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ABITRACT

Flight tests have been berformed with a variable pitok~rate~ocmmand/
attitude~hold flight oomtrol system in & Beechoralt Queen Air-80 airoratt,
Jose results of in~flight seasured rune for tvo pilota oontrolling typio-
al “eagy™ gnd PAifficult” dynamios are Presented together with the initial
results of the same tracking experisent porformed on a ground-based £1ight
simlator, Resulty are ooapared with reszlte of other investigatory using
fixed-base flight simulatory,

1 INTROIUCTYON

electrical primary flight control wWystems for transport airorafs,
Longitudinal sygteas are studied and Sspocially the spproach and landing
flight phages are ooneidered, Pttch-n“-«-ud/nﬂtub-uld systems
foras the basis of all flight-control system mechanizations Presently under
study,

In the experiments} phases of thig P ticular research progran, pilot-
od moving bass flight simulation plays an importast role. Because it is
pumdummu-ommwmmmmuwm
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the prediction of total systea bebsviowr; resuite of this study will ve
used 1o indioste ranges of paramsters for the siraraft/flight ooatrol
aysten combimation whiuh are worthwhile tohmhmuum
flight simuistion, For this study we needed Analytios) Verbal Desorib-
ing Punotion Nodel (AVDYN) rules (Ref. 1) which &re sppliostle to resl
pilots, normal piloting effect (ratber than optimiced behaviour after
oossidirable practios) coatrolling the (simulated) atrorast with the type
of manipulstor whion is typics) for oleotrioal flight oontrol systeas for
advanced dusigne, which is 2 displacseent side-stiok ocontroller with some
visoous damping.

Belatively 15%t1e systematio work has besn reported on the correlation
of flight and ground~simutator studies ag far 88 pilot deeoriding
functions, remnant and Pilot=airorats aysten perfermance ia concerned in

pilot's remnant mo ia~flight msasured date oould be traced in the literature.,
A limited ineflight ag well &8 moving/fizsd bage flight~stmulation

of the in-flight sxperisent are preseated in $his paper, Iaitial rosuits of
mumuummmnmtmmworm

ia~flight ozperiment, whioh ended Just two weeks ago, will we yrosented as
“11-

2 TIR EXPERDENT?

The task was single sxig oompaxsatery pitob~attituds traoking with o
suall amplitude disturdance inpyt. The randon appearing foroing fumetion
vas injeoted at the displey. Mhis *still air® taek S08R3 applicedls for
the atudy of pitob-attitude-otabilissd airerals,

(Alw the lengitodinal ocoatrol task for approach and landing s
typically mltiloep, severa) investigators have shown that pilet dynamios
of-the piteh attituds iuner loop iz this suitiloop gitustion are quite
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similar to the pilot dynamios for the single-loop attitude tracking task,
e.g. referencs 5).

The foroing fumotion should ideally have & powsr spestral density
represontative of the task under study, which is landing approsch for
transpor’ type airoraft. Howsver to be able to correlate results vith
those of many fized-base experiments & rectangular speotrua formed by 10
sine vaves vith an effective bandwidth (6 sime waves) of 1.5 rad/eso has
bteen used., The coantrol systew, display and sanipulator were the same for
flight- and ground experiments. Below s short cut-line of the equipment
used, is presssted.

Yehiole: £light : - Beschoraft Gueen Air Nodel-10
~ Speeds 130 KIAS
- Normal acosleretioa charsoterised by the firet order
sero”) of the pitch attitude-to elevator deflectien
srensfer funotions valve 1.26 eeo >

« Roll control by safety=-pilet.

2SUNd s - J-degrees of freedom, Noving Base Flight Simnlator of
the Delft University of Techmology, 81s0 used "fized-
base”,
= Pitoh sttitude motiom idemtical to flight situatiom
(20 wagh-cut)

= Normal acceleration characterized by the first order
zero, 8ee above Wesh-out, second order, with & time
conetant of 2 sece
centrol grateg : Prefilter-Nodel-Following mechanisation fer s pitoh-rate-
ocmmand/attitude-hold system

K (8e1/7.)
Comtrolled elemeat (CR) Mrm!,-ﬁ

Paraseters 1/‘1'° and wy seleotable

=n) Short-pericd approximatioan.

-

.l‘n. = 5-‘ ;'\,
YoX s, o
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Dynsmios used:
bY, ) ©,
) (-]
GB ¥o. -l -1

ssc ~ | 2ad eeo

i 4
0.6 4 Lo = 07
3 0.6 0.3

imlay s CRT (0.75 meter distanve to the pilots eye)
Root~mean~square amplitude of foroing funotion: 1 om

Napipulstor : MiR-side-stiok coatrollery gradient 2.5 kgon/degree
Stiok sensitivity asar optimum for each Costrolled
Elemeat,

3 DATA PRESENTATION

Fourier amalysis of the recordsd date kas been performed oa a
Bewlett Peskard 5450 A Powrier Amalyssr. Run length was 200 seos and the
data sampling rate vas 10, Computed results are averages of 5 runs for
each pilot-eontrolled element combinmatica,

A least squares fitting precedure was used to determins the parameters
of a sathematissl model approximatiag the msasured descridisg fumotions
NOAr orose=over frequency. Dats weighting sceording to the frequescy
separation with respect to the oross-over frequansy has been spplied.

The derived ammsrical results for the pilots who oomtrolled both
“gagy™ and "#iffionlt® dymamios duriag the in=flight experisente ave
pressxted in tadle fors. Only the describing fumetion dats for 0B~3 arve in
graphical form besause this is poseibly the sost iatersetiag oontrolled
olement tested.

4 DISCUSSION OP RESULYS

Disky
Por the in-fiight experiment the stendard devistien for dats
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averaged over 5 runs as imdicated in figure 1 and 2 for the systes and
buman cestroller desoribiag funotiom is smsll. Mizus 20 dB/dec slope for
the asplitude retio of the sywtem desoriding function is msasured in the
region of orose-over.

Table 1, preseating cross-over frequsrcies and phase margiss shows
for pilot A, CB=1 & regressed gitwation. As indicated ia table 2 high
socres (score « 1 - variance of the errer divided hy variance of the
forcing funotioa) for “easy” dymamice relstive to those for GB~3 have
teen msasured. This table shows slso that errer-related relative reamsat
(62 ) 10 always higher than or equal to cutput-relsted relstive remmant

[ ]

62 ).
]

Regarding pilot models (table 3) the interesting obesrvatiom caa be
mnde that near equal (~high)-values for the lead time comstant have been
obtained (table 3) and identioal valuss for the effective time delay for
control of CE-3.

When obesrving the in-flight measured inmput injected remmant, figure
3, for pilot B, or nearly flat spectrum up to 4 rad/esc is measured for
the ey dymamios™ situation CB-2. The results for the OB~3 hewever imdicate
a =20 dB/dec slope over the same frequency band. The data abeve v = 4 rad/
800 should be disregardsd because & meyrc-susoular/manipulater weds exist-
ed aromnd 5.7 red/eec.

The probability demsity fumotiea of the pilot's output (Pig. 4) olear-
1y illustrates the regressed situatieon of pilot 4, CB-1, (peak-ai-sero);
for the CE-3 situation this pilot shows less timodal ckaraster than pilot B,

A ocwparison of these results for pilot dymamios with the predictions
of the AVIFN of referesce 1, shows (table 4) lag (lesd) egualisstior (0B-2)
by the pilot as expected from the AVIPN "rules® with the loossiea of the
treak frequemcy (1/7;) in such s way that & loag stretoh of -20 dB/dec for
the opes loop aystem vwill exist. The cross-over frequencies measwred,

3 respectively 1.8 rad/vec, are 60 °/o below the valmes of 5 respectively
3 rad/ses for K and K /S°-forms se indicated by the AVEVN. However, the
ocontrolled statement fora aotuslly existiag duriag the experimsat differs
from the simple expressions msutiened sheve. Au sdditiomsl 90° phase lag
exists for CB~2 vhile an increased phase lag (in exzeees of 180°) exziste

for w>2 red/esc for CB-3.
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Noving-hase experiments yie higher cross~over frequescies and

lower phase margins than comparable fired-base experiments for the ssme
pilot with am "easy® controlled elemsut, pilct 4, cl-l').[A ocemparison

for pilot B, OB~2, is not possidle becauss for the moving-bese sitwation
mmwcmmmmlm.]

For CB=-3 mo spprecisdble changes in oross-over frequenocy and phase margin
can be observed when comparing moving- and fized~base resulte.

Approximately 30 °/o increase in the 1 -G~ value for the error
can be obeerved when going from the moving-base to the fixzed-base situat-
iony this is also measwred for the essy dymamios. This tremd correlates
well with the commentary of the pilots, stating that the task was easisr
when performed with sotiocz, The socore fore moving-base was silways bhigher
than either f1light or fixed-dase.

Trend in the cutput-relsted relative remmant shows & reverse in the
relative nusbers when comparing the easy and difficult dymamioss for the
easy dymaxics the relative remmant decreases when going from the MB to FB-
situation while the imverse holds for the diffioult dymamios.

Exoluding the regressed control situstion in=-flight for pilet A,
CB=1, good correspendence exists bLetween im=flight and ground-bassd
messured pilet-vehicle system performance.

The relation of moving-base and fized~base simulater resuits show
that motion ouss have o definite effeot on piiot's trsoking Wehaviowr.

POERL Y

Comparigon with previcus regults

With respect te the in-flight results, no direct comparison of
systea performance with previous resuits is possible dus to the lack of
data in the literatwre.

A similar in~flight and ground~-based stwiy Ly Secksl and others,
reference 2, preseats no pilot-airoraft system data.

Nore recent in=flight data kave bees reperted bWy Newell end Smith in
referemce 3j yilot=sireraft systea dats for s foroing functien bandwidth
of 1.5 rad/sec are givem but the task Mere was s roll-tracking tesk. Fer
the A~2+ configuratien of this referemcs, & oross—over frequeady of 1.8
red/esc snd & phase margia of 50 degrees were obtained fer pilet A asd B
(Pilet C showed "regressed” cenirel okarecteristios). A fitting of &
sizple mathesatioal wodel indicated o lesd time comstant of 2.3 seceads.

=) This sams chssrvation could be made frem the data of amother pilot
partioipatiag in the grownd-simmlator pregram. (Pilot 0, tadle 1).
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In reference 2 and 3 no remmsat data are priseated.

Table 5 preseats correlztion of the ocurreamt FB results with data of
reference 4 and 5 (fixed-base also). Im reference 4, data origimally froa
WASA TED-2067 are presented (p.244) for Bigh u, dynamios whiok are suited
for a compsrison with the cwrreat (B-2 dymamios. The sstimate for system
crose~over frequency (3.3 rvd/sec) from dats st lower frequencies repert~
od herein seems on the optimistio side. The phase ourve of the reference
ooincides ccmpletely with the owrrent measured phase cwrve &% lower
frequencies. A phase margin of 35 degrees (as predicted in the reference)
leeds to a sewly estimated orose-over o: 3 rad/sec.

This sgrees very well with the owrrent msasured 2.8 red/seo (phase margin
40 degreee for CB-2.

In referemce 5 results for a single axis experiment are presenmted
mﬁmummmuummm%m(c&s).
The msasured pilot-eiroraft syscea desoribing functioms for this experiment
are pregented howsver in referemce 6.

The orose-over frequescies of 2.4/2.7 reparted herein fer twe pilete
corresponds to very low phase margins of 12 and O degrees respectively.
Taking the liverty to question the cerrectases of the emplituds scaling

in thin case, & mew estimate for the cress—over frequansy osa bs made.
Taking the lowest phase ssrgin reperted inm the currest pregraa ss wll as
in the experimsants degorided in the literature for tagks whers lew frequen-
oy leed is gensrated, mamsly 20 degrees, & valus of 2 red/seo for bdeth
pilots results. Again this correlstes very well with the results desoribed
here.

To summsrise, the following can be eaid:

- The predioticms of pilot's equalisation (form and locatics of Wwreak
points) and his effective time delay Wy the AVDFE (1965 status) holds
for the in=flight pitoh atiitude irscking sitwmatiea.

- The flight data oerrelate very well with reexlts obtaizad during the
ground-based expariment. Charsoteristiec for "easy dymamios™ are crose-
over frequoncies of 3.0 to 3.2 red/eec with a phase margis of 20 te 30
degrees for flight and moving-base simlation conditicns. Fimsd-base,
someviat lower cross-over frequensies with higher phase margiags have
been meagured.

Por centrol of the "difficnlt dymamies” oress—over frequemsies of
1,8 to 2,0 rad/eec with phase margin 20 to 35 degrees are measured.
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na2 ) 2 ] nr B ”»
A 1.3 3.2 2.5 80 30 65
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[ - 3.° 2.5 - w 45
2 B 3.0 2.5 2.8 30 45 40
A 1.8 2.0 2.0 k -] 35 20
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Fora controlled slemsat Dear Oross-over frequency
CB=-2 CB-3
]
g —error Score relative remmant p‘c te (based on amplitude I °/‘¢ ( 3 tion for
CE |Pilot - " = > ratio) phase lag 3~90°) | amplitude ratic phase lag sxoeeds -280° for
) w | [ nr [ frr fme (2) e | o> 2 rad/eeo)
e D — e
i stady
a lo.sa}i.9 fa.s [o0.71]c.78{0.73]0.84 (0.93)]0.87]0.73 AVDF% Filot B AVDPN Pilot & m&m »
2| B [0-.48 | 1.9 | 2.8 |o0.77]|0.79]0.69}n.70 (0.70)]0.90}0.75 Tag(-1vad) Teal Y[ oe —
- ~lead. f!.ﬂow ’MQM Low +load
2 lo.77 | 4.1 [5.2 |o0.40]0.58]0.40]0.20 (0.63)]0.35]0.58 freq
3 B 0.85 | 3.5 | 4.7 0.27] 0.62]0.49]0.50 (0.66)]0.40]0.48

1/rru/1°-o.6 1/2= 0.7 1/1‘1_«-.-1.8 Yr=0.21 V,i.o.a

able Performance measures and relative remnant. ') cm display

") and "') Volts (’C; = 0.33) (('.-0.50)
g- 0.22 'rea 0.26 anooBS Teoo” 1‘?0-38

2pble 4 Correlation with pilot dymsmios predicted by the AVIPN of reference 1.
wy = foreing funotion bemdwidth. (Tg T -0.07w;)

Source Pilot 2
1/‘1'° vy o wy oy w |°:
_ weo! | rad/ese sso | rad/nec| deg. °
@ |piiot L 7 L A Ref.4 A | o4 | 335 [os3] 1.5 [3.3 [P -
‘:” A 1.5 | 4.0 0.70 2.5 65 0.73
l A [ ) 1.1 .8 '@ ]
- = (B wl) o gu ™| » | o6 ]ao Jorw] 5 Jae [ o
2| s 6.0 h.afo.7)o.26 'p"bﬁl;m'
2)
A 2.42) |emat1 | 0.30
. 06 Pip.1p-® Ret. 5 06 |08 o | 10 |
B 0.6 [oosjs.3fo.38 ) 2.72) |emar1 | 0,36
Table 3 Nodel for pilot's desoribing funotion (FLT) 4 2,0 20 0.58
'fg; staty [ o6 o8 lo7| s 5o > | o8

1) Estimated from system descriding fumction date st lower frequencies.
2) Estimated as indicated in reference 6.

Table 5 OCorrelstien with previous resuits, fizsd-base.
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