple £ail operationsl
flight control, as exesplified by the BSpzce Shuttle and nev fighters
coming into the inveatory, provide the capability for major waight and
volume rveductions and petformsnca eunhancaments in the prisery £light
control sysiea elemente and for optimization of the basic airfreme for
performance properties tuch as low drag, longat fatigys life, etc. The
new control technology permits thie to be sccotplished withcut soue of
the traditiousl pensltive i{epoced by atabllity sud coagrol or flying
quelity requirements. Indesd, the new flight control techrology een
redress stability and contrvol imbolesceas whilch gzrlivr wuld tuve bdesn
conaldered tc be excessive, while et the osama ties provide lylang
quality ~hecacteristice which border oa the sdbaoluce sptimuss.

Because of these techuological treande, it s ilaportent to reviev
vhether the exieting Federel Avistion Reguletions (PAR’s) and thair
aseociated {light test guides seve atill pertinent vo cope with potential
sdvenced aystewz. In order to do this, the chavectuvistics of tepre-
gentative advsnced syetewi nued to be cospared with thoewe of cxleting
conventional aircraft to detersiune whather @ provedure basad on evolu-
tionary, by anslogy, extsusicus of axiwciug kaowledgs sod approasches io
sufficient to cope with the futuve ovr vkethsy sows fuadswental chaages
may be requited. Accordingly, the prisary purgses of this etudy s to
detevaine faa ramificstions of rolaxed static siability (REE} etvpliace
chargeteristice sod sssocisted cdwascod £lfghe coatiel cwutax bulavior
ou flying qualitica, fa geascel, MWe with & fowws oa atroraft coverud by
‘Part 25 of the PARS. Iu thie report, the saphusis 2 oo detsemindag the
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relative similarities and differences between heavily augmented and con-
ventional aircraft. A number of importent distinctionz have been found
and are described and explained here. Unfortunately, while distinctions
have been drawn and issues developed, the existing data bese from analy-
sie, simulaticn and flight is ingufficient to resolve some of the key
questiona. 1In this sense, this report can serve only a8 an introduction

to a future agenda.

The approach we have taken is initially to review (in Section II)
the growth of stability augmentation amnd 1its potential for taking care
of aircraft dynsmic deficiencies which mey be 4incidental to aircraft
configuration tailoring for energy efficfency. This swounte to an out-
line of incentives for heavy sugmentation, i.e., for full suthority,
multiple redundant commsnd sugaentation systems. With such aysteme, the
consequences of fallure demand wmajor r*teution as an integral part of
the system evolution and operation.

We next {Saction IIL) addrees the flytlng qualities and dyuwamics of
relexed static atebility airvcraft. Flying quaelicies are firat dividead
tnto different cetegorvies of coatrol functioas needad to conduct Elight
opevations, and aegociatad levels of pilot favolvessnt. Tha poteatial
sxpanaion of operating conditions defined by the FARs to toclude config-
urations sesoclsted with stability esugesntation system (S4S) fatflures
and sliovable SAS-off atrvcreft dynemics followe. Attention 13 then
focueed on high worklosd pilot/eireraft control operations aa the cen-
tral fesue {n cafety-related flying quaitties. With this orientation
pteciston path control is put forth se the koy countrol tesk co explore
tle effeocts of heavy sugeentation on closgd-loop pilut/aircraft syatem
flysng quslities. |

¥ich precistion path ccatrel a# the focal potnt, the dynasic charaee-
teriatice of & convancioaal aiveralt ara then developad sad describad.
Theee ave than cowpared wich the similer dynaulce of a relaxed static
otsdilicy afccreft uhich e further ifllustretad usicg spacific examples
besed ot & set of geamric BSS atrervafC chavacteristice (provided fn
Appaadix A)e :

Meil178-] 2
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The dynamica of the relaked static aetebility aircrsit decome wore
unfavorable the greatexr the “relaxzation. Tha greatast eneuvgy effi-
clency and pecformance henefite are gsinsd vhén the statis stabllity cau
soretimes be scomewhat unstebie end it is in these cawes that hesvy aug-
zentation is reguired.  Partial beunefits can, of esurse, be ubtained
with relamed stetic stgbility et a level vherein the aircraft-sloie ie
still statically stable, but thess couditions do wnot rvequire full
authority, heavy augemantetion. To corrsct tha sircreft-ailoup stability
deficiencies, a nuaber of augmentstfon schewss are poseible. These cre
dezcribed, and then & particular type of systex ie put forth as an exau-
ple. The characteristica of the aircraft/augusatation systes are then
devaloped and contrasted with those of the conventional airvcraft. The
diecussion shows that a properly designad sugmantor can regult in ebti-
tude rvesponse chsracterietice which &vg identical 3v form to those of
the conventional sircraft short peried wode. On the other haad, the
parasaters which govern thia ra2sponse ara aatively different {n their
origin and may be significantly differant in thefr queetitszive valuga.
This feature of hesvily sugesated aircreft brings uew flying qualtty
consideretions to the fove.

The next xectfon (IV) sterte with a summery of the fundssantsl fly-
ing qualfity differences betwesa hesvily sugssnted and conveniicoal afir-
crvaft. It then ezploves these di. " ‘rences fer thuir conssquances viaved
in the light of exieting dats. An exemplary set of vesponse boundsriee
for RSS aircraft sve usad in this explorvation &3 3 “strawmsn™ beckdrop
for comparing pertineat convsational snd highly augeentad eyotes dats.
The example heavi'y asuguented RSE aircreft used a8 our study exasple
happeas to fit well within thace axeaplary framevork, ¢o do some date
for conventicnal aircrsft. laterestingly esocugh, the coaventional dite
which fall within the fvamavork sre for eivcraft with vevy savgingl £ly-
tng quality cherscterfestics. On the othay haod, dats for other coaven-
ticnal atrcraft udMled &5 poesdes good flying qualicted do wot {all
vithito the oxemplary boundarfes. Obe intévgricatioa of this fs tuast
eriteris which wuy spply ¢o ceascosdle boundes o hkisdly sugecotod sfe-
craft are uot sufficlent to daflne 8 good coavenlivasl sleplane. Than,
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by analogy, the highly augmeuted cirplene, which does fly within {ts
stravman bounds, may have £lying qualities waich are unfavorable. On
the other hand, the differeuce in charscteristice between highly asugwen~
ted &nd coaventional aircraft may be respousible for the disparicy.
That this is a likely posaidility 1s given credepce by a datum vhick
approaches the idealized heavily augusnted conditiou {(called superaug-
sented herein}. PFor this particular simulaced aircraft, the flylng
cualities were reted @e high as & 1 by ona pilot.

Other differences between heavily sugmented and conventional asair-
craft acve then explored. These include tha pilot atich force variation
with speed and many of the side effects of & particulsry sechsnization cn
the flyiug qualities of heavily augsented aircraft. These lstter pointa
stem froe the peculiavitfes of particular ssansora or flight coantrol sys-
ten srchitectures. Finally, the consequences of 1oncresaed time lage
introduced by the control systews is sddressed es & general imsue a@sc~

clated with hegvily sugmented atrcraft.

The final section (V) presents & sumasry of conclusions, snd an
appendix documantd the generic W8S traneport aircraft dynanics used tn
the atudy.
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8. STABILITY ADMZGTATIEN

Since the immedists pegt-lorld Wsr (I perfod, stability augmentation
has offered a standsrd means to {mprowve the £lying qualities of piloted
aivcraft. Augmeator? wodif; the effestive dynsmics of the aircraft
exiiibited to the pilot. Yhey operste in series with the pilot’s inputs
so that the pllot iz unawgre that au automatic system is invoived.
Thus, within the range of the sugaentor’s control suthority, the effec~
tive aircraft dynumics can bte sdjusted over very wide rangee to bast fit
the pilot‘s & . .i:iws and desirves.

Pecar-. . of the sorfee imetsllation, safety im the event of augmentor
fatlure has alwavy been & ceutral {ssus. With =ingle-thread asugmentors,
restricted authority is the omly answer. This authority must be suffi-
ciently liamived to permit sate recovery by the pilot in the event of
hard-ovex failures, and the sircvafe with the sugaentor inoperative must
ve gafely flysble. A8 a preetical wmstter siangle-thread systems are
uzually coufined to the isarovement of aircrsft rotery demping charac-
teviztics or exall lift sdivaieants {e.5., izprovemsut of the demping in
the dutch sell mode, wansuver load contrel, blended DLC, ste). For most
proasent-day tramaport afreraft those &pe the major uvses of stability
augnentation. In alwset zll caees, alrcrgft designers have atte@pied to
make the aircraft asfely f{lyable with stabllity eugwentetica #f 26 as
to avold making tha sugnewtes a diopateh items

If a2 desire for other than simple dezpiag functions or s=mall lift
changes orises, a levger muwportion of totsl contrel surface suthority
ic vequired for the augmsmtation. Histovicslly, this hss procseded in
several staps (Refersace l). Imislally, ths safety ia the event of a
hurdwcvar was impyoved by uweleg dual chenmels with che sctustors susming
thelr forces at a comsou poimt. Tan the cvent of s hard-over felluve fn
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one channel, the otker would them reslet and couvnter, and the oysotem
would be "fail-goft" rather tien hard-over. Thue, no untoward moment ig
apolied to the aircraft, although the dynamice after failure are those
of the aivcraft slone. Then,; in the mwoet elaborvate modern eysteas, such
as those on the F-16, ¥F-18, and Spzce Shuttle, the &ﬁgnéntof is iﬁltiély
redundant, with either three eor four 1largely independent chanaels.
These systews are of very high integrity and are typically arcanged to
be multiple fail~operstive. Eassentielly, sny imeginable aircraft-slone
stability deficiemcy cen be corrected with such full-authority systeas,
as long as sufficient comntrol power is available.

While such extensive muliipie redundent, fly-by-wosire (oxr fly-by-
1ight) systems are currently part of meny high-pcrformance cireraft,
they have yet to find a vole in transportas as full-time cperating sye~-
tens. Of course, fail-operationgl capability for relatively short—-time
tasis, such as autolend, is commonplace (e.g., the Tricdant haes made more
than 50,000 in-gervi-e sutcmatic luudings, sese Reference 2). But, these
systems are automatlic flight controls (usually insteliled in parallel and.
moving the controls in lieu of the pilot) rather than augmentation sys-
tems, part-time rather than full-time, and always optional.

Although the stability problems of supersonic transports have led to
congiderations of multiple-redundant augmentstion ayztems, such as the
four indepenuent cheanel hardened stability auguentation system (HSAS)
censideved for the US SST (References 3 and &), for subsonic transporta
aircraft designers have been able to get by with nothing more eleborste
than dual-chsnnel dampers. In the wein, these oystems improve damping,
fatigue life, vide qualities, and pilot worklosd. They have been non-
flight=critical 1in that complete lose of fuanction would vesult 4n
incressed crew workicad but not im any hesard to continuvous safe flight.
And, wost imgportent to some of the considerations to be developed hers,
the gifective dwnamics of the sugmented aiveraeft can be deacribed as
conventional for both attitwde and path control funcetlons. Conse-
quently, for these types of alvcraft, the FARs relacad %o flying- queis~-
ties are just eu appropriste for stabliity ougzanted aixcraft that
behave conventicually as for cooventicnasl aircraft with uo augmentation.
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The pricery sdditional comsidowstiona intvoduced by the preaszce of auge
seutation sre assceisted with Seflurs posefbiifiies cud cecovery sué
continesd cafety of flighs afcer faflure. In the contswt of the FiRs
thies baslcelly seens da nd¢nsisa of 2he nusder of {light tackse to be
cousidered — taeka skin to these maeded for propar aseessment of sudden
engine-out conditicns in mulii-engine aircrafe.

Be ABCRAPY COTICRUTIOE DLILORING
KR RREROY TFFICKERCY

The long-tera status quo wherein etacility sugmentation hae deen
desivable and cost-effective but nonetheless a non-flight~criticael feo~-
ture may be nearing an end. The progress of cechnolegy for multiple-
redundant fail-cperational oyetems and enperfionce in many cpserational
aircraft have been accompsnied by msjor cxpensione iu the activities
which can be accomplished by flight control. Thess include a cornucopia
of functioms intended to peruit extensions in perforwsnce envelopes ==
longitudinal and lateral stabiiity achancemsit, span loed wodificatien,
elastic wmode suppression, ride swoothing, flutter prevention, atc.
These have been studied, snd to acme exteat applied, over :zhe last
decade and are grouped under the generel beading of active control tech-
nology (References 2, 5-9). NMilitary and space spplications have of
course led the way, although the Natiounsl Agronsutice ead Space Admini-
stration and the transport sircraft manufscturers have devoted conaider-
able effort to commercisl transport applicatione, primarily 1in an
atteapt to reduce direct oparatine costs via fuel sevings (e.g., Refer-
ences 10-12).
focused on drag reduction end L/D {mprovemsnt. Some of the aircraft
longitudinel coafiguratiocn characteristice directly sceocisted with
stability end coantrol whilch cam effect these benufits ar2 typifisd fa
Pigure 1. Such featuras &2 veduced tail eize cen also keve en impact on
the lateral propsrties. Ths coafiguration chawacteristics listed have
i~ gerodyanstiic and structurs. sopects. Ferasicte aad ¢rim drag rveduce
tionc are predominantly sercdyasnic, vheveas L/D Sesvovesant end 1ife
distribution adjustwent involve siructursl features a3 walle  For
instance, the iucraaved cepect zactic le achieved with sigedficantly leus

Thia thrust towara energy-ef{icieat operations hae

TR=-1178-1 7

2



added atructural weight than would nozrmally bs reguired dy rasortiug o
active comtrol for wing losd allavistion. Welght seviags thus gdd ro’
the serodyassic improvement as an edditional beasfis.

Dreg Reduceien

Parasite drag -- reduced tail size

Trim dreg — caduced tail dowmload and trimming
surface(s) deflaction

Tnduced drag ~- more positive tail lift for givem
total trimmed 1ift coefficient

More elliptical 11€¢ distributien — sctive control
on wing

L/D lssrovemsnt

Increased aspect ratio -- active control on wing to
reduce wing rect bending woment

Pigure 1. Some Aircraft Configuration Charscteristice
Agsociarad with Iaprovements in
Energy Bfficisncy

While thes: aircreft configuration charecteristics provide fuel
efficiency peyoffs, there are coatrol aystem “coste" incurred. The
fivst i{s the ueed for s naw contrsl systes to provide the active control
features on the wing. The gecond 18 er axtension in function aad cou-
trol autbority of the longitudinal stability sugssntor to redrass the
stability snd contrel deficisncies causad dy configuration teilorirvg fov
drag reduction &ad the sctive controls oa the wing.

While 2il of the lengitudinal stabilicty chevacteristice are affacted
to soma extsnt by Che coafiguration characteristics, the major impact of
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the Pigure 1 trende ig su the lorgitudinal weathercork tendenry (short-
pericd static stability) aud ths pietch demping. The principal aevcdy-
nanic stability dorivatives gowverning thees respouse propertises are the
pltching accelaration due te anglas of attack, N (% in coefficient
form) and the pitehing acceleration dus €2 rate of piteh, Hq ((2.,al as 8
coefficient). The pitch dasping tesm; %. is reduced dy the reducad
tail size gnd by any reducticn imn effective tetl lemgth. This dsmping
reduction could easily ba countered by & restricted suthority pitch
danper. The more profound offect is on weathercock stabiiity, W, which
governs the static stability of the eirpiame. For trim drag raduction
alone, tha static stability would be mede assentielly naeutral, but the
wing losd sllevistion and other active coatrol features caa provide an
additional destabiliging increment. Thus, the effaective ¥; can reflect
from essentially neutral to unatable static margius. The rectiffcetion
of thege stubility and control deficfencies gnd the provision of ade-
quate flying qualitiee cam no longer be accoaplished by a limited
authority damper, but now will require & wuch higher authority augnernta-
tion system. Thus, & multiple-redundsnt command augmentation system is
indiceted.

C. PFAILURE LEVZLS

The actual aircraft performsnce improvements aveilable by applica-~
tion of integreted active controls including high~guthority augmeatstiocn
of the longitudinel characteristicse are highly configuratiou-specific.
Yet extensive studies have showvn significaent gains, especislly with afr-
craft initially designed with all thase featuras in sdnd. The otudies
to date (@.g3., References 7, 9-13) indicate thst thoss aspplications of
active control techinolegy thst yield the greoatast bsuefite will gen-
erally operate coatinuously and typically are esssatial 1in at 1sset come
flight regimes. For eafety of flight considerotions ths criticality
levels ("eirplanse functicus' in FAA tetainolcgy) c2n ba defined ac indi-
cated 1o Plgure 2. Reliability objectives 1o tsvaa of freguency of
occurzence of
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RRLIABILXTY .
LEVEL DERINITION ' | (PARLukes)’ J
_ , nxmt W}
Non-ecosdntial | Functions which could wot sig— " Probeblis
nificantly degrada the capability |- > 10~%
of the airplane or the ability of
the £iight craw to cope with
adverca. opsrating conditions if
accompliched improperly or lost.
Failure conditions which result
| 4n  impropsr accompliszhwent or
lcos of non-essantial functions _
2ay ba probdabla. e
L . VSRR S — - . —— R —y
Essential Functions which would redvce the | Improbable
capability of the airplane or the < 105
ability of the £light ocxew to
| cope with adverse operatisg con- > 10-9
ditions 1if eccomplished Improp-
erly or lost. Failure conditions
| which result in {mpropsxr sucoep-
liehment or loss of ess¢ntial
L functions must ba improbable.
S e S —
Critical Functiom which would prevent the Extrmly
continued safe flight and landing | Improbable {3
of the airplane 1f aot properly < 10~9
. accomplished. Failure conditions
which result in improper accomp-
lishment or lose of cricicel
functions wust be extremaly
improbable.

Figure 2. Plight Criticality Levale

failures por hour of flight tize msy be corralated se showa in Figure 2
through the requirezmecote of Section 25.1309 of the PiR. Hottce that the .
rellabiliey for a “criticel® cyctem ie teatamount to oo fellures within
the lifetina of an sircraft flest. Thare afa wd cutomatic £lighe control
eyotews which bhave asctually axbidited o have besa reslisticelly
desigaed to this level of relisbility, so sugmincation cystemd which ave
critical way soem to be pramsture. Oo the otkor hasad, systess which
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oparate st che egsential level, ‘I!lero evevw sctiou can offset hsusrde
tuposed by failute, e cewhtoly fe:aidie. As & prictical astter,
sugnentore vhich gre coastreimed to bo no wore tham eszantial typce will
imposa & limit on the degres of static imstadilicy peraitted on the air-
craft alone. That is, the pilet must ke able to recovar feow & couplute
fallure of tha augmentstien sad rotain safs contzol of ths aircroft
through 1te £light phases thsreafter s epitc ef the houbui,ty.

In summary, the type of longitudingl stability augmentstion naaded
to take full sdvantage of potentisl energy efficiency improvemante will
require large coatrol authority and will operate full time. Hence it
vill de esssntisl in mature. The sircraft without sugmentation will ia
uany flight conditions be uastedle or nearly so. Accordinmgly, the ste~
bility sugmentation gystea will be at least feil-operaticanal for tiw
firet failure and may require ai. even highor degies of integrity if
asximun performence banefits sre to accrua from the configucacion
design. W& rafer to herein to ths totality of thesc features ae hzevy
augnaitation to distinguish 1t froa ths wore usuel lfaited suthority,
dugl or eingle thread lift iscrementing or desper-type syatess.

TR=1176~1 11
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sEcTION I
" PLYING QUALITIRS mmwm .
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A. TLYISS (UALIYIRS -~ OR¥ZRAL

«

“Flying qualities" are those properties of aa sircraft which inter-
act directly with the pilot’s control sctions in aircraft flight opera-~
tions. As zn object of coatrol, the airplime dynmic. ‘éhéuctorisucl
can be divided into three ganerel cetegoriec us a function of pilot con=-
trol {involvemant (Fijure 3). The first centrecl function, unattended
operation, depends predominantly on the stability and recponsa to dis-
turbances of the cffective sircraft, {.e., the aizplane dynemics as
modifiad by the stability augmeatation system. These propertics are
particulariy importent for ride qualitieq in permitting the crew to per-
form functions other than control. The second function, trim msnsge-
ment, iavolves the pilot agnd effective airplsne intarsctively, but only
on & wesrly static besis. Pllot involvemant 18 highly intermittent ard
just sufficient to modify, adjust, sgnd estazblish & econditiom of equilib-
tium flight. The effective aircreft characteriasics of graatest lwpoy-
tence in trim wmanagewent are the oteady-stata or very-low~frequancy
dynsmice of the aircraft plus augmentatioa syetem. Finally, in contiuu-
ous operation, the pilot s participating as paxrt of a closed-loop
pilot/vehicle system in chaaging ths aircraft flight path (zaneuvering)
or waintaining a destired flight path in the presance of dieturbauces
(vegulation). The effactive sirervaft dynsmics favolved in continuous
control are ¢ll of the rigid-body modes of the lasvily augmentsd eir-
craft, a8 wall as scux higher-frequancy filtering, delsy, eud flexible
sode dyousice. In other wopde, tha clcosed-loop pllot/ivehicle aystem
contrael Jfunctiona exercise all of the heavily augnanted efrcraft
dynsaics present withia the cotal bandwidth over waich tha ptict can
exert conttol.

m=-1178~1 12
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L0t * COUTRGL
10vL veENe FUNCTION
~ . M“"‘* .
Bsaa Uzatteniod cperctica
Intapntidtcns Triz nansgesant
Centinusud Manauvering
Reguistion
]

Pigure 3. Coutrol Functions §n Plight
Oparatiouns

In the context of the PARs the coatrol functiocns cf Pigure 3 are
. exercised under eny probable set of cperating conditiens sad eircraft
configurations (including failures and emargancies) through tha five

. flight phagas of:

o e T e A1 R RTEVRT

8  Tekaoff

¢ Climb

© Level flfght
¢ Dive/deecaent
¢  Landingfgo arcumd

The FiRs {n casguce require that the coatvel funetions be accowpiiched
, vithout davger $n all thesa phases eud without reguiring “exceapticasl
piloting skili, alertaase, or strength.™ Alchough the Fiks ave largely
quelitative, in the fiesl anslysis theve s & baeic “guantificaefon™ of
the asfvevefe Ziying qualfctes dalivuved by the VAA taet pllot cadrse as &
go/uo~go avucimctat of the level of skill, actantion {elertaces), oud
streagth tequived fw perfeveing reguived tiska. Vor Leovily evguoted
. elrveraft wich fully osperitive sujtantaticn, sSuck asscbaaaacs aay be tho
sane th prisciple co thogd oonducted with ccoweational aircvaft. Hoe-
cvir, there cam LO, a9 W uill Jevalop balow, wete of eifective eiscralt
dyventce for heavily acgusited velicles whlch differ fa klad «ad dagree
from those of coeventiosal gireraft. Those 2ffcreices wy efgaifi-
catly affect ohe pilot e cccsesmiat. & vejor putjposs of this repoert i

C) Lo expose cud describe thaes differceces.

®~1178-1 13

Ul L R AT S O S T T RN




B. EIPAGEION OF OZKEATING OMDIVIONS/ -
COKFICURATIONS DGE 70 248 FAILDGR STATE -

4

Thae presence of hesavy sugamentation can hw& anothar sajor impact on
flying qualities when all probable opsrating conditions and configura-
tions are taken into account. The gstability sugmentatiou of a heavily
augeented afrcraft will often be operating ot the essenticl 1level
wherein coaplete loss of the augmentstion function can result in a
potenticl hazard to safe flight which csn be coverted by appropriate
flight crewv action. In ssocessing the flight assfety of such systems, the
spectrum of SAS f£silure poseibilities wust be carefully delinegted and
examined for all flight phases: Prom such &n examipation the moat
critical condition(s) can then be defined as teet covfiguragtions just as
engine~nut conditions are currently defined.

The wmyviad failure posaibilities of multiple-redundant stability
augmentation systems wake the determination of fallure poseibiiities and
probabilities an extremely tedicus and demsading analysis teek. Even
vith great skill and persistence, gome poesibilities dwaea inevitebly to
be overlooked, yet such failurs oode snd effects analyvis and relia-
bility cstimates must be accomplished to esteblidh the genaral status of
affairs with an essential or critical system. From the flight esfety
atandpoint, the key {s to dotermine thosa effective vehicle dynsmice
shiich are woal critical from the standpoint of potential horsrd to con~
tinuad safe €£light snd raguired crew action to avert the hezasd. As a
practicel wmatter, thie fsilure criticalicy assesssent should be cou~
sidered &lsost {ndepevdeuntly from d$te prodebilisy of oecoutrance
{sithough ecleerly coamplets lote of function in & essantial systex
should be teswote). [f safe controllebility and sansuversbilicy can be
demonstrgted in the prescnce of the wuet difficule control bhaxavd(s)
vithout requiriog escepticval piloticg skill, alertosam, or wtrewgih,
and vithout desger of xcedding the Limic 13sd factor, then surely the
afrcreft with failsd sscential SAS woould mest the intent of the PiRe.
By focusimng upon the conditions of sugmentation fsilura which result fn
tha wovst coucefvedble control taske al)l ssuner of sophietic Jivcvanion
ghout veliadilittsa =ed probedilitics wiy be sdovt=civcuited, ¢f uot
svolded coemletely. o
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Thie approgch logicelly sgplies at the cseentiel level, vhera demon-
stratica that crev actiex ez svert any couceivable hasend follows froam
the flight-crittcal dufiasitfien. I the 848 1is criticel in charecter,
such that complete logs of the 848 functions, Movaver improbeble,
results in fmmsdiate «xd wmceaditicnal hazavrd to continuous safe flighe,
the coneidaretioas beces? %evw wore imvoived. Iu pricciple; there are
thea no taske aenmelogous te cugine failure wiich csa be specified for
considerstion in the eveat of complete loes of function. Again, there
are myriad conditiond of partisl function loes for which the effactive
airplane dynasice may be counsidered 48 appropriste taaka for pilet
ansegement, dnd for which the epprosch indicated sbove for secsentisl
porticns appliee. But gogplets lose of sugmentaticn function is by
definition intolercble and the burden of proof requives 1 different
fundamantel approach from that currently embsdded in the £lytng guali-
ties portions of the PARe. In other vords, che current ultizate appesl
to flight demoastration imhgreat in tha PARe csunot ragolve ell the
fasues with criticsi aeystema. Fortunatsly, for subsonic Part 25 afr~-
craft of the future, omly eesentisl functional levels are likely

{although the aystoame way have veliability cantesount to cyiticel
levela).

C. ALIONASIE EAS-CYP ALBCRZTY DUKANICS

The actual dJdeterminaticon of appropriate tesks to assezs (o3¢ nefe
tocovery and flight in the ¢gveat of varicus epsantial aysves failures fo
systes-epecific, &0 we will oot treat it further hsres. However, the
controllebility of mear-meutral and wnetsdle aircraft, shich way ba
rapresentative of the poei-failurs-of-function copdftica when the effec—
tive dyamnice of the Masvily sugusated eircraft becowmy thoes of thes afr-
ceaft slome bave basa studfcd extensively for well over two decaiss
(e.5., Rafercmes lé~i8). Thase iovestigetiocns spply prisarily to fatl-
soft eituations wherels the loss of SAS fSumaction rasults ouly in =«
rhange to (ke efvcraft Jyaasics withsud the ogplication of an sddicional
trenstant failuva nomeat ac well. Yhe effect of “Surpries™ feiluces
such a3 euddsn loso of Ki$ fuscifon wee vot thoroughly cvaiusted f{a any
of tha etudies.

MR-1178~1 5
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The latest rveview of all available data (Refevence 18) fails to
provide an un2quivocal quantitetive basis for a steandard. The daga do
indicate that asome alight short-period divergence cax be wmafely
countered by the pilot; that worklosd 18 seignificantly incraesed as the
divergence time decreaszes; snd that there &ppeers to be litile diffar-
ence in pilot asscssment of vworkload betveen normal and smergancy opera-
tions. In the case cof the leteat proposed military sepecificidtion
{Reference 17), when the statemsnt of & quantitative crituricn vas
deemed eesential, a divergence time to double saplitudas of 6 secHhnde for
Level 3% conditionz was selactad {supported egain by the data alluded to

above) .

A rigid constructionist veading of the PFills indicates uo longi-
tudinal divergence iz permiseidle. On the other haad, the U3 65T (e.3.,
References 3 and 4) snd the Concorde (e.g., Beference 19) sither planned
to perw't or actually exhibit s divergence with sbour a 6 mecond time to
double amplitude.

The sbovs status ladicatee that the FARe aa intevpreted for the
fellure atates of essentisl eyetaus ran prodably Ea rolazed in the gense
tnat 8 alight fnetabilivy after failure can be tolerated. However, more
dste apecifically orieaged to the crew functions aand bekevier in take-
ever, retyvery, and continved cafe flight with unexpectad 8AS failures
arve needed before a duffalte quantitative etateseat (fo terss of auch

peremetare a8 tima to doudle saplitude) can be maca.

D. HIGH WRDOAD FILOT/AIRCRAPT
CIASKU-LO0E CONYEOC QPERATIOES

To assuve safety, those afrcvafe coatrol {funetiond vhich demsnd the
greateat plist attention eud ekill reguite primaty considerstion in

*Level 3 fo defiued as “Flyiang queiitise such thet (ke eirplane asy
be rontrolled sefely, dut pilot worklosd &5 excusstve or uiscion efface
tivenvas 19 {nsdaquate, or both....Catajory B s O Wligar Fhases [ebich
include Climd, Cruise, and Descent and Tuiucff, Approach,. Gi-dround, aed
Landing] can ba coepleted.”
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flying quslitics sssessmente. Thece are importaut not only because the
piloting deasnds wust ba comeistent with flight operetioms which do not
require "exceptigaal piloting skill, slertnoss, or strength," but also
because the high comtrol workload cituations reduce the pilot attention
aveileble for othsr activitiecs. This lesds to a wost importsut indirect

ssaesswent that mz__mg;qg oc gsﬂ o .,lm. .1!.5.

the Ot'!i 883

The wost demanding high worklosd piiot/aircraft closed-loop control
operations tend to be those which involve precision path control 1in
unfavorable envircumental conditiona. All flight pheses lavolve some
fora of path control which {ncorporatas both flight path changes and
flight path esintenance or reguletion. In mo3t ordimary flight circum-
stances psth control, while an essential pilot skill, is nonethsleas a
telativaly tenign and low-strees function. On the other hsnd, when the
path task {3 iteelf very demanding aud the esvirousent unfavorabla
(e.g., low vietbility approach and landing in turbulence and shear), tha
precisfon psth control tack becomes exceedingly sxacting. For these

tcascns ve shall here use prgcision path control es the control tesk to

explore the affects of heavy suguentstion on closed-icop pilot/atircrsft

aystem flying quelities.

A block diagram that {adicetes the pilot’s sctivities in preciaton
psth control {s shown in Pigure 4. On tha right the augmsanted aivcrafe
has path devistlon sad pitch att{tude s tho output varisblas astemsing
from alrcraft dynamice which are forced by extérnsl staospherfc distur-
bances, n, end thke pilot control output, 6. The augeanted sircraft
ttaelf 1o & closed-loop aystem cowprisirg the atrplase-along ard augnen-~
tation eyotem. Thus, the saeove, computetion suod sctustion elemcats
fovolved in the feeduck coatrol sugnsncatioc syetsa, as well as the
sircrait aloxe, are ascorpessed dy the “sugnsated circrafe™ eingle block
fa Figure 4.  da underlyisg sesumption fn this diggres te that othey
afrerafll comtrol effe~tors sh as throztle or flap sre wot being cou-
tinuously modulated by pilot cortrol cetfon. (Yrim msnsgement using
these asircraft effectore, howvmver, ie oot axcluded.)

IR-1176-1 17
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Disturbances

e e e e T
:— PILCT ‘
l Path
I k Pitch Deviation
Desired Pitot Attitude Attitude Pilet Control
Path Control Action | Command Error | Contro} Action Qutput | Augmenied
Piich
| he + ] he on 8 * 8q on 3 Aircroft b
l - Path Deviagtion - Attitude : Attﬁud,eh
Figure 4. <{losed-loop Pillot~Aircraft Syetem for Preciston

Path Control

Even though trimmed precieely, the sugmentad aircraft will not by
{teel€ maintain exactly the prescribed path and attitude in the prasence
of diaturbancees. Conseguently, the pilet must exert control not ounly to
vatablish the deeired path but alss to correct any deviations fram the
deslrved attitude and path. Thie {8 accomplished by the pilot acting as
& clused-ioop controller, which means aiwply that the pllot’s contrel
outyut ie depsndent on (i.e., a function of) path devistion and attbi-
tude. Thua, & component of the pilet’s control output is correlatad
with an attitude error and another cogponent {8 correlated with the dif-
This vreclationehip ia

depicted in the Figure & bdlock dfagras &8 & eo-called ™sarfaa™ pilor

ference betwesn the dJdesived snd asctual path.
closure, i.e., the piloet’s scvien on path deviation acte fu ceries with,
and provides an intevnal “attitude commsnd™ for, the ptlot”e actien on
attitude errvor. Severs! rasesrch studies ueing elsborate sod detailed
unoasuvenenty of just this esftuation (e.g., Geferesces 20 znd 21) indi-
cate that thie eeries structuve sad geneval pilot bedevior coatrol model

{a sppropriste foy peth control sftustions. In eascence, the psiot’s

-{i78~1 18
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higher-frequency comtrol actions are devoted primarily to attitude so
that the "ioner® attitude leop is tightly closed and the attitude ie
well vegulsted. This tight inner lcop makes poasible the effective clo-
sure of the "outer" path deviation loop without excessive pilot equali-
zation or compensation. Without good coatrol of attitude the pilot
would have to be way shcad of any path changing trends, requiring very
difficult aanticipation and high workload. (Examples include alticude
control using only airspeed and altimeter or contrel durimg approach
If the attitude

loop 1s difficult for the pilot to interact with and close (i.e., if the

using only airspzed and the rew ILS glidepath data.)

augmented aircraft pitch attitude dynamics are deficient in that they
require excessive pilot compensation and attentional workload), attitude
control will suffer directly aund path control indirecsly.

To focué more on the aircraft characteristics, the Pigure & biock

diagram is expanded somewhat in Figure 5. Here the pilot’s activities

EFFECTIVE AIRCRAFT DYNAMICS
(Aicroft + Augmentotion System)

fr e e e e e o e G e —

PILOY e
— Lo -
vt A _‘1 Attireg Attt l Augrmected Arrcratt o p Ahi;c"’"“ N
ugt Achon thilyde thiwde | piot Achon ) ieh ath Zattitude Pol
o Cammond Error ' on lconho( P tch Dynores Anitude Response Oeviation
B bt -5 <o
_ by | Poth Deviahon g *+{. & Altitude | 5 K{s+1/T)e 0 N
Y, Yog | e 2hn b L -
P (¢ wn ¢ un, § " e,
L —— ‘ Lt e o]
L — —
Figure 5. Clesed-loop Precision Path Control with Attitude

Control Inwer loop
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are shown as before, with the addition of symbolic transfer character-
latics Yp, and Ygo. These charscterise qusatitatively the pilot’s
input/output relationships bdetween path devistiomn error h, amé attitude
comaand 6,, and attitude errer 0, and pilet control output 8. In any
detalled quantitative anszlysis of tha actual closed~loep pilot/wahicle
system these transfer characteristics can be used to describe and quan-
tify the pilot’s activity. The primary difference betwecen Fige. 4 and S
is in the augesated alvcvaft dynamics; which are broken down iato two
components in Fig. 3. The first block, the augmented aircvaft pitch
dynamics, vtelates pitch asttitude, 0, to pilot ecoantrol, 6. In the
absence of any other inputs to the aircraft, the pitch attitude and path
deviation are dynamically related by a direct input/output entity showm
in the Path/Attitude Respouse block.

The aircraft blocks show the transfer characteristics ifa falrly
general form for the pitch atkitude dynamics and for the path/attitude
response dymamics. These will be discussed in depth below. It will
evolve, La fact, that a key issue in the differences between the flying
qualitiee of conventionally augmented aircraft and very heavily aug-
mented aircraft resides in the differences in the transfer characteris-
tics for the sugmeuted pltch attitude and the gimilarities for the path/
attitude response, By focuesing on these facets we can expose the major
differences between heavy and couventional augmentation without an
elaborate avgument involving the pilot’s detailed control actioms. It
{s extremely important to recognize, however, that the closed-loop
aspects are a central iseue in that the pilot’s agsesawent of the suit-
ability of the atrcraft inherently depends upon his actiecns zequired to
accomplish coutrol. (As an adaptive controller the pilot adjusts his
coatrol actions as needed to compensate for the aircraft dynamics; go
different aircraft dynamics mean different pilet actioas snd diffecent
pllot asnsessments.) Thus, the feedback loop structure and whai the
pilot actions sre on path deviation and attitude are of ceatral coacern
to set the context of the control task. Yet, within this context, we
can focus primarily on the augmentsd siveraft plcch dyasuics and the
alrceaft path/attitude vesponse to ezplore differsuces between conven—
tional and heavy augsentation.

TR-1178~1 20
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B. CONVENTIONAL AIGMLASR-SIGHE DMMANIC CEARACTERISYECS

The coustant speed, ®c-called short-periocd dvyaamics of the efrepaft
provide an adeguate structure om walch to build our discussion of air-
crsft-glone dymamics, including conventional augmentaticn effects. Two
degrees of freedom of aircraft motion are involved — verticsl velsocity,
w (or "inertisl” sngle of attack, a = wil,); and pitch attitude, 8. The
equetions relatiag these wvariablea with the conirol & are derived and
digcussed in detail in texts or aircrait dyneamice (e.g., Reference 22).
Typical results are sumamarized in Figure 6a. In the short-period equa-
tions the serodynamic characteristics in the vertical acceleration equa-
tion include the accelerations Z,w snd Zg8. These characterise heave
demping, Z,, or alternatively 1ift changes due to changes in engle of
attack (Z;= U,Z,) and the vertical acceleration (lift per wit mame) dus
to control deflection, Zs8. The aserodynamic terms in the pitching
acceleration egquation are the pitch damping, Hq,, and weathercock stabil-
ity effect, M, (M; = UM, ), previously referred to as major factors in
relaxed stability airplune dynsmics. 8 is the Laplace tranaform vari-
able and can be taken to be the equivalent of the derivative operator
d/dt, The sw + Uose components of the vertical accelerstion equation
are an Inertial and centripetal acceleration, respectively. Similarly,
the 8% (equivalent to 4o /dtz) represents the inertial picching
accaleration. Mjaw 18 a relatively small aerodynamic pitching accelers-
tion component proportional to the rate of change of angle of attack.
An auxilisry equation relating the kineastics, such as normal asccelera-
tion a,, and flight path angle, ¥, 1s also given in Figure 6a.

¢

The equations can be converted to transfer functions by solving for
6, h, Y, etece, a6 & function of the comntrol imput §. The trensfer func~
tion relating pitch rate to control deflection is ahown im Pigure 6b,
vhere the alternstive symbel ¢ for pitching welocity is {ntroduced fov
88. The trausfer function x¢lating altitude to centrol daflectica is
also given in Pigure 6b. It will be noted that the second (approximsce)
relationship listed does rot fuclude the higher-frequency ter=mas (thoud
2 and 8) in the numerator. These typically ave izportant at
frequencies beyond the bandwidth of pilot comtrol interest, alth h

favolving s
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(8) SHORT PERIOD EQUATIONS ‘ .

Vertical Accelerstion: {8 = Zu)w = Uyud e %38 e
Pitching Acceleration: (g ¢ Mdw + (s - Mg)sE = Ngé

Kinenatic Relstionship: a; = = g?h = svw - U886 = U,ey

(b) JIXRANSFER FUNCTIONS
Pitch Attitude:
wlo + (-2, + > w)] -
R .
s - (2 + M + s + (20 - )
¥(a + 1/7,)

" o—

(a2 + 2(w)gpe +-m£p]

Altitude:
Lol - O+ e - (4 -3 2]
87 a2a? - (2, 416 +w)w + (g = 1)]
- Io( 1/Tg ) L
32[32 + 2(cu),ps +'u§p]
Path/Attitude:
b Y
] ;r;aza + 1
(c) DYHAMIC PABAMETERS
iftg, = —z,+%nv 2 oez, = BB (g 4o
20a)g, = - (Zy + Mg + 4]
“ap * z@“ﬁ - ¥
Figure 6« Conetant Spead Airplane-Alone (Short Feriod) Welatioaships 6

82
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thay can be of marginal importance on, for instance, eleven controlled
aircraft. o ’

The last relatiomship of Figure 6b is the path/attitude response.
It is zeen from the tranefer functions that their dencainatora are simi-
lar. When stcention is focused on pilot control inputs, the path devia-
tion h can be considered to be derived from pitch sttitude o= a cause/
effect basis. Here pitch attitude 1g an input operating on & transfer
function which is just the ratio (h/8)/(6/8). The result ia given ia
Figure 6b. The path deviation h obtained using this ratio will be valid
for pitch inputs §; an additfonal term must be added 1f any disturbance
is preseat.

The time courses of the dynamic response of the output variables
pitch attitude and path for & control input in constant-epeed flight
depend only on the three quanticies Tez. Cops oud wgp, 1iated in Pig-
ure 6c. Speed, U and control effectiveneas, “6' operate &8 acale
csp p %€ the short-perifod damping ratio end undaemped
natural frequency, respectively. The short-period frequency is governed
primarily by the weathercock or static stability term, M . As expected,
the pitch damping, “q' is prominent in the short-period demping, (f.‘n)up.
This 1s easily augmented artificially by feeding back 2 eignal to the

elevator which is proportional to q in the frequency regice about Cep*

o’

factors. and wa

The time consiant r92 is soeetimes roferced to as the piteh stiitude
lead time coastaut because it appears in the 6/ trenefer fuaction
numerstor and ie henca a “lead" terw. It ¢ aleo uvften refervel to 29
the peth/attictude "leg" tiue conetant. Thie otems from ite eppasrance
in the dencminstor of /8. If wo imagiue s step pitch attitude changs,
than ths vate of change of path deviation, l;e or of flight path engle,
Y, will respond exponentially, with the cimae lag ‘(‘az (sea PFiguse 7).
Because lfi‘gz ® -2, which fo tura 1e proporticusl ¢o the liftfcurve
slope of tha aicplsune, Cp ., this patd~to-gttitude cime lsg is & divect
function of tea Juadamcntal perforsance chavectsriatice of the alrplens.
Oace the wirg ic designed (and Gy sat}, the flight pach lug, Yo g ok &
given flight coanditicor ccunot be changed without eppealiiug to Rirest-
life control of some sort. As & flight path iy Ty, 1s @ excicunly
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Figure 7. Path Rate Response to Attitude Changs

important factor in the attainable peth preciefor ae 1t liasite the

pilot’s control bendwidch even {f the pitch attitude dynamice ere per-

fect. Thus, a lerge Tg, vill inevicebly result fa a path rezpouse which i~
is wmore eluggish then that for a coafiguratioca waevein Ty g 18 @ goad

deal swmaller.

V. SHRY-FERYCD AYTEIUDR DIRAMICE WR

For a conventionel oudeonic aivcraft tha ceater of gravity ie ordla-
arily locsated well shesd of the nautral point (that ce.g. location for
which N, = 0 end tha sircraft is nautrally stadle or ueutrally ecati-
cally balanced). The pitching womtnt dus to &cgle of stteck 49 then
highly negative, eod the undauped uatusal freguersy, “@' way be fairly
levge. A3 numsricel exemples, fovr transporte Leferente 17 megutses “ep
> 1 rad/sec for up-snd-ewiy flight comditicos snd Ryp 0u? radiear for
approach. The short-poriod dauplag zatio s gypically edout O o
somsvhat higher when 3 pltch dampar is Snstailede ¥For thsee cowditious
a oot plot which shows the location of the poles end maros of the qfd
treasier function wight eppssr «0 o Figuvs Ges Uhe ploch ateituds mero
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Pigure 8. Short-Perivdi Artitude Dymzmsice {or ea Alrcraft vich
Ligga Stetic Stabiifity

at --l,/‘l's2 fa chow: by 2hs circle. whersss the chorteparied poles ere
given crosses. fluce the olew chzur &8 & conjugate coenlex pelr, the
upper half of the e laae plut and the lower half erve the sama. (In
aubssgaent .0t plots caly tha weer half will be showa.) The wdemped
nztutal fyduswncy, Dgne 1e tha lengzih of the vectar from tha ovigis of
the s-plare plot to tha losvation of a quedratic pole. Thie wveczor mikas
ar engle wich the reer #xfa given by cos™! Cepe The eliort-pertiod ronte
w2y alov ba chought of in tersw of che denplag, ma)‘p. ad  dampad
nature’. frequeacy, u,‘;x « 48y » uhich comprica CHAMr TECLANGLLAT- GBOEw
dinstas.

The circrslt trensient respousad chavsclevistics shlch csvesspesd to
this c-place p&st wight wprasc an ehowm (o Flgace Epe G s £igere
the pttching valocity, Q. fov o etep elevador is gives (8 wovielived
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form, scaled by the steady-state pitching velocity, q.,- The time o
non-dimensionalized using u.pt as tha time variadle. Hotice that the
non-dimensionalized rise tims, u.p'rr. depends only on the product of the
lead time constant, Tg 9* and the short=period undamped natursl fre-
quency. Interestingly croughk, the pesk cvershoot also depends only on
this product and the damping ratio, (gp- Figure 9 (tak;em from Befer-
ence 23) shows this overshoot &s a function of the I Jigp product, with
csp as a paramater. Because of the (T 2" + 1) lead in q/q”, there is
au overshoot even when the damping ratio is criticel (;” ® 1), Por
instance, an overshoot of 2 occurs for (g, = 1 wvhen ll‘tezw.p & 0.23.
For damping ratios lees than 1 the overshoot of course becomes larger
still, approaching nearly 5 for thie instance a4 csp approachea zero.
The i{aportant physical point to be gsined from Figure 9 ia thet, for
nominal well-damped cases, say { ap > 0.5 or ego, the overshoot depends
primariiy on the separation betveen l,"l'{;2 and © . l/‘tgz, beting depen=
dent on the lift curve slope, Clq’ a5 gcaled dy speed and deneity, ie¢ an
aircraft variable set mainly by wing coufiguration, whereas w‘p can be
adjusted by ghifting the atrcraft’s balance, i.e., the c.g. location.
The more forward the c.g., the greater the wssthercock aetsbility, and
the stiffer the shovt pertod mode; hence, frem Wigure 9, the greater the
overshoot (for a given 1/1‘33 and IP)' Similarly, the riee time
decreases as the shovt-paricd uadempad netursl frequascy s incrassed.
Rise time L{¢ given approxiwmately by:

1

T  r—_——

To pdp

‘ZE- .

by

[-1d

L4ft curve wlope sud viee time thus very togethsr, s doss tha pask
overohoot for a fixed L '

A8 an s2ide before procesding fuvcher let us puk these resuits in
context with the closnd-loop presision path coatvol of Figure 5.  The
sfecreft puthfetiitude respouse ssd the wanicos #Stofaudle tightoass of

R-1178-1 26

(L J




0

S

‘a

N

f-—~ -+ - -

|
T@gwﬁ;&
Naxfmus Pitch Rete Ovarsioot for Step Conteol laput

G, o2 r~
o3
o
[ ]
ta
2
»
& -
3
= =
L -
$3h/b WNWIXDH -




control of the outer path deviation loop &re, as alresdy raemarked,
lizited by the path/attitude lag, ‘1‘32. For conventional airplenea, the
suguented afrvcraft piteh dynamics lead has the saxe tics conatant, ‘1‘32,
(In other words, the 1/T in the augmented aircraft picch dynamics in
Figare 5 18 1/Tg ,+) Thus the attitude lead &nd the path lgg are the
sanme quantity, fixed by the ssme aircraft coafiguration feeture (the
11ft curve slope). The undamped netural fraquency and danping ratio of
the augmented aircraft pitch dynemice are, in this csse, { = { and

&p

wes wsp. Consequently, for this conventional aircraft the pietch and

path dynamics are predominsntly depeadent oun thesa three variables, Ty 2°

Csp. and wsp

cock stability, aad the pitch daaping.

» vhich in turn depend on the iift curve slope, the weather-

The variation of the aircraft short-period characteristics as static
stability 18 reduced can eagily be studied uolag a root locus spprosche.
The 1idea is to examine roet plots, such e Figura B8a, as N; {s vsried.
This is done by plotting the short-pariod roots for a number of given

values of M,, and thea connecting the roots to forw a locus.

The short-period charscteristic fuaction is given spproximataly by:
o + 2Q0dgpe vudy = #? - {2y 2R ¥ e + (2 - o)
(e -zg)(s - ) - N,

When the static stability 1s certo, i.9.,, the c.g. is at thg peutral
point sad N, * G, tha short-pericd chavacteristic function reduces to
(8 « 2)(s - Nq). These roots ere used 9 scartieg points for the
locus. The effects of N, veristion on the shors period are sghowa s
taot and correspondfing etep function conlral foput timd vespoase plots
in Flgure 10

Figura 10a illustrates the root veristion ae K, 19 permitted  to
bacone more usgative {e.g., é.g. iécmaamgiy noved further forwvard of
the neutrel pofac). The sdorvt-period chingus from the tw roots {2, and
Ny) et B to a reodesvous potut at (&, + ¥ )72, end thes bresk awey to
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fors an underdesped pair represanted Dy the point et 4. Thia covre-

sponde to the norsal voot plet for an ajrcraft with large strifc stabil-
1y, slrsady diecusesd in comaection with Figure 3. The tise responee
sketch of A te qualditatively tha szue as that of Figure &b, elthougd the
time history hora &4 oot novwalised. The initial alopa of veapruse s

given by tha control surisce effcctivenses, Hg-

For saro static wargis Of, « 0), bouswer, tha eort-peciod touis
end the pitch Fata tespoude to step fnputs ave warkedly diffirent froa
highly scadle couditfoms. Tha ctedpouse iz stfl) ataole, smd the inft..
sccelerstion & wtill guvecuned sctively Wy &, But the elape &3 tihat
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of a first-order exponentiai skin to that showa In Pigure 10c¢ for the
path lag. The reason here ie ti.t the pfich attitude lead reprssanted , 'i
by the -lngz zerc almoet exactly cancels (ha pole s3soclated with ~
& - Z,+ From Figure 6bh the trsus”er “.action of q/é ist

o o Msis + [y vz )]
’ (s = 2,)(s - )
¥

33
%

The time cuaztaant of his reaponse, ~-1/‘Hq, i wmversaly proporticnal .o

the pitch dsmping term.

The nes ly ‘irst-order type of respruse, sty 28 B in Flgure 10c,

is typlcal of the sircraf=-alone responses for moderstely relexed static
stability afrcrafr. Noc omly s the overshioot not pr =eat, but the time
congteat of the reasponse nay BSe yuite Iarge, eepecially wvhen .Hq Je
vedured cver that of a roresl airplane by cutting down on tafl siza.
Even 3 conventioagl afccrerft, operated wivh fha ¢.x. near its veutvael
po’at, will appesr wuore eluggisel to the pilot than t 2z sswxe sirplene 3
operated wvith a Wi aly stable static wmarglan. Both the {irat-order forw
of the responsa, which exhidbits nr ¢rovshoot, and the valus af =§;‘Rl
which 18 large when contrascsd with typical apzigely revp-nga times far
the A typ~ tesponse, eve esgociated with sueh zesassuenta. T oiversfr
control eensitivity, indirsted heve prodomivsanily by tuw e L3 f?‘\,_.,
can aleo be mavkedly diffevent fros that for the naainal, bighly ssaila

reeponsa.

A8 the atatic margin fs further reduced frew sero by maling ;;-;zai«n
tive, the rost locus shifte to Figuve 10d. 41l the rcota are now raal,
Static meavrgin is proportiounal to ¥, whatess the mansuver wargin iy pro~
poriional to z\.ﬁq = Ny zu}iq is sluays po.oitiva,, co tbe sanauvver point,
or c.ge loCation Wieva the ghort-period uwwiceped Ffreguency becomas sevo,
{9 &fr of thy neutrel point. The cuso for oto mepawver mngin fr dlna
by the veot locaticns € edd the thue vesponse O The sdaptepaedd vootu
in thie izstan~e arz gives by elc - (%, 055}); © Q. The frow o in zhtv
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characteristic function resclis in a ramp ateady—-state plitch cvate for a
step slevator, which kas the alope per unit of elevator deflection shown
in the time response. The (nftisl slope 1s still Mg, as it 12 for all
cagae. The middle portien cif the response for zero mgneuver margin
locks very similer to thot Sur zero wetstic wgrgin, in that it eppearvs
nearly czponeatiael before preoceeding touvsrd ies loung-teru vamp oaymp-

toze.

Finally, the afrcroft c.g. may be in an uastable position ua showm
Yy the rours gt U'. One rvoot 18 In tha right-half plans, iudicating &n
wndtsole divevgenc2; the vther onme I3 somawhat lavger in wsagaitude than
Tt Rq. The Initlal transicny scanciated wich this zoot is therafore
quite rtapid, ard the longer-term respoanse fs douinated by the matable
divergencr departing wore &nd sove from the rapp definad by the initial

piteh accelaratiou.

In order to sachigve the saximus benafits of f{mproved encrgy 2ffi-
ciency, the configuretion chesges listed in Pigure | zre appropriste.
These 1 thels totszlity lmad to agircraft dynamics beat represeanted by
the piltch rote yagpouomes by B through D.  As woted, these dynsmic char-
actertatics ey be sluggieh zud Iinsentitive &6 best, unstable end con-
stantly demanding asttention at wovst. Pillot worxlead will be high in
closed~loop condirel, rhile wnatiended spoeravion mey be a8 sisnoser in
that the pilot asy elways heve to be attestive and 2lert to divargence
tendancien. Because the RSY dyvemica are not {u geuneral favorsgble, tuey

wil? regquire correctico using heevy sugwmancetlion.

€. SHE SMCIYIC KLNRLES F WElaxED
STAYTC SLASILINY AIRCELPY PINSMICS

Noxr of tha diseusefon to this poir! has exphasized a simplified
spprosch tu foeus oe kay pointe sud lesues. This s viswpoint Wil ™
coatsived iy swduequent evtieles, rince miny of thess ey solate and
{sguso have yet w he davaleped. A this judoture, hovever. it L. per-
ttaeat to show some comdzave reaulte from & apsolffs exmnple of e
relaxed statie ntabilizy airecelt. For «*w purpoes sf ehls study e
swodel of & Lypoihetical, nigh subsonie jeb troasport with velssed stacée
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stability was generated to be used a8 a hasis for the exploration of
potential flying qualities problems. This geuexic RSS trapsport was
based in part on two deaigns from NASA Exergy Efficieat Tranaport
studies =-- the Lockheed L-10!1RE and the Boeing IAAC. The generic
tranaport data base is described in Appendix A.

In the description of short-period dynamica we have emphasized the

pitching velocity responsa. The angle of attack and flight path are
aldo major response variables. The generic aircraft short-period char-~
acteristics have been used to develop aocme illustrative time histories
for all the short-period variablea. These are shown in Piguyre 1l for a :
typical cruise condition at M = Q.74 snd 38,000 ft. Three static mar-
gina are considered: a stable margin vhere the c.g. 18 7-1/2 percent of

the mesn aerodynamic chord, ®, ahkead of the neutral point; zero maneuver
margin, which corresponds to =-1.52% €; and a ~5X T unstsble static
margin. The input {8 a horizontal teil (1 deg=-sec) unit iempulse. For
such an input the pitch attitude reaponses in Figure 1l appeor with the
same response shapes ae those described previously in connection witn

Figure 10 for pitch rate in response to s step elevator imput.

For the stsble afrvcraft, the pltch sttitude respoase has sn over~ v
ghoot, &’ expacted, due to the numerator lesd, Tsz. Plight path angle
{e bagically the pitch attitude reeponse delsyed by a lag, given by
LA Ty ; 1). Because this leg cancels the attitude lead, the Y
regponse butllds up &3 2 unit nugarator second-ovder responsk approsching
an eguilidrium conditicn vherein 6 w y. The pitch end flight path aagle

changes 2re accowplishad zerodynanically by an sngle of aettack buildw
snd subsaguant raturn towvards sero.

The sero maneuver margin case conveniently dividss tha unatsbhle and
statically stable sltuations. Both pitch astitwla and £1ight peth sngle
appresch constsat rates of chenge. The sogle of atteck, on the othey
hand, exponcatially approsches a conatsat valos.

Finslly, the 5 petcent uaegstive gtatic wargin vasponses for all
threer wavisbles dopary ewpouencislly. Notice, Bowever, thut &ll of the
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Figure 11, CGeneric RSS Tramaport Shwri~Period Motiona for Crulse
Conditions (W « 0,74, h ~ 38,000 fe);
Tuput 8 = -1 deg/sec Impulse
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responses, regardless of static margim, ave essentially fndistinguigh=
able for the firge second, and that the uegative margin case is close to
the zerc maneuver margin situation for amother gacond or &o.

Some appreciation of lomger-time saffaects, where the phugoid scde 1s
involved, can be obtainad by considerisg the three-degres—of-fraedom
afrcraft dynamice as indicated in Figure iis The time scale here is
contracted by a factor of 10, amnd that ths short-period responses of
Figure 11 correspond omly to the first 5 or 6 seconds of the 1-1/2
minutes shown. The excitation for the Pigure 1l responsec is & 1/10 deg
horizontal tail step. Also, the neutrally atsble situetion covresponds
to zero static margin, as is appropr:.te for tchree~degree—of-freedom
aircraft dynamics, rather than zZero mancuver mrgin;*

The phugoid oscillation 1s plainly seen in the pitch attitude
response for the 7.5 percent statically stable situation. This oscilla-
tion cannot be seen in the angle-of-attack responge, becavse @ is
scarcely excited in the phugoid. On the other hamd, the new trim angie
of attack is seen very eerly, after just a few seconds. The zero static
margin case shows a rsup in both angle of attack and pitch angle, as
would be expected. ‘This is the fundamental basia for settimg stutic
margin to near zero for reduction of trim drag. This imdicates that the
sircraft can be teimmed with very little steady-state surface deflec-
tion. Finally, the rapid divergence anticipated with the 5 percent
negative static margin occurs just as it did for the shorc-period

responsas.

The generic aireraft data can &lgo be used to illustrate 2 distine=
tion between the aircraft dynamic characteristics bssed on short-period-
alone considerations and these sctuslly present wien the full three
dogrees of freedom ave takern into account. Startdug with a8 eceble
static margin situation and veducing the atebilisy (i.a.,.xﬁ bacowing
less negative to the zero static wmargin point and then bectwing more

*Neutral stability for the thi ee-degres-of-fraadom siveraft dynswics

occurs when (2.M - N“zg) « 0o When M, le mers, neutral stability is
tantanount o -
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Figure 12. Genazxic R8S Traansport Three-Degree~of-Freedom
Reepoases for Cruise (M = 0.74, h = 38,000 #¢);
Input 6y = ~1/10 deg Stap

positive), the actual locus of sircraft roots appeare &3 shown in Pig-
ure 13. The ebszt-pericd roots #¢ thay procead towsrd the zero static
wargin condition initiglly eppear just a8 described in counpection with
FPigure 10. The phugoid aadlz, however, is also present in this root
locus sad 48 also affected by static margin chifts. Whet cccurs there
ie an iwcresse ix phugoid damping until the phugoid node becoses two
real roots. One of thsse §s accually ot the origin when the atatic
wergin {8 sevr, whoreous tha other is progreesiug towsrd one of the now
real short~pavivd roots. 4% the zere static margin condition, ell four
of the aiveraft voots are vesl. Az the stebility is further veduced,
the reot &t the erigin proeceads into the right half plena; the high-
frogquoncy chort-perisd roct proceads further 4nto the left helf
plane; and the other twe wmvots, one fyow the short poriod end oue
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Figure 13, Effect of Static Margin Variatjons on Three-Dogree-
of-Freedom Conventionasl Airplane Nodes
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from the phugeid, approsch each other, rendezvous, and become s quad-
ratic pair. As the static stability 1is further decreaced, this patr
approaches the cle=saical two-degres-of-freadom phugoid asode vherein
W SVgl, Ny % Y2g/Uy « In this classic phugoid (Reference 22) the
sogle of attack is fixed while airspaad and pitch attitude oscillate,
interchanging potential awd kimetic energy, dsmped only by drage Thus,
the ectusl divergesce in the thres-degres-of-freedom case does not astem
from the short pericd, dut rather froe the phugoid. Tha importent poiat
to be noted is that etability 1s just neutrsl in the three-degrse-of-
freedom motions when the ststic mergin is reduced to serc. Use of the
short-period approximetion indicates neutral stability shen the maneuver
margin {s zero. (In all of this discussion, tha pitching woment change
dua to spaed change, H,» 1s sesumad to be zero, =0 that otatic ecability

is governed emtirely by K;.)

Another interestimg perspective sbout the short-period rasponss can

be zained using the peak ¢/q . versus ll'rezw,p coordinates of Figure 9
as a beckdrop for variations in stability. In principle 1t might ceem

that alwost any response {s available (i.e., sany point within the

0< 3 €1 opace of Pigure 9 ceuld be veached) if one only designs &nd
balauces ¢he aircraft coafigucetion properly. This is partly true in
that sny desired short-pericé damping ratio, & ap C80 ba achieved using a
pitch damping sugseator. But, because tha path/attitude lsg 1s a glvea
for & particular wing configuration, the adjustment of c.g. (and heamce
of K,) can lead oculy to & tightly constrained set of dynamic response
propertias. This 12 showan in Figure 154 for the Generic kS5 eircraft in
cruige. The curve showe vhat 1o attaingble in terms of overshoot, danp-
lng vetio, etce Vor dinmstamce, 4t {adicetes that very larga stetic
nargine are accompanied by lerge overshoote induced by both tha Cq,
aud li‘!‘ez = 6gp pread. Thie L@ to be expected vhea total skori-~peried
danplng 1o coastent &id Yep is incresssd, &8 occurs when tha cege 28
woved forvacd {ase Pigure 132). as etatic etability lo veduced due to
decreasiag M, as the c.g. f9 wmoved aft, the plech rete overshoot
decreases snd the dauping retfo incressce. The curvas dafining the
attzineble dyoeric propertiec cen be shifted, wainly up «24 doma, bY
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augasstiag llq. but ths guasral trend will essentially parallel the one
{llustrated. There is thus only a narrew band about the curve shown
vhich defices the possidle short-period dynemice for this aitrplane.

B 4 TYPICOD LDERDINGR B0 (SURECY R3S
ABCELIR CEARILITY BIPICINRCIZS

A2 a priee of tha parformoace benefita which relaxed static stabil-
1ty aircraft enjoy they suffer from reduced short-pericd dampicg, low
undanpad naturel frequeancy, and, perhaps, short-pariod divergeace. A
variety of full-authority sugmentstion systess can ba coastructed to
correct thees deficiences and, at the sams time, sigaificantly iwmprove
the aircraft flyiag quelities and reduce pilot worklcad. The augmentor
wust apply pitching momeats to the aircreft which create or snhance par-
ticular etability decivatives. This can ba accoxplished by feeding back
a veristy of aircraft sotioa quantities. Soma csndidstes are nmoted fa
Tabla !. The wost obvious stability derivetives to augmant are thoge
that cause the trouble in tho fivet place, i.s., Rq and N,, to laprove
dauping end stebility, respectively. A coamoculy uged surrogate for
ptiching velocity ie pitch azttitude rate, 5. vhich ie fdentical to tha
pitching velocity, q, in straight apd level flight. The differsace
betwiwa q and 6 1e wost e2eily sppreciated in counectioca with s conatant
alt{tuda coordtaated turn. JXa such a turn the etesdy-etate pitch atti-
tuda vate 18 zeve, vhereas the oteady-atate pitching veloeity, Q,, is
given by Q, = B, tan ¢ (vhere &, 1e the yawing valocity and ¢, is the
bank engle)s. The short-period damping cculd also be augranted by a rete
of cheuge of emgle~of-atteck feedback, which would sdd to tha natursl
My of cthe atvplene.

To iwprove the stetic stability, N, can be augnented favorsbly by
usiag cthe comtvol to develep en edditions] pitchisg womeal proportionsl
to asgle of stleck. From the stedility snd pllot coatrol cisudpointe
eithay ceroSyessic or imsrtisl ongle of attack #ill géiwe tha cema vesult
in primciple, olthough the responses to ssredyasaie disturdaaces will
dopsad on which ie ussd. 4ltermstives facluds ths crestion of a pitche
ing wowdnt due to pitch amgla, My, or fts wear aquiveleat, ﬁjq. using

T=-1178-1
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the integral of the pitching welocity, f q dt. When one recalls that the
wrmal acceleretion is a, v - Uyq, 2 similer attitude-like corrective
soment cezx be developed frop the integral of the normel gcceleration.
Fiaelly, the cveation of & pitching moment dus to speed changes by
creating an W, cea also eliminete divergence aad provide stetic stabil-
ity.

Althougk all these sad other poseibilitiee are theoretically suit-
able for improving the modal damping and stability characteristics of
the short period, all suffer some deficfsncy or other as the dasic for a
control system design. Froblems of instrumentation and sensing, includ-
ing bilasse and sensor excitation by disturbances, contrel gystem compen~
sation aneeded for flight condition changes, atc., must enter into com-
parative coneideration of practicel systems. The transitiovn from ome
flight phase to aenother, the effective dynamicu ac presented to the
pilot, and the rvesponse of the augmented aircraft to externsl distur-
bances are aleo affected by the particulsr feedbacks chosen and must be
considered in fundemental compevisons of candidaté systems. These fes-
tures and the cousequences on effective aircraft dynamics of the various
feedback control poseibilities are treated in detail in Refavence 2Z.
Soese sdditicnal topice of particular icterest to RSS flyiamg quelities
wvill be described in the mext section vhen wcas of the side 2ffects of
hegvy cugmentation are treated.

To peruit the developasat of soma flying quality ilesues for heavy
augeantation v vill usa & typical example of an augmsntor suftable for
RSS aircrafc. Tha fseu2s drawa will, of course, pertain explicitly omly
to the example aystem, olthsugh wowe can ba genevalized for other syates
poosibilities.,

The flight coatrol eystesm selectad for our sxexmple is chowe in Fig-
ure 15. Thic oysten parforms five functions, en folloue:

© Crestes a high dagrez of effective static stabil-
ity for the ecugmeated aiverafc.

® Iaproves the daaping of the effective ehore-
pstiod modes

Rel178-1 41
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® Provides & pitch rate command/attitude hold plat-
form for piloted control.

® Ragulptes egainst exteroal disturbaaces, with
eapharis on piltck ettitede wmaintemsnce rvather
theu weatharcocking.

® Frovides sutmmatic up-dlevator compensaticn for
turaing flight.

As & flight-criticul syetem, &ll the system eleasuts excapt poasibly
those involvad in tusn coxpensation would bs multiply redundast. This
is one rosson for basing the seyetem on pitch rete cacisore which are
sisple, hardy, relatively insensitive to diag ervors, and essily maede
part of a minizur cesplexity multiple~redundsot cystam. With skswed
seusors, for instance, five rats gyrus can provide dual fafl-operate
cangbllity for retes in all three exes.

The basic lov-fraquency control lav for the Figuve I3 sugasator,
which drives the elevator sarvo with a signsl proportional to pitch rats
ervor, {,,» 2ud the integral of pitch rute error, /e 1o eimply:

s't\ﬁe"' " Qe

- ~ -—

Propar- Inte~
tional gral
Torw Tevs

Rote that the equution ie just the block labelod “aquelisation™ in Pige
ure 15. Thus sctustor end other higher-{requsncy dyaskics &re eguwsed
to bhe aegligidble for the curreat digcusaeion. Thio aquation <an be
expresced in tha time dossin, noting tast g fe = fqg dt, by

8 = &QQ’Q +§IQ. 4t
Cogsaguestly, the cugaeator a6 & stebiliser creates ¢ pitching wonent

pragortionsl to [q dt aud oce proporticas) to §. (The pited rete wrov
ia G * S = % becausa the pitck rate cowmand L. U shes the augmestor

R=ll178~1




is acting only as 1 stabiliger, 4 = =q in unaitended regulation casks.)
When the sircraii-slone dynamice isclude a divargeuce, the afvcraft/
~uguentor combination 11l be & comditic -ally atab’ ¢ eyestem. Thet &, a
einimur gain, .‘iq, is uveeded to vid the aystem of say divergence due to
the atrcraft-slon static instability. At the nthar extrems, b+ maxi-
mum gain possible iA get by the closwd-iscp sysicm »tability liatts. If
the aircraft 1s considered only as & rigid body, these limits will
depend primsriiy ou the high-frequency lage dua to tie sctuator, rvate
sensor, aand othzr computational or filisr dynewics within the closed-
loop system. When eivcrafy flawibia mude proparcies are ales included,
they too will slso affect the closed-loop systsm stebility snd maxioum
gain. Depending upnn the design spproach taken, the flexible aode char-
actecistics may be efther phase or gain stsbilived. In tie lstter case,
filtering to stteruvate the flexible =ode will appear as part »f the sgta-
bllizer luop. lags from both the flexible modes and thase filcers will,
in turn, 4ffsct the high-gsin stabilizy lisic.

Whan tha ssvuvetioa cheractariscics of the afvcvadt coatrsl surface
{and gurface rates) are tskea Into scniunt, tne aexiuea gadn may be fur—
ther restrictad., The higher the opev~loop gain, \{. of ths augaentor,
the saaller the pitching velocity ervor fisesed to eat-rate thr coutrgl.
If the airceraft sloae has even some alight inherent stsbility, tale wmey
be of littls couswequénce. Howevsr, vher the sircrasft-ilone is diver-
gent, a satursted contrel will not corract for this divergence except
when the piltehing wvelocity ervor is leoe then thal corvespondiag feo
liwfr control condttions. The pilot commecd laput is dalibeetely
limitad to avoid saturating the coantvrels, bat exterasl disturhances ave
not. In fact, the possidility of contrel saturst! o dua to shears and
other simoepheric disturbeacea is oune vesson for *ha esiecticn of the
Figure 15 ayutem. Some of the other adubilissticn poasidilities listsd
in Tsble | result in eyeteas which sre oot as tolerast o eitarusl
disturhances snd can csusy eigaificently bhighar srebebilivice of limice

ing elevator positiocns.

Although this pavticular sxaiplery eystus dag wsany sdveatiges and
has been used on & numder of asrcvaft {e.g., cha Space Shuttie Oxbiter
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and sous modern fighters}), it hae {ts own pecuiigrities. For ingtaunce,
the prasence of the forvawrd l-op integiator, while needed for either a
sitehk rste o¥ wmogmal accglerztion system to sccowplish the static sta-
biliey fuactfgm, can bae troublescize in eoma flight phases tinvolving
teanaleat changes iv trim ceonditions (e.g., takeoff} 4f not properly
acvounted for uasing appropriate oyunchenizers or flight-phase-tailored
SAS functieusl wodes. Ca the other hacd, this sysitem is the afmplest
one avallsble which eccomplishes the functions liated above. It &lso
serves as an excellent parsdigm aand point of depsrture for developing
the types of flying qualities issues involved in heavily augmented RSS

aircratt.

Reference 24 uses the ganeric sircraft BSS traunsport characteristics
as the basis for a contrel asystem example deeign. Cruise and approach
conditions are sxamined for two wveraions of the Figure 15 piteh SAS
(thet 13, with and without the integrstor im the equzlicstion). When
the integrator {s abaent, the SAS is in eesence a large authority, high-
gain pitch dssxper, which hse che effect of reducing but not complaetely
eliminating any divergent teundency. Thie version slso smounts to &
piteh rate cowsand/rate hold, rather than attitude held per ae@; slthough

it has quiwe gimilar regulatlon properties.

The exewplery S48 of priacipal iantervat heve doee contain the inte-
gteror znd exhilite all ef ths featurz2a licred previouvely. The changes
in the liagar dynamics of toe al.ursft due to the centrel aystem cam be
tllug*tvated using & systss wurvey of tte c¢laged-loop sysien. This
sursey ceoneistys of & nuxher of voaplewsntary root locus and fraquency
respounge plota. A typleal zet of plota fov ithe cruise cenditien wigth a
-3% ¢ margin & gi-sa fu Figura 16. [Othes sate for approach asd for
both cvuice ad spprosch wvithaut the fategrator ava given {n Eefarence
2&. The key petats can, howevur, all be mads wich tha single exswple of
Pogre 16.)

The discucsfon delow of Piguve 16 will ehww R[5t a properly desizasd
suguaetor c&a result fn piteh etefteds fsms,}a . oharecteriasica which
ste identical fx form o thev: gf x&x adrearfr Rovtessriod sode.  The

pavamerers govurniag the Tesoase, however, &»x gntiveldr A4 weny In

TR-1178~1 &
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cheir grisis aad way e signlficontly ’dfferf »Q"Rinde becauvsn of
this, the alrveveft pigeh - rityde responge gg; She he M’&X ugmented

flying cuslity consideretions o the fLove.
Becguse the demesatration of this point will favolve & detailed con-

aidereticn of the effects of closad-icop f£ssdback contrel on the
dymsmics of the sirplane, the explanatione and some of the concspis may
ot vafsmiliar to some. They wmay wish to skip to the su’? of this article
where an expanded reiteration of the coaclusions already stated sbove is

giver.

Figure l6a is a conventional s-plsme voot iccus which shows the
closed-loop roots of the system as contrel aystem gain, K , 1is in~
creased. The starting pointa are the poles of the airplane located at
--1/'1‘81,2 {located in the vight half of the s-plane, indiczting its char-
acter as a divergence), -1/'1‘8pl {on the real axis in the left half
plane), and the phugoid [cp, wp] {a lightly dsmped complex psir near the
origin). The control system alsc has a poie at g « { due to the inte-
gratore This is not shown on the plots because it exactly cancels a
free s in tha numerator of the airplane pitch rate due tc ealevator
deflection, q/§y, transfer function. As the comtroller gatn, Kq, is
inarreasad, the corrective moments applied to the airplane by the eleva-
tor modify the poles of the closed-loop systame. Scme of these at very
high gain approaci: the zeros of the copen-loop system. There are three
open-loop zeros in the Figure 15 augmentor. 7Two are sirplsne character-
istics, located st —1/‘1‘91, in the left half plane but -rury nesr che
origin, and &t -1/'1’92, well out the real azis In the left herif plane.
The control system iead time constant, Tq, iuv shown in Figure 16a as the
zere at -l/'l’q. As gain ie increased the various airplane modes ara
nodified as follows:

1) The airplane short-periud divergence, if‘I’ap » i
decreased as gain, K , is incressad; becomes sta~
bilized as it passes through the jw-axis; snd

finaily terminates on the sirplane zero at -L/Tg,
as gain approaches infinity.

TR~1178-1 47




&) Thv shorve~-period subsidence, with tiume constant

: procacds eiong the veal exls o zthe right

tem%gé ~17¥s .. Part of the damping givea Gp By

this subsidcfice Iz trussferred & an in rexee in
dasping o the divergensg.

3) The phugoedd, whieh fovr the szizplane-alons is-
gtable byt lightly demped (£ = 0.1325, i8 inie
tiglly driven towurd instability as the augmentor
gein is incvsssad. The vortisn of ithe closed-
loop phugoid ioows {~ the pishak hkslf pisas 4s
ghowm with ¢ &¢. After a substearisl gain
increase (28 will be shovs belov). the closad-
loop phugodid hooks back imto the left half plane
and becomes stable. This stable part of the
locus is shown as <4+, snd progrezses along &
nearly circular are. This arc i early centerad
on the contrsl 8 °“em gero &t -»1!‘! Alzo, the
radius of the nes. . , cizeuler qt i approni-
mately [1/T,{. As gain {s increased further, the

- vadamped netural frequeney, damping, and daaping
ratio of this q*uadmtic mode dincrveases wuntil
ultimately ¢, when the arc hits the resl
axis. The undaaped nmatural fregquency of this
evitically dasped mode is just aslightly less then
2/%,« As control gain is further {ncreased, the
quadratic pair them becomas overdamped, with one
progrussing out towerd the left onm the regl auie
while the other proceeds toward the right, ulti-
eately ending on the control lead zero at -i /rq.

From 2 controlier design standpoint, the most important featurss to be
appreciated from the s-plane root locus of Figure 16a are: 1) the cor-
rect.on of the divergence; and 2) the influence of the controller lead

time constant, Tq,, over the ahsape ond magnitude of the locus of the

corplex roots [Lg, wple

The perambulations of the closed=-loop voots 4@ comtroller gain
varies, while nicely depicted on the g-plane root loecue, can also be
shownt with controller gala and associated quantities as am ordinate,
vathexr than as a parameter aloug the plote This ic accomplished with
the gso-called Bode root locus. It uses a semi-log preseatation for

*he prime on {’ {ndicates Lt 18 a closed-loop damping ratio of &
quadratiic mode which etarted, &t zexo gain, from the phugoid Cp. Wy e

Th~i178~1 48
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conventional epen-loop eyotem frequency <rzespouse {Juw-~Bedae ‘plot of
emplitude vazio end phese) and Bode root locus co@stmcti@nﬂ (root leed
with Bode fozmst), whereiz gein 18 &a Mem&mt verieble on the
plet. Figuse i6d prescemts those several diegrems. To begin with, the
ordinate is &8 ewplitude rstio plot of the open~loop tramafer fumctiom
expresgsed iw doeibels. (Fer a gain, ¥, which is normally expreesed inm
lizesr uafts, the value in 43 L8 20 log) g K+ Thus, vhen K = i the valus
{a 48 fa zere, while whea K = 10 or (.10, the corresponding dB valuves
are +20 4B sad =20 4B.) The cbscissz, which is & logarithmic scele, is
a genervalized frequency. When the plot i & conventional Bode frequency
response plot, this frequency f& @ in rad/seec. Complex components of
the root locus shox undamped natural frequencies, |s| or Wy, in
rad/sec. Finally, real roots when plotted here are also in unite of
1/sec. Thus, interpretation of the asbscioss depends on the perticular
cutve, and i@ either w, le}, or o,

The ccaventfionsl jw Bode diagrawm consists of sepsrate smplitude
ratio and phase plota for the totsl open-lcop transfer functiom with
8 = . The ampliitude ratic snd rhase sngles are ghown in Pigure 16b.
The amplitude ratio of the frequency response borders on and is approzi-
nated oy aa ssymptotic plot made up of straight linea with slopes uwhich
ate integer values of 20 dB per decade. This ssymptotic plot has 1its
breskpoints occurring at values of frequency equel to magnitudes of the
open—-locp poles and zeroe. Thus, the asymptotic plot hue s slope of
zero from 9 frequency to 8 fregquancy of 1/‘1‘31, whareupon it bresks wp
vith a +20 dB/dscade slope. This continves until the fregquency w = Y
vhere the phugoid, being a eecond yrder, ceuses @ break from +20 4B/
decade to -20 dB/decade. The next breakpoint cccurs at the magnitude of
the divergence, |1/rap2l when the net slope of the asymptotic amplitude
ratio plot bdecomses ~40 dB/decade. A the aeirplene short-period lead,
1/7¢ 2 the slope changes agein to -20 dB/decade and continues until the
short-pericd subsidenca at l./‘!.'m,1 is encountered. After this the ampii-
tude ratio slopa goes Lack to =40 dB/decade until ths coutroller lead
breakpoint at 1/Tq, vhereupon the asymptotic plet slope shifts snd pro-
gresses on at -20 dB/decade. The regular v frequency response is quite
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ciose to this asymptotir plot except at the bregkpoiats thecselves. 1t
departs from first-order breskpoints by 3 dB, while the da;.p;a:z’e.sge. froa
second-order breakpoints {8 egual to lliZﬁ}dB. ‘l‘.ht;oh the_.ml_l.ar the
dsmping ratfo, the more extreme the departure of the sctual ju-Bode from
the asymptotic Bode plot. This gives rise to the tewmc‘p@@ assc~
clated with highly oscillatory modes &s seen in frequency responses. In
Figure 16b the phugold {s s promiment example.

If nov the root locus shown on the a-plane of Figure 168 1s pre-
sented in these logsrithmic ccordinates, the varlation of roots with
open loop system or cemtroller gains is 4llustrated directly. The
geveral branches shown on the Bode root loci of Figure 16b have symbols
which correspond with those on the s-plame rcot locus. Thees branches

can be described a3 follows:

1) The locus from the short-period subsidence, 1,"1‘51,}'9 goes
directly towsrd the numerator lead at 1/Tg 2* At very low
gains the change due to closing the loop 18 very small,
and similarly, at high gains 1/T3p1 = 1/Ty ,+ Only in the
intermediate region does the root migrate toward the zero
fairly rapidly with gain.

2) The complex toot starting at the phugoid, with undmupnd

natural frequency w_ when the open~ioop gain 13 wvery

small, proeceads alon: the locus ghowm by ¢4+ &nd ¢0OCsyw-
bols. Much of this progress occurs with a mearly constent
slope of approximately -40 dB/decads. The closed-loop
oscillatory wmode becomes unstable at gquite low geins.
(See the controller linear gein scale at the right of the
plot). For controller gains 0.004 ¢ Ky < 0.06 deg/deg/acc
the closed-loop phugoid is unetable. This 1is tha poxtion
of the ‘locus depicted with €946, For gains greater
than this the phugoid 1s sotable and the circular axc of .
Figura 16s corrusponds to the nearly conetant slope of
40 dB/decade on the Bode root locus in Figure 16b. The
real axis ie¢ encountersad by this locus for & gsin of -
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appreninately Kq = 3.08, after wiich tha coaplex rocots
divide iato two veal roots. Ome, as iz shown on both the
Figi7e l6a snd b plots, goes into the ll‘Iq control system
lead, whila the other progresses Indefinitely out the
high={roguency caympioté.

3) The divergence iz shown as & dashoed locus, starting with
ll‘r.,i,2 at very low gains and proceeding leftward across
the Bode root locus. Waen the gain 1o lq « 0:.12 (19 d8
legs than the refarence K&i = 1.06 condition) this mode is
neutrally stable. It, for higher zeins, than drives fur-
ther into the left half plane, shown here es & heavy solid

line progressing toward 1/Tg 1

In 2 good control system design, the system reflects ceveral differ-
ent respouse eand stability conaidersations. These include:

® Responses which are similar to those of low-order, well-
dauged, rvapidly responding systeme. (This implies that
the low-frequency open-loop poles arc, in their closed-
loop usuifestations, driven nearly into open-loop =erce,
such that they ncarly cancel. Examples on Pigura 16b for
the iga = 1.00 reference 0 dB line are the close proximity
of the lead at l/‘l‘e1 with the closad-loop pole, shoun
as § , ateaming from the divergence, and a similar prox-
inity of the lead at 1/Ty ; to the pole arising froa the
short-period subsidence.

% Insensitivity of thea reeponse to gain changes. This s
iliyetrated by tha nesarly wvertical slopes of the loci
driviag g{mto liTel aund lﬂez avourd the reference crose-
over region. Bscavse the alopas sare cco stesp amall

changes in gain, or for that watter small chenges in the
opan-lcop aerodyaemics walch chenge 1/Tg 1 and 1/Tg Py uill
not moterially affect the near csicellation of thase
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cloged-loop leads and ligs. Thus they will hardly affect
any changes in the vee;onss- . Fode ot

System stsbility with large otabflicy marfgins: ° In the
present oxample of thae conditionally sotsble eystem, a
ma"gin of 19 dB exists on the low=gain ead relative to the
reference Kq © 1.06. Thua, nesrly a factor of 10 in gain
reduction would e meeded to gat back ¢o the divetgence.
At the high-frequancy emd, the crossover of W, = 2 rad/sec
(vhich 1incidentally sats the desired coutroiler guin at
Kq = 1.06) 1is consistent with ¢ phagse wmargin, ¢y, of
S0 deg and a delay wmergin, Ty, of 0.44 sec. Thus, high-
frequency lags or paraasstsr uncertainties eurreutly
igaored in the design would have ¢ comeribute 50 dsg of
phase lag, or a pure time delay of 0.44 sec, before tha
closed-loop system would bs neutrelly scsble at the gein

selected.

Well dasped 2znd rvepidly respoeding closed-leop eyatem
dominant mode{s) o vasist and theredby reducea the effocta
of disturbences. In the present exsmple the dominant wods
15 the oscillation stezming froa ths phugoid wvhich, for
the nouinal controiled gein, hes a damping ratio of 0.59
and an undamped unstural frequency of 1.92 rad/eec. 7This
mode 1g therefore both eLiff and woll dazped.

The closed-loop system bandvidth should be large velative
to the pilot control lstancies eo that the cugmented aix-
plane is ranponsive to pilot command and vequivee littie
pilot anticipatiou or coapensation for precisiop coatrol.
In the present cgse the crossover frequapcy of 2 ved/sec
end the otchsr resulting wodal checscteriatice provide a

very apritely respouse (se will be illustrated Ffurther
later).
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® Tha cemtrvel syotem gaim should bs low encugh so that the
sugasator is very soldon ssturatad. Saturation may be
viewdd & voduciag ths gein end thus progressing from the
nchingl O 4 line clesad-luop rootp back towerd thoss of
the cpan-19es afrcrgit. When completely ssturated, the
effective coatroller gain approaches zero and the effec-
tive sirersft éynaiico ars those of the aixplane alone.
Unfortunstely, h thic event the pilot aisc has no control
aveilabdle in ouc direction. aince the surfacas sre scatur~
ated. Theoe kinde of considerstione are easy to show on
the plot of Figure 16b oz coamanded pitching velocitise
vhich would just saturate the systen wien gains are sot st
particular leveis. Scalez shoving the maximum pitching
velocity cosmandeble without saturation, q, B&X, 1s given
on the vight side of the Bode root iccus plot next te that
for the controller gain, K., in lingar unite. Another
useful scale for partial saturation and other low-gain
opersticns is given oa ths far left eide. This chows the
tize to double amplitude of the divergent root at the
several gain levels {in easence thie i3 a crosaplot of the
locus frow l/'l'ﬂpz tovard the 1/Ty, lcad). For insteuce, a
divergeuce with ¢ sac tiwe to doubis amplitude corresponds
to e gain K of 0.010 deg/deg/sec. Thie is an <novuous
reductica in effective loop gein (factor of 388) in terms
of saturation or other gein reduction phencaena, ahowing
thet the oyetem 1luv extremaly zobust st the uosival value
of B" - 1,086,

The description above, cven though of & cusaary overview character,
any sppasr tedious and coaplicated. Tha net effect, however, of a well-
teupared desigm 1o vemarkably eiveightforwirde Lt 18 that the closed-
locp pitching valocity reupsase to 8 step pilot deput wili bave the
approximate  form:

3
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Qs o[ (ohug)? + (ZM)e + 1]

The { and @, in the denoainator sre those of the cloged-loop oscillatory
mode which progressed from the phugoid, vhile the lead time constent,
'rq, is the controller lead. The approximation ta_ho hdvmmc of the
fact that the short-period subsidence mmd divergeuce are both modiffed
by the effects of feedback control and, for favored gains, do not u;un
appear in the pitching wvelocity response since they ara nearly cancelled
by the airplane leads at 1/‘['9l and ll‘rgz. Peedback control has thus
provided us with & low-order effective system as far es pitch attitude
response to pilot inputs is concerned. It is in fact identical in foym
to_that of the short period of the airplene slone. This is especially

appsrent in the time response for the totsl system shown in Figure 17.

| 1 1
l 2 3

Tima (sac)

O

Piguze 17. Pitch Rate Respouse to Step Piteh Rate Comsand
for the Augmanted Adrcraft {u Cruise Plight
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There the characteristic fnicial ramp~iike, nesrly coastant pitch
accelorcttion riee with the overshoot and subsequent rsturm looks very
sigilar to ths exampieyy time response of Pigure 8 and to that for the
gonsric aircveft in Figure 11 for the 7.5 % C static margin. The

claged-loop systom responae ie more rapid in riss time and achieves a
steady statc ia less time.

There is an importeat difference between the time responses of Fig-
ure 17 and those of Figure 1l in that the closed-loop respouse for Fig-
ure 17 {s that for gll time rather than just the first few seconds. 1In
other words, the phugcid, which was 1llustrated in Figure 12 for the
conventional aircraft, is no longer preasent ae a long period oscills-
tion. Instead, in the oxemplary closed-locp system, it hss been
warkedly increased in frequency and damping and 1is now, in fact, the
single oscillatory mode preseat. (Calling this extremely well demped,
high aatursl frequency sode a "closed-loop phugoid" is based only om its
origin. For all intents aed purposes it 1s, of couree, a shert-period
sode, and hanceforth will ba treated and described as such.)

The net couclusion of thies article are that: proviasion of feedback
control on & statically stable, relstively poorly dsmped, relaxed static
stability aircrzit cen result in a set of vehicle dyusmics which are
substautfially ideantical in form to thogse of the short-period alone; and
wore iaportantly, while the piltch attitude form =27 be the seme, the
pacenaters are gntirely different in kind.

I. CHIMRISHE 07 PIICE ATTITUDZ RESFORER

In the exeuplery ceee etudy suvemarigzed 1in the lset gectdion, the
pitch attitude reasponsa lesad, Tq, came from the sugmeutor lead rather
thae frow the airplane Ty 2* In fact, the airplane pitch sttitude lead,
‘1'92. is not even present in ¢the revponsa, gdince it wie essantially can-
celad by the ecloesd-locp subeidences originating at II'SBN. Algo, the
undsaped natuxal frequewcy end damping, while superficially similar to

the shott pericd, depand instead primarily upou the coatrol system load
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time coastant, Th. vhich set the circular sec along ih;ch.tha c;. mﬁ

closed-loop roote proceeded, and the totsl open ;oop gein, IQNQ. which
located ‘5' ws et a given spot along this arc. These perameters, in
fact, sre those aseociated predominantly vith the highest frequency and
next highest frequency asysptotas of tha Figure 16b Bode diagram. Using
just theee two high frequency asymptotes as an epproximation for the
total system, it is easy to show that the spproximate values of w, and g
are given by:

02 . 2%

n

&
'a"l

(]
{x]
o

and
X PIOS——
37 Y KqT s

[al
|}
[

L
5 ¥ Igoca

Also, the epproximate normaiized risa tima s

1
Tgn

ety

1

W emmeripbte

:ﬁm.
{Tgcq

Here the quaatity w.g « Kqug ie the cvcesover froqueucy of the 0 dB iine
with the high-frequency asyuptota (ecee Figuve i6d). The subscript "s"
distinguishes it {rem the crossover frequancy @,, which is based on the
value where the opea-lodp ju-Bode sxplitude vatlo cxusses the 0 ¢ line..
These crossover fraquencies sre perhaps the mucat inportant eingls pars~
wetevs of closed-loop controla, wince thay divids tha wwrid of fapute
and veaponses into two different categorias. A&t fraqusscies welil balow
the crossover frequsucy, eveovyd due to disturbances ara supprassed aad
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ccamand f{nputs are followed. At higher frequencies the feedback contre!
sction gets progressively weaker, so that commend following and distur~
bance suppression iz reduced. The crossover frequency 1o often used z»
a surrogate for the system bandwidth, which has the same phyeical mean-
ing noted above. Interestingly enough, for the closed=loop coatrol
system the rige time is just the laverse of u , (l.e. T, = 1/»“).

For augmented relaxed static etability aircraft which have the
general tyre of characteristic wherein ¢ha airplane pitch attitude lead
T32 no longer appaars {n the effective gugmented aircraft dynamics, w
have emphssized that the pitch ettitude chargcteristice are diffevent in
kind but not in form from those of e conventional aircraft. Thia par-
ticular type of limiting case haavily augmented afrcraft wa shall referx
to aa "supzraugmented". The superaugmented distinction is wede to high-
light the differences -~ that supersugrented aircraft have attitude
characteristics which depend prizerily on the croesover fraquency
W = Kqtes end the controller lead ';‘q. and that thase charecteristics
may differ in kind from thogs of eves faifriy heavily sugmentad conven-
tiunal craft. In this venee, suparsugaented siveraft are zn {deslize-
tion which may not be alwveys spproached by heavily sugsented alccrefta
On the other hand, the Space Shuttle is an tdesl smample of 2 superaug-
wented aircratfe, for ifi‘eg i conpletely suppressed im its pltch atgi-
tude redponse and s zeplaced by s control systenm lesd. Supuraugments-
tion {a & useful concept bhecavse 1t 18 eufficiently idealized to
sioplify the drvawing of {egues and wnderstgnding, wvhile wot go far

rexoved from reality as to make tha consideratione arademdc.

With this prelude, we can wov turn to a compsarisen of the kay piteh
attitude reeponse paraxatore for couventional siveraft swd for superaug-
wenited afrcrafi. This is accomplished tg Teble 2.

Teble 2 cummarizes thy attitude lead s=d q;mérsti-c' (effective short
period) wode chsracteristice for & conventiousl aircesft shovrt period
and for an idealired euperaugsentas afrvuvrafe.

For the couventional sirplans, covevrsd at eha 1aft, :zhe tadle
reiterates yot again that the attitude lead and shovt-yarfsd wadsapsd
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naturel frsguemcy, oand bemce the vise time, depond primsvily on eireraft
\7 ' ccafiguration chazscteristics and the way the aircraft is balanced. The

S e T AL . A, EM———o

, daxping ratico alse te predeminantly & furction of configurasion,
" although & pilyek dswper cap provide a good deal of design latitude.

pevm—

FPor the supsvevgeantsd elrersft, the discuspion of the last avticls

PP

eaphagized ke gelative laek of sensftivity to aircraft configuvstion

charactarisiice snd the ralative fmportance of the controlinr properties
as they affect the closed-loop sircraft/augmenter system. The primary
deaign factors described there were considerations of a closad-loop
rhargcter, including the system stability, responsa, bandwidih, stabil-
ity wargins, etc. The mezt i{mportant coamposite factor underlying the

dymamir ot the superaugzented vehicle is the cruszvve: freguency {of the

asyaptote’, mca. This quantity, given by

"

w o KM (1% o)
Cy g A ™ wh

e

is an indica.ion of:

® The rotsl systes gefin comprisiss both coatroeller {R)
ond afvcraft control affactivenees (¥;) paresaters.

|

& The epfim haedwidih, <hich iadicates the {reglancy
range of good conpawmdt Iollowing snd disturbases aup-
gresgian.

opr e,

¥ The rvapidity @f eysten Tesperse, f.e., vise ke T? i
Ao
‘éuvﬁ.

$  The aystes dwping rsclo, in Rhet @, is 2 kay fester
{rogether wirk the ocatroller less téme conetsat, T)
. %
in wiiing the dampiuvg matie, §.
The fivsl throe properties o) the crowsevst {ragueney listad sbove are
qualitatively applicadle o &l fecddack control systems waich have z

Ca 3

low~zeec closed~locp cheracter. (low paes here oeend thet st frequea-
cdes @ to the bandwidth the outpur foilovw the faput quite wall,
whereza &t higher frequeacise the cutpet will doop off o zeplitcde
{-m} reletive to the inpud ~ thur the low {requanciss ere “passed” through
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the system while frequenciles higher than the bandwidth are attwusted oy
"not pazased.") The fourth propercy 18 s aspecial one for superaugmented
aystems which share the specific characteristics of the exemple case.
It {8 one reflection of the ideulized superaugmented situstion wherein
only two parameters, tue attitude lead (‘i'q') and crossover frequency
iw’"a}' define all the system input/output characteriatics except the

overall response acali.g between cutput and input.

Another manifestation of the two-parameter character of the ideal-
{zed superaugmented eircrzft can be seen in tonmecifon with the uaximuzm
piteh vate overshoot versus 1/'1.(,{(.'-'“‘ This is shown in Figure 18. The
possibie varlation i{n damping ratio, overshoot, and normslized rise tiume
{3 euncompassed by tne atraight line superimposed on the now faziliar
background plot. Notice that for a normaiized rige time of 1, the damp~
ing ratioc is 0.5 and the undamped natural frequency is I/Tq. At the
other end 18 a normalizzd riese time of 0.5, accompsnied by a L = ! and

an w,_ = 2/T

a Any eystem between these two extremes has excellent

q
clogad~loo, contvol, sysies stability, #nd mergina. Again the para-
meters which get the actual locstion on the attaineble lins ave the

crossover frequen.y, @Ca, and the control system lead time constaat, Tq'

1t {s (instructive to compare the pitch overshoot varlation with
static wargln of Figure 14 for conventiongl alrcraft with the Pigure 18
law of vverskoot for superaugmented airplsnaes. In the one case the par-
mitted variable L& the way the aircrsaft {9 halauwced, i.e., the stetic
producrt provides the vsristion.

q
The first thing to notice fus that the trends are in ecmevhat different

mavrgin, vhereas in the other the m%'f

directione relative to the background constant dasping vatio {§) coordi-
wates. For the conveational aircrsft, incressed atatic esrzin has a
cancomitant increase in the undaaped natuvral frequancy and docreare in
the normalized riee time. This sapect {¢ elwilar to that for ©, snd
normslized rige tine, Z!qué“, for thae auperaugmesiad afrcrefe. On tha
othet head, the damping rvatio of the short paviad diévvrosseo sl the
overshoet fncrasses for U conveantional sivevsft, while the opposite

treng 1o orsgeet for thy suievaugsented airplane.
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A major distincticn can also be made between the supersugmented and
conventional sircraft with reference to the serodynamic characteristics
which underlie thefr respounses. For the conventionsl aircraft, ever in
the short period, the stability derivatives YA Hq, and ¥, vogerher with
their variations with flight condition, are msjor yoveruing parsmeters.
When the coumplete three-degree~of-freedom airplane characteristics are
also tazken into account, several more Jerivatives become {amportaut
(&eges 2y, Mo, xw’ etce}s On the other hand, to the extent that the
sugmentation system can be made to approsch the supsraugmented charac-
teristics, the aerodynamic parameters of importance reduce to the sur-
face effectivensss, Mg. Potential variations ia other derivatives must,
of course, be assessed in the design process to assure that no possible
variation could upset this applecart, but in actual system operation the
primery sensitivity and varlationg of interest sre those of My« 1In some
ways, this sparsity of airplane-cheracteristic-dependence for aircraft
which approach the superaugmented state offers a major advantage. Ths
system which provides superaugmentaticon will ftself be complex in that
it 1s wmultiply redundant, yet the properties of any single chaanel of
the multiple redundant system are extremely simple, straightforward, and
seusitive to only & very few parameters. Thus, the concept of a
“simplex" multiple redundant augmentor has some appeal and vears further

consideration.

Finally, the ultimate comparison of the conventional and superaug-—
mented vehicles is connected with the closed-loop precision path concrel
flying quality aspects. Referxing to Figure 5, we can now indicate way
the sugmented aizcraft pitch dynamics block was not made more specific
in terms of the subscripts for the quantities in the transfer function
i{ncorporated there. The attitude lead is now no longer Tez, but the
control system lead Tq. while the undsuped nstural frequency and dasmping
ratio are unrelated to those of the conventional shorit period. Thus,
the augmented aircraft piteh attitude dynawmics are potentially funda-
mentally different than those of & conventionally augmented aircraft.
Not the least important of these diffcrences is the replacement of the
Ty, lead by Tq for now the attitude lead is not the same aes the path/
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; attitude reepeade lag (whied ¢ T@Z for both the conventional and super-
{ cugosnted situstieas). & gxisting superavgmented vehiclea, there is
cften a sudedsmiicl diffsvapce botusen thase Twe propertieas. For
inataace, o5 tha Shgt¢le Orditar, in a typical approach flight condition
the velug of lfiga is shoug ©.54 sec™! whercas lirq is 1.5 sec~t (Refeor-
ence 25). $imdlarly, for lws gemeric R85 traunsport in cruise 11132 is
0.4 sec™! wgle lqu i 2 aes'lo This difference batueen the attitude/
path lag and the effective lead in pitch attitude, as well az the
potential differemces in the basic high-frequency response mode, may be
: of fundamentsl 1importance 4n flying qualities and flying qualities
research. The importemce om the positive side could occur because the
. resgponse chargeteristics im pitch attitude of the idealized superaug-
mented aircraft offer many potential benefite. The listing of functions

(assoclated with Figure 15) provided by heavy augmentation is an example
of some of these. There are also negative aspects; some associated with
fiying qualities critevia snd others with the side effects introduced by
augmentor system. These topics will be described in the next section.
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&. PORBANRNTAL PLYIEG RALITY CONSEQURECES
FOR SUPERAVRIENTED AIRCRAFY

Much of the last section wws devoted to a Jevelopment of the simi-
larities and differences im precisiomn path cuatvel for different cate~
gories of effective airplane dynamics. Figure 19 showa & simplified
comparison of convestionsl and hesvily sugmented aircraft dynsmics. The
latter represeuts the closed-loop dynamics of the aircraft plus eug-
mentor when idealized at the gsuperaugmented extreme. The two blocks for
each case constitute the effective aircraft Jdynamice portion of the
total precision path control system of Figure 5. As demonstrated in the
last section and remarked many times, the distinction between coaven-
tional and supers.gwented closed loop aircraft/sugmentation system
dynamics 1is present in the pitch attitude charscteristice block.
Although the forms are the same, the pavameters are different im both
the numerator lead and the densainator quadratic which describes the
aircraft’s high frequency (short-time) attitude response characteris~
tics. In review, the key distinctions made in the 1sst chapter are:

©® The aircrafi pat' /attitude reeponee, h/6, is the same for
both conventional and superaugmented alrcraft;

© The sugménted aircraft pitch attitude short-term charac=-
teristics differ in that:

1) The lead Ty, for the conventionel aircraft is the
same as thg path/attitude lag whereas the lead
for the supersugmented uircreft Tq sy be quite
different from Ibz.

2) The undamped nastural frequency eand damping of the
effective short-period mode for the conventional
aircreft depends primarily on aircreft f£light
condition, weathercock stabilily, aond pitch damp-
ing (somatimes augmented).
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Figure 19, Effective Alreraft Dynamics (Aiverafe + Augmentat lon System)
for Conventional and Supcraugmented Adrcrafti
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3) The undamped natural frequency and damping for
the superaugmented aircraft depends predominantly
on the augmentation system (lead and gsin) and
alrcraft control effectiveness (H%) parameters.

@ The low frequency and trim characteristics for the coanven-
tional afrcraft are not reflected by the short-period
attitude dynsmics aspproximation, whereas the super aug-
mented aivcraft pitch attitude dynamics are appropriate
for low frequency and trim.

With the<e differences now esgtablished as at least idealizations,
the key question 1s what effect, if any, do they have on flying quali-
ties and safety? Unfortunately, the answer to this question is not yet
in. Specific research addressed to these problems is needed on both a
generalized, i.e., for transports as a class, and ad hoc basis specific
to a particular transport configuration. What we shall attempt below is

a resume of current status on these issues.

At the outset {t should be recognized that almest all of the cri-
teria and the very great preponderance of flying quality research data
which underlie the various fiying quality criteria were obtained on afr~-
craft in the conventional category. The flying quality data base for
heavily augmented and superaugmented aircraft is exceedingly sparse. In
fact, much of the available data base and even some of the relevaut cri-
teria in the existing or proposed Military Specification (References 17
and 30) cannot be used directly for superaugmented aircraft. A recently
completed study in which all available criteria were considered for a
particular superaugmented aircraft — the Space Shuttle Orbiter —-
showed that they were sometimes inapplicable or gave very ambiguous and

confusing regults (Refereunce 25).

One of the ploneering attempts to specify the flying qualities of a
celaxed static stability vehicle derives from the Spaca Shuttle Orbiter.
Because this vehicle under piloted coatrol is always an “effective vehi-
cle" which inhereatly intermingles airframe-~alore with some augmenta-
tion, this specification from the outset considered only the aircraft/
augmsutor closed-locp systea characteristice. The Shuttle flight con-
trol system is flight critical, ac no atteation was paid to aircraft-~
alone dynamics 1in the requiremente. The apacifications also relate
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direetly to she pitch sttitude comtrol, with wno specific mention to path
coatrol fezdures. Thc stafiameants are givea in two paerts. The first
part ie qualitsttive omd ¢atds thet .ze system shall provide a pitch
rate output pespsriiomal ts pilot imputs. This is asccomplished using an
avgaomtatios cyotem whick 18 eguivelent to the ome we have been using in
our exemples {(Figure 15). Pus second part {n more quanticative in char-
actor sad pusvides ilimits ep the maximup and min. mum steady-stste pitch
rates thet caa ¢ coamandad sud s time domain boundary specification for
transient respoases. Only the latter is of intereat to us here. The
original subsoaile pitch rate reaponse boundaries, from Reference 28, are
phown in Figure 20. These beundariec have shifted somewhat during the
Shuttle’s Jevelopment, with the present (Reference 27) set also ghowm in
Figure 20.

fddil prggsent Boundaries
&l Ld 973 Boundaries

0 é i | 1 {
0 i 2 3 4
Time (sec)

Pigure 20. Exesplary Tiwme Doemain Besponze Boundaries for
ax kS5 Advrcraft
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Perhaps the most conatraining characteristic of these bounderies is
the overshoot limit at l.3. 43 can be seen by examining Figure 18,'this
maximum pitch rate overshoot for an idealiied superaugmented ailrcraft
requires a minimum damping ratio greater than § = 0.7. Further, because
of the constreined conmnectiong between the variables for our idealized
superaugmented configurations, the maximum normalized rise time of the
pitching velocity response would be less than 0.7. Also from Figure 18,
using the upper scale, Ty w,/2 would have to be greater than 0.71 or so.
All of these are needed to live within the max q/qw overshoot boundary
of 1.3, Tor a typical case, if we assume & rise time of 1l second to
stay well within the lower bound, then the crossover frequency, wca,
will be 1 rad/sec. Then using the above cited exemplary numerical
values and the formulas of Table 2, the control system (and effective
afrcraft pitch attitude) lead time counstant Tq will be approximately
2 sec. ‘The dynamics of the quadratic wmode will then be { *= 0.7 and
wy = 0.7 rad/sec.

Transient responsee for epproach and cruise flight conditions of the
generic RSS transport (Appendix A and Reference 24) used in this study
are given in Figure 21. These responses are generslly within the time
responge boundaries shown in Figure 20. The cruise response overshoot
{s essentially on the upper boundary. As already demonatrated by the
simple numerical exsmple ebove, this overshoot boundary will be a criti-
cal and highly constraining factor on any aircraft which has effective

dyvauics approaching those of the 1idealired superaugmented configura-
tion.

While we hold no thesis for the pitch rate ¢ime resyonse boundaries
of Figure 20, they do appear to eucompass the reeponses for our gemeric
RSS alrcraft and ere generslly compatible with the Shuttle {tself, which
iu aleo an RSS sipcraft. The boundaries can thus at least be considered
exemplary, and cen be used as a convenieat framework froa which to con-
sider poesible diastinctions between conveatfonel end heavily augwented
aircraft. We shall usa thea in this strewman role below to serve &p &
backdrop for dats comparisons.
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Figure 21. Generic RSS Transport Closed-loop Pitch Rate
Regpgouses to Step Inputs
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The best and most current set of flight data for conventional air-
craft precision path control is procebly the landing and approach higher
order system (LAHOS) study of Reference 28. These experiments used the
Calspan variable stability NT-33 oafrcraft in a&n approach and landing
task. The evaluation flights weve conzinued through touchdown. A large
number of configurations were eveluated, usually by two pilots, with
repeat evaluations being made vandomly for many of the configurations.
We have seclected six of these configurations, summasrized in Table 3, as
being particularly relevaat to the points at issue here. Three of the
8ix selected LAHOS configurations exceeded the exemplary time dowain RSS
aircraft boundaries, and three had responses within those boundaries.
Both sets are shown in Figure 22. With a pilot rating of 3-1/2 as a
boundary between desirable and undesirable workload, corresponding
approximately to the MIL-Spec Level 1 flying quality category, Fig-
ure 22a 1indicates that conventional coafigurations with good flying
qualitiesz mgy not meet the exemplary RS3 boundaries. In fact, the over-
shoots are higher than would be allowed by the exemplary boundaries
while the damping ratios are often considerably less. On the other
hand, the three configurations which have responses which fall within
the exemplary boundarf{es have overall pilot ratings between € and 7. It
will be recalled that pillot ratings of 6.5 correspond to conditiona
where adequate performance cannot be attained with a tolerable pilot
wnrkload. These configurations, therefove, demand exceasive workload
and pilot compensation for control purposes. They are all poor from the
flying qualfities srandpoint, and bordexr on the uneafe by virtue of the
poor cont .ol and high workload. Incidently, the flight path/attitude
lay for both good snd bad configurations ie 1/T92 = 0.714 sec”l.  Since
this feature 16 the sawme for all, the rating differences are probhably

assoclated with the attitude compounant of preclsion puath coantrol.

Thue, the LAHOS dats indicate thet cooventionsl eircrait which do
meet the exewmplary boundaries can have poer flying qualities whereas
thone which do _not cen have good flying cuslities. Indeed, the marked
similarity betwaen sowme of those reopunees shown is Pigure 22b and the

veaponses of the generic RSS heavily asugwented alrcraft in Figure 21
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TABLE 3

SUMMARY OF SELECTED CONFIGURATIONS FROM REFERENCE 28

OVERALL
CONFIGU- | NORMALIZED PITCH ATTI- | COOPER-EARPER
RATION TUDE TO STICK FORCE PILOT RATING AVERAGE
NUMBER TRANSFER FRRCTION
(Ref. 28) PILOT A | PILOT B
CONFIGURATIONS OUTSIDE EXEMPLARY BOUNDARIES
) 7.41 (. 714)
2-1 5[+57, 2.3] 2 2 2
13.6(.714) (5.0)
3-C s(100)[~25, 2+2] 2 5 3.3
11.2(.714) (5.0)
4-C 5(10.)(1.06, 2.0] 3 3 3
NS U, —1
CONFIGURATIONS INSIDE EXEMPLARY BOUNDARIES
6.19(.714) _
4-0 5 (1.08)(4.09) 6 8
22.4¢.718)
4-3 5(1.42)(2.82) (4.0 3.7 8 6.5
11.2(.714)
-4 5 (1.42)(2.0) (1.8 4 6 6.5
Notaticat (I/T) =8 + 1T , [L.») = 82+ 2uws + w?
TRO1178-1 7N
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could be uwsed to support a contention :hat the flying qualitfce of the
generfc RSS aircraft would be pvor. [Recognize thet legicaily, hawever,
all that can be s¢id to tinie peint is thsat the exsemplary boundaries are

not suitable to define good flying qualities for gpyvesniional aircrgft.]

There ia, of course, another interpretation. This is quite simply
that, as w have emphasized sll aleng, superaugseanted aircraft are dif-
ferent in their characteristlce and sre not appropriately judzed by data
from conventional configurations. With this interpretation, the exeap-
lary boundaries or something similar coculd coacetivebly still encoupass
the responses of hesvily or superaugmented aircisft which have good fly-
{ng qualities. Unfortunately, there are wvery few deta avallable whizsh
apply to hesvily augmented alrcraft as congidered herein and even less
data which are pertinent to the idealized superasugaented conditien. A
very recent 8tudy, howvever, does contaln oae data point which does
indeed approsch the superaugmented asftuaticn. ‘This appears in BRefer-
ence 29, which examined the handling qualities of large airplsnee in the
approach and landing phase using the USAF-AFWAL/Calapan Totsl In~Flight
Simulator. The study simulated a | wmillion pound staticslly unstable
afrplane as the RSS baselipe vehicle. Sgveral coantrol systems used to
atabilize the afrcreft were axamined. Among thage wes ne which corres~
ponded to the augmentor of Figure 15. (One of the casea studied had
sufficiently high control systes gein to approach the supersugameatation
tdealizatfon. This responee 18 shown iIn Figure 13. the evercheot,
while less thsn the maxisua in the excaplary boundrry ia axtendad gome-
vhat further and the rigse time i9 sleo fairly large. Nonatheless, this
plteh rate reseponse is not too far rewoved from the exexplary bounda-
ries. This configuration was evaluated by beth evaluation pllote used
in the study and veceived genavally good rattiogs. In {ts second evalua-
tion by one pllot, in fsct, it was gives a Coopar-Harper rating of |
which {s extremely unveuel (the eams pilot faitially evaluated it ae 4}.
The pilot comzentary indiceates initial croblems in trim, beastcally fa
acteupting to "Keep the airepsed aed attitude organized.” After
familtlarization, however, the sauwe pilot noted tiat “Airspeed coutrol fa
excollent. Once I get 1t trimmed up it virtually holds the sirspeed,
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Figure 23. A Sieulatyd Superaugmented Adrplane Response for
Approach and Landiag (Ref. 29); }ngz = (.53 sec"l.
/Ty = 1 sec™

holds atritude, and stays trimmed f{n turns.” The ather pilot indicated
that “"sirspeed control vwas good, prodictable." Hies suspary comment wss
"o major probleoma, sn excellent airplane.”™ Freom these cowmments it

would appeary that fn precisfon path control, a auperaugmented configura-

tlon asay indeed eoxhibit good flylng qualitiea. There dces apprar to be
3 poteatisi fasiliarizstion problem, although this (s rapidly overceoms.
This one data point goes a long way toward jfustifying a posftion thar

heavily augsented RSS sircraft, csapectially as they appreach the super-

augeented conditicn, cannot satiafactorily be judged by criteria or com-
pared with data frea conventicnal aslrcreft. In ocher words, the dis-
tincrions hetveen the conventional and hesvily to supersugmentead
atreraft developed fn the last section constitute major flying qualities
fasuas which have yet to be vesolved. In eummary, te thie point:

® The flying aualities of supevspguaatad and con-
ventional afrcraft ave indeed different.
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®  Afrcraft usizg the =xemple augmentation system
can possess gosd precisfon path control flyimg
charaetaristics.

& The limits znd sansitivity on flying qualitiee
for hesvily augmented afrcrzft are wot yet
é@fiﬂ@do

B. PILOT FORCE VARIATIONK WITE SFEND COEDSIDERATIONS

Among the most fundamentel provisions of the FArs Ior atsbiliy and
control of Pert 25 aircraft are those called out in Sections 25.171
(Generzl} and 25.173 (Static Longftudinal Stadbility). These, in
egpaence, raquire that

"The airplane must be loagitudinally...stablaece.”

"A puli must be required to obtein end maintain
gpeeds below the apeciffed trim speed, wnud a push
ouzst be veguired to obtsin and maintein speeds above
the specified trim speed.”

"The airupeed suet xigtura to vwithie 0 perceat of the
original trie opeed for thk elisb, aoproach, aud
landing condit{ons...and to withia 7.5 percent of the
oviginal trim speed Jor the cruising conditiun...when
the control force {8 slowly released fres any spead
within the range specifiedc..”

"The average gradfent of tie stable slope of the

stick force ve. spaed curve msy not be less than 1 1b

for aach 6 kts".
A rigid constructionist veading of che FARe would be that mo aperiodic
divergences are pormiited and thet stick forca per miie per hour wust
have s stable gradie:t. For 2 conventionsal sircraft (with fully-powsred
surface actuators and soaw control eystsm friction oo that stick~free
snd stick-fixed chavacteristics are the seme), thess stalements are
equivalent. This can be eeen by considering the steady state angle of
sttack, ecpeed, and ottitude tranafer functisne for ou elevator faput.
When the effsctes of pitching mezonts Jua to spued chaunge associatad with
the stabilicy dorivaefve N, ere ignored, thes: stesdy-state transfer
functions sre glven by: £ ' '
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The term in brackets asaceiated with 8 /8 fa normelly positive. Thuse
squations can be interpreted a& follows. PFor a conventional, statically
stable aircraft (Cmu < 0) with stable phugoid mede, an up elevator coa-
mand (negative elevator) will ultizately yleld & pooitive angle of
attack, o, a positive pitch angle, ¢ {nose up), and a negat.ve speed
change, u (slow down)- Because the aiversft is stacically stable there
will be no aperiodic divergences. When the aign of M; 1is changed, sll
these trends reverse. Accomxpanying these changes will be an aperfodic
instability introduced by the negativs static margin.

The above relstiomships can de put inco another useful form by coun-
sidecing vatios of spsed to angle of attack end attitude to angle of
attack for elevator control inputs only. Theae are given by

u Ug 1
s - -7;(?;;)
Loexrnd

Az can bo zeen, these ratios arve subatemtielly independent of the stetic
sargin and wasthovcock swability porameter, N,. They ace, thervafors,
cssentially inverisnt with the degres of relaxed static stability.
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1f the contre: surface deflectiown, §, in the shbove axpressions is
spproximately proportionsl to stick force then the expression for u/é
csn be taken an a surrogare for the ilaverse ‘of stick force por umit
speed change. It will ba recalled that the inverse of the path angle
lag 12 given aepproximately by the heave dasping, <«Z,, which itself
varies directly with apeed:. Counsequently, the speed change per umit
surface deflectisn will vary ss the cube of the trim speeds Because the
stick force per unit speed change 1s proportionsl to the inverse of
nf8, the sti.% force gradient with spced becomes very flat at high
speeds. This cea make 1t quite difficult to meet the numerical value of
1 1b for earh 6 kta when the speed gets high eaough.

The simple relationships {ndicated above lend some insight to the
original construction of the FARs and at least some of their potentisl
meaning. The requirement for a positive stick force gradient with speed
chunge for conventional asircraft fundamentally assures the absence of an
aperiodic divergence, and also permits trimability in both & ehort and
long term framework. There 18 probably no simpler measurement to make
in flight than stick force as a function of trir gpeed, so the statement
of the requircment in these terms permits a straightforward test

sequence to assure complisnce.

When transonic effects enter, thae piltching moment per unit speed
change (proportional to M“) cannot be ignoreds The condition for neu-
tral stability 4s then no longer M, = M, = 0; but, {inatead Z M, -
M2, = 0. 1f, however, the stick force gradient is stable, all the
other trends mentioned sbove still apply.

Let us turn now to a relaxed static stability aircraft equipped with
a heavy augmentation system of the type shown in Figure 15 or its
equivalent. For this aircraft/augmentor combination, the closed-loop
system will be stable and will exhibit no apsriodic divergences. %he
basic system, however, 18 one which 1s rate~comsand/attitude hold, so
that the pilot coxmaud B‘P gives r’se to a pitch rate (even 1n the
steady state) rather than to & (steady atete) pitch attituds as in the
conventional aircvefte The control system when not activated by the
pilet thus fundamantally maiantains the airplane tris in attitude, vather
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than in angle of attack {or its surrogate, speed). The stick force
gradfent with speed is, in fact, zeroc. As noted in connection with the
pilot comments for the simulated superasugmented airplane configuration
of Figure 23, these effective vehicle dynamice were favorably
considered. Remarkably, no comment was made directly connected with the
neutral gradient of the stick force per kt. Indirectly, however, the
initial famtliarization required to "keep the airspeed and attitude

organized" was noted.

There are few toplcs in aircraft stability and control and flying
qualitias that can generate wmore heated debate (and, counversely, less
enlightenment) than the nsed for a positive ss cpposed to neutral stick
force gradient with apeed. As should be apparent from cur introductory
discussion above this 18 a bootless issue on conventional aircraft flown
with a margin of static stability. Yet, even here, the gradient inevit-
ably approaches zero as speed is increased. PFor heavily augmented or
superaugmented alrcraft with the exemplary system of Figure 15 or an
equivalent augmeantation, the issue becomes very important, for sgpeed
stability 1s inherently neutral as seen from the pilot’s control point,
Gep. .
There are many simulatione and flight experiment results with aug-
mentation systems akin to that of Figure 15 whsrein the neutral speed
stability has not been an important issue when contrasted with the very
favorable features provided by the rate command/attitude hold augmenta-
tion (e.g. References 31, 35). The need for positive stick force sta-
bility with pitch rate command attitude hold systems was specifically
addressed in the flight tests of References 35, 36. The coanclusion was
that there were no clear advantages to poaitive over neutral speed asta-
bility, at least when the sircraft was operstad at the bottow or front
side of the thrust required versue spesd curve. Tha fundamental atti-
tude stability, as opposed to weathercock etadility, is ordinarily very
fevorable in terminal opevations and other conditions wherain atmos-
phezic disturbances can seriously affect precision path control. Also,
the rate coxasnd/attituds hold properties of such gysteas are ordinarily
viewed with fevor. Oa the other hend, tha pilot techauique appears to
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require acmse iCisl fapilésriceticn, eapacially ia lending. The ini-
tial tessency, wiish ie¢ 'mt'd_l'y corrected by ome or two practice
landings, ic %e Jaad m&'- E

There is nesher factuwa ¢f rote commend/sttitude hold systems which
has received ccms piie? cegpeat. Considor, for instance, that at the
outset of flave, the eframeéls 16 in trim sad the pilot begins to pull
back tc reduce the oiml m,ﬁm " A the eipcreft begins to enter ground
effect tha pilot in a cowveational afrcraft will tend to pull further.
Thus, in landing a coaventiomnal aircraft without any trim adjustment,
the pilot ig¢ hoiding back pressure on the column. If now, a corrective
change is required in pitek attitude, the pilot accomplishes it either
by further bsck pressuxe or s slight release of the back pressure. For
the rate command/attituds hold type system, however, no back pressure is
held. Congequeatly, 1if the attitude is to be reduced, the pilot must
move the control forward from ite neutral position. This feature of
rate command/sttitude hold eystems has sometimes been remarked as
undesirable.

From the above couments, it can be appreciated that a distinct
tradeoff existe betveen the good festures of aircraft which approach
superaugmented coafigurstiesy and & conventional ststically stable air-
craft as far as the trimabilicty features are concerned. Some have
"solved” this type of prablem by ueing & lag lead for the augmentor
equalization instesd of tehu integrator lead combination of HFigure 15
(Raferences 4, 10, and 12) st the c¢ost of retaining a long term diver-
gence. GCthers have coagidered the augaentation of M, or M, instead of
creating a pitch attitude related stebility. As we shall see later in
the next article; theoe cead fatroduce unfavorable 2ffects of a different
kind and are not as stvsight forward in machenization, especially in
multiple vedusdaat flight crddicel situations. The point of all of this
is thet s tradeofl in desivable flight stability asnd control features
does appear to ogdst vhick aws wot conteaplated in the originel con-
struction of the FPARa. Kxieting resaarch does not provide sn unequivo=
cal answer, but faotesd, {sdfeatcs & tantaiising set of promises fnclug-
ing, 1in this purticular f(astasce, a potentisl for safety ecahsucement
(e.g+ in windshears).
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C. MICHARIZATIOEAL SIDPE RPFECIS 0Nl FLYLNG QUALITIES
CF HRAVILY AUGMENTED AYRCRAFY

In our consideration of relaxed static stability sircraft and the
effects of heavy augmentation thereon, we have ralied heavily on the
generic RSS tramsport of Appendix A and the exemplary pitch rate command
attitude hold command augmentation system of Figure 15. The question
then naturally arises as to how representative are conclusions drawn
from these examples to other cases. Specifically, will an augmentation
system using a different system architocture result in significantly
different conclusions and is the generic RSS transport aircraft, itself,

revsonably representative?

The second quustion is easily answered because the aircraft charac-
teristics are more or less a composite of & typical wide body high sub-
sonic jer transport based on an elaborate set of studies from the RASA/
Langley Energy Efficient Transport study. The primary issue that could
ve made relative to the aircraft-alone characteristics is the degree to
which the static stability is relaxed. In our example, we have per-
mitted negative static margins and hsve vequired that the control system
cope with the revulting aperiodic aircraft-alone divergence. This was
one of the charscteristics which led to the assumption of an essential
and hence nultiply vcedundant f£light control systeme Hesvy, or aven
supersugmentation naturally follows. The same end result cam be rsached
from another direction where advanced technology flight control using
fly-by<ire or fly-by-light ceacspts is the starting poimte Azain,
esgsentisl configuraticna accor:’ = :d uging multiple raedundaat control
systems ie a natural cousequeice end heavy augnentation is a vessonable
follow-on. On the other hapd, thera are sdvantages to be gained in
energy efficiaency and performance that do not ebeolutely rejuire opara-
tion of the ailrcraft &lone ia an unstable comdition nor & wmultiple
redundant fly-by-arive or fly-by-light f£iight controi. Instead, the air-
craft=alone s still coufigured as staticsily stable and a restricted
authiority sugmentor is still applicable (o improve the flying qualitias.
This option, which is coneistent with a conservative spproach to .new
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transport design is still sometimes referred to as relaxed static sta-
bility {(e.g., References 11, 32). These only slightly relaxed static
stability aircraft, of course, fall outaide our scope. As noted at ths
outset of Section II, they do not fall into the category of heavily aug-
mented aircraft with essential sugmentation. They are mentioned sgain,
here, primarily because of the semantica of "relaxed static stability"
concepts. Our concern throughout has been on craft wvhere this relaxa-
tion is sufficient to require a multiple redundant essential augmenta-
tion system. On this bsasis, the types of aircraft-slone inatabilities
and the aircraft~alonc dynamica represented by the generiec RSS transport
aircraft of Appendix A are representative enough to permit the drawing
of conclusions on a general bsasis.

The augmentation system, on the other hand, has muny possible alter-
natives to accomplish at least some of the same ends« The altermative
architectures, that is, feedback possibilities to accomplish desired
heavy augmentation are many and diverse as discussed in counectionm with
Table 1 of Section III. It was indiceted there that twe general effects

were important. The first wae to increase static stability and the
second was to improve the short period damping. Those quantities useful
for increassing the static stability fall into two fundamental categor-
fes. The first fnvolve creation of an effective pitching momeat propor-
tional to aun attitude quantity, such as the pitch sttitude, §, itself or
an integral of pitching velocity, [q dt. In this same clase {8 che
integral of normal acceleration because a, is a linear function of the
pltching velocity, q. With these systems, tha effective aircraft
dynamica include a new or created stability derivative, such as ¥y,
which is not present in the conventicnal glrcraft dyaamlics. The afv-
craft tends to be attituda stable rather then ateble reslative to sngle
of attack or spaed. It, therefore, essusesd & rigidity fu pitch atticude
ragther than a etability rvelative to the air wiss. fhee2 types of ays-
tems therefore provide an sttitude hold festure in gddition to astabiliz-
ing the divargence. At the ssza time, Che gpeed stabilicy for the
primary pilot command ia nautrel as discussed in the laec article.
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In counterdistinction to the attitude type of system are those
wherein an attempt 1s made to augment naturally occurring stability
derivatives of the airplane alona for correction of a reduced static
margin. This implies asugmentation of M, or M,. In ‘either of _these
cases, the speed stability will not be neutral, The nature of the speed
stability, therefore serves as a fundamental distinction between sys-
tems. This is reflected in Tables 4 and 5. Those systems with neutral
speed stability, that is systems based on attitude, pitch rate or normal
acceleration, are assigned to Table 4, whercas those with non-neutral
speed stability, based on angle of attack or speed, are listed 1in
Table 5. '

Other important distinction between possible sgystems are very much
architectural dependent. These are considered side effects and can be
more or less corrected by increasing the degree of compiexity in the
system design. They amount to those incidental features of & particular
system mechanization which are over and above {ts primary purpese of
improving static stability and short period damping. In cthe exemplary
system, the primary side effect was the need to provide an up elevator
compensation in turns proportion to R, tan ¢, to offeet the steady state
pitching wvelocity that oceurs in turning. In Tabla 4 the exeamplary
system 1a the second one listed, fq dt, q + §,+ As noted previously,
pitching velocity, q » §4, Will go a long way cCoward ieproviug the
characteristice but will not completely rveduce the divergence.

When other gensors, such as normal accelaeromatere, pitch gyros, etc.
are uged, the side effects may become wore {ovolved. Thay deriva, in
general, from Chrea sources.

¢ Biaser associatod with the narticalar fnatruman—
tation used in the system. a.g., norsel accelaro-
maters pick up the totel acceleration vheress the
cuguentation systex ideslly deeds ounly scceleva-
tion perturbed froe steady state couditions.
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TABLE 4. SYSTEM ARCHITECTURAL POSSIBILITIES . AND MECHANIZATIONAL
SIDE EFFECTS FOR SUPERAUGMENTED AIRCRAFT
Syatems Based on Attitude, Pitch Rate, or Normal Acceleration

Q’Ge
Reduces divergences, but does not get all the way to stability.
Requires some up-elevator relief in turns; e.ge, 4o = q ~ B, tan ¢,

[q dt, q+ 8,

Generally suitable for complete correction of instability.
Requires up-elevator relief in turus; e.g., qo = q -~ R, tan ¢,

faz dt, Gyoq * 9, (Gyo = Washout equalization)

Corrects for instability when operating on the frontside of the
speed/power curves. Can have backside instability and
equivalent backside in e¢limbs.

Has bias (azo ¥ 1 g) when accelerometer is not oriented along
stability axis for level flight; further bias in climbs and
dives; yet another bias with & roll limit cycle.

Requirec up-elevator relief in turns; e.g., &, = a, - cas O, sec ¢,
plus increment for q feedback in turn entr$/exit.

Requires more airspeed compensation than attitude-based systems.

1/(T523 + 1)fuq dt, Guyq * 8 [Pseudo a,]

Generally suitable for complete correction of instability (replaces

dy/dV-based limitations with l/Tgl; removes accaleromater biae
issues).

Requires up-elevator relief in turns.
Requires more airspeed couwpensation than attitude~based sysicums.

0,06 » 6

_ e .

Generally suitable for complete correctioa of instability.
Gain changes in turns, with sssociated P_/g lightening, etc.
Requires elevator signal relief (trim) for 6 ¢ 0.

9, qor 8, Gyq * 6,

Generally suftable for complete corrvection of instability.

Gain changes in climbing/diving turns.

Climh/dive steady-stste aignal relief.

Requires up-elevator relief in tuxn entries/exite, depecding on
specifica of Gyo*
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TABLE 5. SYSTEM ARCHITECTUBAL POSSIBILITIES AND MECHANIZATIONAL
SIDE EFFECTS FOR SUPERAUGMENTED AIRCRAFT -,
Systems Based on Angle of Attack or Speed (h/)

ap, q OF G4, Gyoq * 84 (@) = serodynamic a)

Generally suitable for correctfon of inatability.

Phugoid not much modified 1if G, focuses only on high fraqueactes.

Gust senaitivity associated with a,.

@hiag Position and scale facter errors (¢ seneor instellatiom).

Requires trim set point.

Requires up-elevator relief in turn entries/exits, depending on
specifics of G,

ap, q Or ay, Gy * S, (ar= inertial a)

Generally suitable for correction of instability.

Phugoid not much modified 1f G, focusas only on high frequencies.
Requires trim set point.

Requires up~elevator relief in turna, depending on epecifics of Gy,

Variants of a Syatems

i

3

. Uy 82
T oy - MlZsMs)] v2

and other maans of computing a.

up, Gyeq * o (4 = tnertial u)

Generally suitable for correction ¢f the instability.

May be subject to excesaiva pitching with a ug input.

Hust establish a sat poilnt or triw, U = U_ .

Phugoid damping ratio le reduced if G, focuses ocaly oa high
frequencies.

Requires up-elevator velief in turus, depending ou spacificy of Gw.

ups Gyna * 8,
48 Iin item adove.

Gust Sensitivity associated with u,.
Scale sid bilaa arrors associlated with u sscsor instailatfou.
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o The degree of airspeed compensstion for adjust-
ment of the asugmentor system total open Xoop
gain. This differs with the nature of the sensor
(e.g+, a, has a component U,q 0 normal accelero-
meter based eoystems will typically tequire a
greater vange of airspeed compensatior than will
6 or ¢ based syatema).

®©¢ The potential for correcticn of the aperiodic
divergence 1is different for diffarent feedback
quantities (e.g., the a, /8, airplane tganafer
function hes a lov frequency zevo, 1/T, ., which
can, 1itself, be negative. When this ia éhe case,
the divergence due to the negative static margin
cannot be stabilized but eiamply approaches the
vaiue of I/Thl).
Table 4 summerizes these side effects for the atetitude type neutval =ta-
bility systems. The effects on flylang quali-ies depend inherem ly on
the degree to which these charecteristics are corrected. Clearly, on a
aultiple redundant system, the complexity of correction {s & major Lfasue
since any single chaannel should be made as simple and troublef :ee as
possible. The isgue for a given system then becomea how fe&r one sust go
to correct the gide effact created by the architectures zelected. Thees
are matters which have not been investigated on a coaprehsnsive basis
for the type of systems described in Table 4. At present, they would
have to be coneiderad on an ad hoc basis for sach heavily sugseated R3S
treaeport design. The table in this sense, aimply presaenta s checklist

for perticular deoign possibilitiles.

On the more general question of the broader applicabilitv of rasulte
besed ou the oxemplary system, such ag those associsted with Tq and
1@2. it can be stated that they are pertinent to the eyetss poosibili-
tiea of Table 4. The reseon is that for all of these cystesa, the
higher frequency propertiea approsch those of the superaupzentad idesl.
Congeguantly, the f{esues drawn previoualy bave a high degresa c¢f geaneral-
ity fo: syeteus covered by Table 4.

»

‘mhl = (1/3)(dv/dV) when expressed in degreas/knot.
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Relaxed static atability airecrcft vhich are heavily sugmented with
systems based on angle of attack or speed to correct any static diver-
gences have effective aircraft dynamic charescteristics which sre essen-
tially conventional in form. This 1z particularly true az far go
piloted control is concerned because the derivatives M, or M, for szatic
atability correction are simply asugmented to stgbiliziamg levels. VFor
aircraft responses to disturbances howaver, a distianction between con-
ventional and heavily augmented sircraft may ba pextinent gependiez upon
the nature of the sonsors uwsed in the sugmentsation syaten. The dfsgur-
bance sensitivities will apecifically depend on chether & awngle of
attack system is based upon an inertisl or serodynamic angle of attack;
similarly, for a speed systemw on whether inertial or air speed is used.
The priwmary differvence, however, betwean these types of systems and
those based upon eome form of attitude is i{n the nature of the stabiliz-
ing characteristic. The sugle of attack system tende to stsbillize the
aircraft relative to the Instcntaneous (in the case of asrodynasic a,)
or steady state (for {nertial ay = W/l )velocity vector orienratfoan.
This {8, in essence, a weasthercock stability and may involve aignificant
pitehing. The speed based aystews create pitching momants proportional
to changes from a trim or set speed U, . Thare can be significant sensi-
tivity to ehesrs and forwvard guste with this type of aystem since the

aircraft must pitch to accomplish a belance of fore and aft forcae.

Neither the angle of attack nor incremental r;esd feedbacka are
eapecially simple to {nstrument, particularly on a multiple redundant
besim. Systems of this type sve =0ra likely to ipvolve sophisticated
state reconstruciion iilicers or observers snd computation to generate
the appropriate feedback signals. Unlike the attitude variety feed-
becks, which do an excellent job in stebilicing the phugoid charscieris-
tice, engle of attack swd speosd ave by theaselves not particularly valu-
able n iuproving the phugoid dyngalcd. Indeed, v s norwal ateplane,
the phugoid oeciklation has very susll angle of attack changes. The
stability derivetive, K, tends to effect the phugoid frequancy rather
than its damping, which would require the creatica af a new derivative,
N+ This typa of phugold damping improveseat, uifortunately, can credte
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3,

some exciting pitchiag motions vhen the aircraft is disturbed by forwsrd

gusts or shears. Conseguently, ia both typer of systess, a ceriain
smount of pitching velocity or 1ts equivalent fis desirable &t phugold
frequencies to fmprove the phugoid dauping. These are indicated hy the
G, 9 terms in Table 5, which signify & washed-out pitching velecity
feedback or its equivalent. Thiz type of feedbeck i3, of course, alao
very effective for short periocd damping sugmentstion. When it is used
for this purpose, with gaing that are suitable for relatively hesvy aug-
mented aircrafv, then the effective short pericd cheracteristics ave
dominated by the pitching velocity feedback. Thay can. then be very
similar to those of the attitude based systems as far as the short term
time response characteristics sre concerned.

The list of aide effects for the sngle Of attack or aspead base sys-
tems does not compare favorably with those for the attitude systems ao
heavily augmented aircraft using a or U as basic feedback quantities are
probably not as likely as the rate-cemmand/attitude~hold type system.
This statement applies especially when the augmentor ie at the eezeatfal
level rather than on a dual or single thread nom-flight critical dasis.

Because pltching velocity feedbacks asre likely to be preseut with
relatively high gaina {a the Table 5 systems, the general issue of a
distinction between sn effective pitch attitude numerator lead, Tq, con-
trasting with the flight path lag, Tez. present in the ideslized super-
augmented cenfiguration is potentially present with these systems as
well. Thus the conclusions previously drawn on this issue and those of
the distinctions between w, and { with the conventionsl aircraft short
nariod dynamics wiil apply. Thus, the general distinction between
heavily augei.ated and eonventional sircraft developed using the specific
exanple of the Figure 15 exemplary augmentation syetem and the generic
RSS tramsport aircraft will epply to scme extent fér all haavily sug-
monted systems covered by Tables 4 and 3,

In the actusl selection of en sugnentation system srchitecture, the
fectors summerized in Tables 4 and S5 ave. awong tho major icsues. Howe
ever, in the deeign sslaection, the most importsat fecets wre their cesw
psrative simplicity as wuultiple-redundant eystam aentities &nd thair

(3441
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inherent reliability &nd waiatainability ae dizgla etrings. Ia eddition
to the Table 4=3 factors, such 28 vensor Liznes and & veed for coxrec~
tion of atecdy-state ervors, zdditionsl cousiderations such a8 ralative
scale factors 88 installed, pickep of unwented signals, vulnersbility in
normsi operationz snd meintensnce, ease of checking, etc. sre algo of
meajor importemce. When all of thess factors sre consldered, in addition
to those summorized, the rete-command/attitude-hold estegory rsprasented
in the %Table 4 architectures will probebly preveil in some fors or
othar.

P. EZrAY THE IOTROSUCED BY TR CONIROL STBIRE

A cowson feature of all heavily augmented sfrcraft 1o the fateoduc-
tion by ths ~ontrol ayetss of additionel lags which mey temd to delay
the actusl aircraft reaponse buildup. The idealised responss shoewm ia
Fignre § astarts with s~ instantansous pitching acceleration for a atep
e 1o surface duput. In actuality, this responss will appeer wor2 a8
shown in Pigure 24. Hecause of the lags, after a tep input is instin-
teneously applied there will be s vary gredusl duildup befors tha pitch-
ing accelerstion begins to ramp off. This initisl bulldup delay is
esoily umeasured by a delay time T4 Although the discussion of this
delay hes been deferred to this poing, 4t 1¢ the lest itsm Xisted fa the
Table 2 comparison of pitch attitude respoms2 paramaters for conven~
tioral and superaugmented siveraft.

In all the responses and example snalyees described previcusly, the
explicit sssumption wae that actuation osensing, filtering, amd other
real system lugs were ignored. The delay time accounts for thssa. In
the conventfonal aircraft, T4 will be due primerily to the surface actu-
ator and any additional lags that may be prasent in the meausl control
systam. Ig, characteristicslly, is relatively small. ITypical setua=-
tors, for cxsmple, appear like first order systems with tims constants
on the orde: of 0.05 sec or so for small smplitudes of wovement. Thus,
for a convéencisnal atvplane with e stete of the are, fully poversd, esur-
face actuacing aystom end menuel control eystom, the eflective tics
dalay ey typicelly bo iese than 1/10 sac.
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With heavily augmented or euperaugeented asivcrsft, sdditiomal econ-
sidevations eater. As 4t turms out, all tead to incrsase the delsy
time. The baseline 18, of course, the surface sctustor charad with o
convantional countorpast. The relsmed stetic stebility sivcrafi which
relies on the augmeatarisn to restore favorsble stability properties
demands a contreller—eircraft system nfniwem besdwideh which is charac~
terfstically grester than that present with a damping omly cugienter.
Because of this, the eugmentatioca cystem dandwidth for rigid body con~
trol comes closar to intruding on the higher freqmﬁcy flexible modes of
the afrcraft. So that those flexidle modez do ot becoms impertsnt in
the aireraft/sugmentor syatem stability, filters sre often used in the
control system to atteauste systen 9ignals vwhich may arics due to the
lower frequency lightly~damped flaxibie modes. This csn be dome using
c¢ither lov saes or notch filtering. Ovar the lox Ifrequensy raugs asso~
~lated with pilot control, eithor ¢type of filter will asgesr &8 an
effextive lag.

In the augmeutation system filters &rs sometimes required for cer-~
tain senscvs, such as normal accelerogeters, to reduce unwanted inputs
from the local vibratory envirvument. Thess filters glao a’d to tha nat
iage Further, .n rhe controller itself, a number of quit: small time
constant o: pure time daley elenente nay bde prasent. For fxetance, 1£
the controller ia digitsl, a pure tims dolay 16 introduced duwe ¢ com-
puting oreiations and fil*ering ~ay be inaertad for anti-alfacing at the
input and smoothiug digitul to anclog conversions at the output-

Finelly, if the pilot cmmand input s sceezpliched vis a sidastick
or low=force-input ~ontrol rolumn in & fly-by-wire (or 1ight) coutroller
{nstallstion, the amanipulrear wiil ¢trangmit voth the desireble ccharent
pilot command signsis end undeeireble pilot-iuduced noiss:. Tie lstter
way be the ramdon fluctustions 4r pilet coutrol puwseisive comscaly
refervcd €0 as resrant, or may be more excessive in vtb‘utow anviron~
ames. In eithur avent, the pilot induced noles 18 ordfnxiily quite
wide dand, vhereas the asppropvisce coutvol eignsie av. wash aarrceer in
frequency coutent. ke menipulcior eignel e~codingly way tmmite m-
terdeg bofore it i prarasced to tha f£qjht coattollers
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All of chese types of filtering ocad time deloys are called cut in
the exsaplery FPigure !5 sugmentaticn oystem. Their sasociated lage ave
fadividually quite small. Bowever, unless grest cars {8 teken fn tha
detaiied deaign of the memipulator and other controllaer charseteristics,
they can odd @ to e eissble @antity. In fact, for the Approsch and
Larnd Test (ALT) versiom of the Space Shutile Orbiter, sueh time delays
approached 0.2 sec. Thie emdessive delsy pushed the ALT version of the
Shuttle pitch rate taespon2e to or past the lower boundery of its own
gpecification (Figure 20) which we have wsed horein as exemplary
boundaries to provide s strawman fréwe of refersence. Ae demonstrated in
Reference 33 this effective deley in the ALT otbiter played an important
role in the pilot induced oscillation eecountered in Free PFiight S
during the approach and landing scquence. This and efailar instences in
advanced fighters, which are &lso RSS aircraft, heve caused a grest doal
of emphasis to be placed on the effects of such delays.

While the flying qualities problems which may arise from axceasive
effective delay time are quite wall understocd, the quantitative pictura
is still clouded. The existing militsary specification, MIL-F-~8785C
{Reference 30) puts forth requirements for allowsble time dolays as &
function of flying qualities levels. Thase are shown in Figure 25. It
could be argued thaet level 3 of the HNil-8pac bSordere on the unssfe sad
that the lower ranges of Level 2 raguire axcessive pilot workload to
accomplish even indifferemt gtusulte aund thus are morgically safe at
best. The origins of the time delay rsquirvimente of Reference 30 are
not well documanted and thesa bounds ware set up shortly sfter the basic
problams were perceived to be a critical iseus.

On the other hand, Reference 34 shows the boundariea from dsta
developed for spproachas and landing uaing the HAGL DFRYF F8 DFBW aix~
plane. The high strees and lov otress bounde depand on tesk pracicion.
If Cooper-Harpez ratings of 6-1/2 ave taken ge ea&p?u' 14ade, thea tiw
high streas boundery would tudicate that delay tinss somexiat less than
0.22 sac wight be permiesible. Oa the other haud, it wust be recogatsed
that delsy tiwa cannot bde viewed as an uncoupled eatity. Iostesd, it 1e
fntrinsicaily coanatted vith othar £lyfug qualicy wetrice, cuch as vise
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time. A system with a short rise time carn surely uccomaodate more delay
thas a system with & longer rise timss Both time delay and rise time
affect the attainable bandwidth of piloted control. This 13 recognized
as one of the alternate spacification fectors in Reference 17.

Effective tiee delay, like most of the other issues raised in this
study, 18 not specificslly addressed in the FARa. It 1s unquestionably
an importent factor in the safety of oparation of aireraft, especially
in critical conditions which can be obteined during approach and landing
and potentislly other precision path coatrol circumstaences. The rise of
heavily augmented aircraft makes effective time delays =more importunt
because of the tendency alresdy cited for these sircraft to have values
larger than on conventional airplanea. It 4is especially imwportent in
connection with delay time, a# in most of the other flying quality
fssues brought up 1in this report, that precision control with high
stress or high urgency conditioans be emphasized from the atandpoint of
operational safety. A very large time delay could be accommodated 1£
the aircraft {s lined up well ocut on final approach end wo urgent cor-
rection is required or extreme disturbance is present.
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COBCLUS TOES

The primery thrusc fa thie 2tudy hse been to delineste and distin-
guish butween the characteristics of so-celled comventionsl aircraft and
those afrcraft of tha future which msy be equippad with high-authority
essentisl stabiifity augmentstion eystems. Tha key distinctionm sought
had been those which might effect tha flying qualities in precicion high
workload potentially critical conditicns wvhers flying qualities per se
heve their major impact on flight cafety: To this end we have fecused
on thoge criticel highest workload pilot/aircraft closed-ioop operations
vhich dnvolve precision path contrel ia the pressnce of unfavorable
eavivonsaental conditions such ae low visibility appeoachas and landings
snd turbulence and shear. The pilot’s stress isc thus ac a high level,
and pilot attention and gein levels will exhibit a coapsvadble dagree of
urgencys Using taske of this neture and an exumplary flight control
syetea and generic RS3 tranaport configuretion, the following points
have been demonstrated.

@  Alrcraft waich are asugmented &t the egscntial lovel must

be controllable througheut and after the failure tranei-
tion(s). The eircraft-glone and treneicionel dynanics
required in this connection &are uoct currently well
defined. An overzimplified and w0t too wall supported
criterion requiring any aircrveft divergence to have tima=
to~double zmplitudes greater than § cec provides & stop
gap valus. Additionsl raegeaxrch, which 1ncludes crew

functions sud behavior in takeover end recovavy duriag
the fsilure transitional phase, {3 bedly naeded.

® The path/attitude lag, neasured by the aircraft time con-
otant Tg., Lo the saua for both hesvily sugmestsd and cone
vmziomf stvevaft (ouly elevator coutrol 1a present).

® Tha piich attitude chavacteristics are luporient doth for

thair own sake in sttituda control tasks and &6 aa adjunce
juner loop in path coatvol tasks.
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@ The effertive ptich attitude dyhihied for @' conviéntidnal
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® - The gmmina poramteu m uhott eor& }:u:t'iﬁI ‘gt¥itude
- response for 4 - couwvaationdl eiverate ‘dre’ !unda*untény '
dependent on the sirplens 1{ft curve slopd; dfacfc Wargin,
etc., vwhercae the geverning parsueters for 2 heavily aug-
mented sirccaft depend on control eystew ‘dnd siretift' sir-
fece effectiveness quangitiss. Thus while ths ahort term
pitch trmater funetioa ehauetetatico hwa tha mc fom,
&nt, both in kind angl ﬂ.n qumtitativa dqguc- _

© Existing flying quelity daca and criterid’ buasd on cosven~
tional aircraft may not ba diractly spplicable to supey-
sugmented aivcraft and only partislly applicable at best
to heavily augnented sircraft. Thud, flying quality con=
siderctions bascd on many years of experionce, much dsts .
and atteapts to develop undcrounding. cannot nccessarily
be used by analogy for heavily sugmefited future cin.uft:.

® The experimental data basee for highly eugmented aircutt
is very sparse. Applicable dets that do exiast indicate -
that superaugaented sad, heavily augnmented asirezaft .gcan

exhibit good flying gquglitiee and hence safe operations.

© The FARs vere congtructed in an eya vhersa the diacinetions
drawvn in thie study between heavily auguanted end conven-
tional sircraft were unknowa. With ecae specisl interpre-
tations and/or wodiffcations, the PARS cen be adjusted to
accoezedete the uav technologias and new fliah& coutrol
forus.

€  There exiasts {nsufficient deta ut prassut to rasolva flye
ing qualities and safety ilasuea associated with
~  Alrcraft pitch attitude lesd, ‘i‘q. differeént from
flight pacth lag 232
- Short perfod dyassice Jludepsndent of static
watgiu

- Hautral speed etability o pitch vete comsand/
attitude hold eyetems

- Larger effective tise delays in the coutrol
syoten
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© The detailed micheaizatiocusl nsturs of tha aughentstion
syitem introduces apecific oide effacts which hive a
potential dmpact on piloted control and. .augmaatation
system couplexity. Very little date exists on tha flying
qualitiee and aafety importance of perticular éide -
effects, and on the tradeoff betvaem sliminstion of eide
effecta aad systeam complexity.

In genaral, the primsry conclusion of this study 19 that heavily
augmented atrcrafe have flight characteristics whick differ in several
important ways from curtent coanvantional eiziplanes. These f£lying quali-
ties differ in kind and degrse and in some raspects are not compatible
with a rigid consctruction of tha current FARe:. OGa the other hand, the
advanced sysiams themsslves offer proaise to eahsnce rather thaa reduce
safety. At praaent, insufficieat date exiets to resolve all the quee-
tions rafsad here. Inotsad, the fwportant distiactions have teen
developed, the key dLasucs ideatified, and the governiug parameters
delineated. This should zarve as tha basie for

® A reviev anrd coneidervation of potsatiel wmodifications to
the FARs for Pect 25 eireraft.

® Outline of ez dnterim flight test guide for heevily-
sugmented end suparaugnented afrcraft

¢ A point of departurs for both generalizad research to
rasolva the iwsuan relsed «id ed hoc considavatious per-
tineat teo opscific flight control/RSS afrversfe flying
qualities sud safoty conaidevations
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APPEADIX A

GREZRIC HSS TRANSPORT AIRCRANT

A model of a hypothetical high subsoaic jet traneport with ralaxed
static stability was genersted and used as a basis for eome of the
preceding analysis. This generic traneport wes besed in parz on two KSS
deeigns from the NASA/Lsngley Energy Bfficieat Tranapori study.
© The Lockheed 1~i0lI-RB (Ref. 11}, which has a

38 percent reduction in horizontal tsil earea

compared to the couventiounai L-i0ll. Thias design
ts considered ready for flight test.

® The Boeing IAAC, (Ref. 12), design in which the
wing is further forward om the fuseliage and the
horizontel tail area 43 veduced &2 percent
cosgsarad to & conventional haseline aivecraf: of
cospareble specifications.

The generic RSS tranaport developed heve i3 & wide~body high
snbsonlc jet transport with an all-moving hovizontsl tail. Deta vore
generated for two flight conditions: a) Sea level approsch at
i.3 ngu; and b) 38,000 fr cruise at Mach 0.74. The horizontal atl
sres was reduced 40 perceat with ruspect te a refereance souventional
deatgn with the tail length held fixeds The aerodynasic coefficieuts
vere corrected for the tail sres reductlon. Gy, Cﬁq, and Lgén vare
asaumed doxinated by the ta2il and reduced 40 parcent ~osmpared to the
conventional baseline. Swmall tail corrvections were wsde in the lift
devivatives, but effecte on drsg etebllity derivatives were ngglected.
No welght changas were mada, end the effaects ef c.g. location on the
derivativez wure neglected except for % Trancfer functiona
for Oy, Mg * and vy
the ST1 Airframe Tranefet Munction progras (ARTP) for spprosch snrd
cvuise at CK: vslues correapcading to +5, O #od -5 5 ctatlc wargius.
The wodel parasrters are Ctsbulatad fn YTokie A~1 sad the §y trsaster
funct{ons are tabulased in Tebla A~2.

tacluding coupling nuuerdtore, wete gensvatad fvom
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. B B b Ca o e o
TABLE A-l. CENERIC RSS TRAMSPORT HUDEL PARAKETEUS
PLIGHT CONDITION STATIC
PARAMETER APEROACE . CRUISE NARGIN -
JESe s PSS e e S S = e T
¢ £t 24 24
8 £e2 1, 660 3,460
U, fpe 230 230
h £t 0 38, 000
W -y, 300, 000 300,000
7, elug-ft2 12 x 108 12 x 10%
¢, 1.38 0.523
C rad™l 5. 88 5.16
Clg rag~! -3, 30 ~3.80
g rad™! ~10.6 -10.5
¢, 0.21 0. 0355
o rag~} 0. 842 0.573
C tad““ 0 0
Dgu
Clg cad! 0. 96 0.82
N
IR=1173«1 A2
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TABLE A~l.

s e £t a2

{CORCLUDED)

PARANETER

b an e

CH@H rad™!
g Crg rad "t

X, ot

X, sec™)

zZ, sec™}

Zy sec”!

7y sec~!

M, (fe-sec)™)

M, (f t--t;uec)—l

M, sec™!

XSy ft/rad sec

2y fe/rad sec?

My 1/rad sec?

My sec™?
i

FLIGET COWDITION 1 STATIC
APPROACK CRUISE HARCIN
T mﬁ::#ﬁ::*_.zm#ﬁw wﬁ

2. 38 ~1.69
- 264 s 258 +5%¢
0 () ]
<294 2258 -5%a
-0.0427 ~0. (0749
0.0546 ~0,00429
~0.280 «0.1029
0 0
~0.619 ~0.4648
0 0
-0.000326 -0. 000102
0o 241 -0.202
0 0
2244 ~50. 4
‘l ° 00 “1 [ 9‘)
0. 128 «0.296 +5%¢
0 0 0 _
0.128 0.296 «5%¢
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