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SIMMARY

. . r ]
Calculations have been made of the stadility of a four-tenths
scale model of the Grummen FOF airplane, intended for use :I.ndrop:ping
tests, under the influsnce of on automatic pilot. Two types of
antcmtic Pilot were considered, one pneuwhatic and one elsctric, both
causing defleoticn of the control swxrfaces at a fixed rate, 'but '
differing.in the rates availdblo and in lags. Both pilota include
a follow~up mechenimm designed to give quasi-provortional control.
The caloulations cover different ratios of control swrface d.e:rlect'ion
to airpleme 8isplacement and different rates of contyol dsflection, .- *
and investigate’ the effects of lag, overshoot, and dead band in the: " -
servo’ system. - -

Rocomend.ationa are mans as to the control pérameters necessary
to sedure stability of the model. Some geneyel comlusions concerning
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A% -the request of the Naval Aircraft Experimental Station, . ._
calonlations have beem'made of the stability of a four-tenths scale ..
model of the Grumman F&F airpleme with autometic pilot, in order to .
datem:lne the proper rate amd mopcrﬂbh of eontrol to be applied..

The F8F is a conventional low-wing single-seater design. The

four-tenths scale models are intendsd to be dropped from consideredble
altitudes for the purpose of ‘cbtalnihg verious asrodynsmic and structural
data at high speeds. The object of the investigation was to dstermine
follow~up ratios and servo motor rates that would enable the autopilot to
stabilize :the medels in attitude without introfucing excessive
accelerations.- ‘Accuracy in maintaining the orit;inal direction of
flight wves to be comsidered socondery to the elimination of violent
motiong which wuld invalidate or obsoure the data o'bta:l.nad from the

£light,
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Two automatic pilots were wnder consideration, cne pnewmatic and
one electrical. In each there is a pitch gyro, with gpin axis vertical,
operating the elevators, end a bank gyro, vith its spin axis alohg the
lateral arxis of the a.:lrp].mer, operating the ailerons. The electrical
pilot includes in addition & directional gyro for operating the rudder.
It wvas plemmed to use the rulder only if a reasonably straight course
in aximuth could not be attained by use of the alleroms alone.

Both the pneumetic and the electric systems provide fixed-rete
control deflection govermed by a follow-up mechanism demigned to give
quasi-proportional controlj that is, the follow-up system calls for
control in proportion to the displacemsnt ¢f the alrplane from the
reference attitude. This conditlon'is approached, however, only
insofar as the fixed rate of control deflectlon provided by the servo
motor is egual to or exceedls the rate of displacement called for by )
the follow-up. In general this comdition is not satisfied end the con-
trol 1s not proportional to the a:l.r_plane displacemsnt dut is applied
at a fixed rate.

In actidn the two systems differ chiefly in the rates of control
deflection available and tho lags assoclated with each speed. The:: -
calculations desoribed herein cover a range of servo speeds and
control gearings end. investigate the effect of lags; the wesult!.ng
ccﬁclus:lons should be applicable to both systems, -

All results ave presented in the form of motions to].'l.oving aha.'upt
displacements of £ixed magnitude - 20° in bank and 15° in'pitch .and -
yaw - from the reference attitude. With a nonlinear (narpnopom‘btoml)
control system, an airplane may make a stoble recovery from:ome': -
distwrbance but be wnable to recover from a larger disturbence. In_
order to axrive at some sort of comclusions as to'a satisfactory
system, the ability to recover from any dis'hn'bancé wp to thoge specified
wag decided on as the criterion for "stebility.” In addition, the
requirement of small accolerations was imposed and a response was
comsldered satisfactory when no. violent motions of the model wore
involved. Thus a slow retwnrn to the reference attitude wes not
considered partiocularly obJjectionable, nor was a long-periocd hunting
motion. Ko, limiting velus for the acceleretion was specified, but
rather 1t was assumed that recomendations could be made as to methods
of minimiging the accelerations and that the deplgners could then go
as far in applying the recommendations es was prectical.

Desoription of the Automatic Pilot-

Schemt:lc d:l.agram of the two gystems considered here are re-
produced in figures 1 and 2. Thers is no essential difference betwsen
the components of each system - elevator, sileron, and in the elsctrical
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pllot; ruddsr control. However, each im seperately adjustable to glve
the d‘.e"sired. stebilization in the réleted degree of freedom. The main
Loatapps.of the autcmetic pllots, as they enter into the ma.thomtiell
enalysis, will be reviewed here. i o i

O ra WA N !

. aeok deviation of the airp].ane from ¥he | moscope reference causes

.a cut-off plate “tao movo between & jot and arifice Tixed on the gyrosbope.
Al'l-.ho'ug'a the signal presgsure thus itrememitted ls approximately ofr
praportimaltothemgumaevntioanthaau-plane, it acts only
too;éenorolosd"hdaub]:ethravelecm'a switeh, osusing the servo.

‘ mobor to operets in'ome direvtisd & the. other. he” iqn,im'qlm
closing & gap -of Tinite tude in mk:!ng contac:ti 8 esrtain
mintmin ‘of signal ToresSurd is thereforé reguired beﬂ!‘wm q,od‘h'ol

is :pplied. This minimum corespomds to & certatn am:q. exrror,
or dead band, througH Which 'the ‘airplane miy dsviate from the reference
vithout ceusing eny activation of" the sexvo motor. The' ‘depd Penid 1,
determined chiefly by the distance between the contacts in- the -
pneumatic-elsctric plok-off and is adjustable. -

A certain amownt of control-swiace motion, howsver, does take
place vhile the pick-off points are-in the dead band; this motion
is the_result of coasting of the Hervo motors Because of it, & .
lower:1imit for -the width of the desl band has been spocif:le& ‘Po
eath follow-up pulley and servo mo‘bor rn‘las,i 4G prevent 4 splf-e‘mlted.
hu#tingo@-thesmmtem ;

, M'ﬁebn'or in heading. excebds themag:i'mﬂ.e of ﬂ;e dead bend,
the eléctrical contact 18 closed and ithe: gervo motoxr.cayses a linpar
mm'b,er,om‘rod. totaheupmo,timipmed,irectim;ortheothora.t
a ﬂh’d. rate. The rod is ultimately, aea.mo. %o th&pmt‘rol surface .

Afonov-up cable- attaehed.totharodcmasrotatimor the cuk~
oft 'vaive, o¥ ‘gyro reference, #o ‘that the reference heading differs from
the original heading by an amownt proportional to the control ection.
Conversely, aslcngae'mea:lrplaneheadingismhthatthpsi@al
is gero, the contiol deflection is'froportional to the deviation in .
heeding from the-original. The fastor of proportionelity. 18 dependent
cnthediamterotthefq]low—wpﬂleyondmunhge ‘tween the-.
8é2vo motor and: the comtrol surfaces, It should :he noted that since the
control surface, and theréfore the gy:‘o ‘reférénce, moves at a fixed
rete, proportional control is not aotual]: mainteined while the
a:l.r_qlane heading is changing.

s £ e in sio.- The yneumatic servo motor offers
a renge of piston speeds from 0.19 to 6.5 inches per secomnd, with thé
uge of the lmstpartotthorangsnotreomdadbecamaot the
exceéssive lag in operatiom. The piston has a L-inch travel emd the
actual speed of deflection of the control surface depends on the total
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'datleoum to which that b inches corresponids; or the gearing between
fhecontrolswfaneandﬁepiatm It will be convenient to denote

thls gearing Tatio by K -i:x total deflection (hard dver to herd over),

or degreea of deflection per inch of p:lstan d&uplaoemnt. The rate of
oontrol surface deflection 3 ill then equel X; -'times the piston speed.

The retio of cantrol deflection to airpiane usplaoemnt K, .will be
the produwt of K, and the reatlio K, giﬁngﬂ:ommbu'etinqhesot

piston movement corresponding to ons degree of pick-af-‘f diaplacemnt.
The follow-up pulleys with the original mschanism were stzndard-
diemeter pulleys that gave valueas of equal to °'ﬁ§6
mdo.ohimhperdegreo It wvas plammed to provide etailoran
deflection ‘and 50° of elevator Presumably-the rudder would. ,;:umd.se
be “gdared - to provide 50° totel deflection. Themthe value of "Kj. fqr
the eiferons-would be 11° per inch end for elevater end yudder,: -

12.5° per inch. The ranges of § and K -provided by the ppsumatic
servo with the gearings'described ere therefore as followst -* -

TABLE I

Thovaluelof K mmedmﬁamuwadnlwot

intendsd to be approximately 1/2,” 3/k, and 1/1.

: éﬁ” 57 Ailerons Tlevator and rudder | -
( ter | (in./deg) | (K3 = 112 per in.) | (K3 = 12.5° per in.) ¥
in.) *K 3 'K : i

. N (“8/:“") (eg/Bec)
T 532 | 0.0 |0 |2 to 715 | 0.5 | 2.4 0 BL.2 "
1- r3/h . <065 T2{21to TS5 | - 81| 24 to 8121,
09 9[22 to 715 | 243 | 24 to 818 ]°

K». !!nym

The: electric motor- 1: essentially the seme as the pne'lmtic mo,

with a L-inch!linear motdon to be trensmitted to the sileron harn.
Theré are, héwever:;:énly tliree servo speeds available: 0.57, 0.88

end 235 irichss per debend: The minimm dead band .(in dag). determined

e:peﬁmm.ly-rw panhuervo cond.ition :I.s given!,nme II:

-~

.
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" TABLE -IT
Pulley ' anmtic_a;vo T Heotrioc servo
dlemeter | Approximate aervo speed, in./mec
(n.) | 0.9 { 0.37| 655 | 057 | 088 | 2435
1/2 0.3 o | 25 | 05 Ok 2.2
3/4 -Fot measured 5 1.7 .
1. @[3 | 1S |2 3 | 1.0

8 coast.- Hwo other quenbities entering into the
calculations are the time lag betweerr roverssl -of signel and reversal
of control motion and the emownt of coast. These axe difficult to
ascertain exactly because they always occur in conjunction with the
time oocupied in passage of the pick-off through the dead band. They
also vary considerably ‘according to the existing preeswure level of
the system, depending on the direction and dwration of the previous
signal. As data on these characteristics were not available vhen the
camputations were begun, the initial caloulations made on the Gensral
Electric differential analyzer amitted them entirely. For later
calculations the experimentally determined lag data tabula‘bed. in the
following table were used! .

TABLE III
Pulley Pnewmatic servo Electric gervo
diemeter _ Approximate servo speed, in./se¢

(1n.) 0.9 | 0.37 | 6.5 | 057 | 088 | 2.35

1/2 1.5 0.8 0.17| 0. | 0.08 | 0.1
. 3/l|- Not measured . - s

The amount of coast was estimated from the dead bend necessary to pre-
vent hwnting of the.servo syatem in each gcandition. These data are

presented in figure 3.
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TESCRIPTION (F COMPUTATIONS
Rquations of Motion

The calculations were based on the linearized eguations of motion

of the airplene, used in the following form:

I

L

: . Longitudinel .
W cos 7o W cos 74
d L - — - T ——
l‘Lb ‘IJ. c.Du ._(CD )d. 2e8 6

Wa:hg,ro W sin 7,
)CIQ Lt om °

-2Am:f e

T—— m,_.,,dt"'cmq.“"'cméﬁ"'cmgab

Tateral.

”
ﬂ EE-I-—— uC -I-E— +-1
v \at T at) "GP F g e % ¢ s Y

2y
e A Tt AL

a‘rza a°g a¥

—_—=C a+c-,_ 91+c +C )
TE R BT TR G Ty, e

The symbols used in.the equations are defined and thelr values in
high-speed and low-speed flight are given in the following section

(table IV)
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Flight Conditions and Fumericel Values Assumed
7 far the Calcuiations

A one-fifth scals. md.el for the ai.rphne had been tested in the
Langley atmospheric wind tumnel, and the 1ift, dreg, and moment data
required for the stability oa:l.culations vere, vith a few exceptions,
obtained from thede tests. Theoretical corrections were applied for
the effect of the propeller, with which the models were tested but
vhich will not be present in the drop tests.

It vas assumed that the model would be - released in level flight

at zerd lift at ebout 200 mlles per howr, and that the pick-off in

81‘.:ch gro vould be trimmed over to atubﬂ.:lze the modsl along )

glide path, whlch is the engle for ‘equilibrium flight at a

lhchnmberofo.Bforthiuairplqm The bank gyro was assumed to
measure angular deviation asbout this glide path. The quantities
tebulated represent the conditions at the begimning of the glide
(200 miles per hour) and at the equilibrimm or terminal speed,
580 miles per hour.

D

TABLE IV
Symbol Definition High speed Low speed
%o angle of climb . =300 -30°"
v speed along flight path 850 fps 300 £ps -
A aspect ratio of wing 5.-17 517
v wpam of ving W re. WLt
5 avee of wing 39,0 8g 25 39.0 o Tt
N -;;—bxmsara:lrplm 66 . 1k3
o Gyt e e S oS
©q - -dynamic pressue -%pvz ...... oo BB T332

Vv weight of airpleme . 1500 1b .. 1500 1b

redius of gyration about .- 2.965 £t .“2.965 £t

lateral axis
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Synbol, Definition.- High speed Low speed
w7 . frectional laportwefm& : Variable <A
-"'meantorm'dupeed.-v- ' ; .
a from mean angle - Variable .

of attack, radimms
6 - . departure from mean (gyro _ Verichle
e '-;'screrence) a.tt:l'buda, o
: rwia.ns
8, .~ angle of elevator dafloos Variable

t1lon (positive down)
measured from the trim
position

Cp drag coefficient 0.046 0.026
Cp rate of chenge of drag 0 0
a coefficlent with angle
of attack
meen lift coefficient 0.08 : 0

coefficient with' angle
of attack, 3Cr/da, per

&

pitching-moment coefficient  ~0.422 -0.422
dve to wnit change in : . -
a, per radian

£

pitching-moment coefficient -0.0079% -0.0225
due to wnit rate of
change of «, per radian
per second

£

cmé pltching-moment coefficient -0.0141 = - =0.0%00
due to wnit rate of )
- change of 6,“per redian '
;peu' second



MR No. LSLO3

TABLE IV - Continued
‘Symbol Definition - . High speed Low speed .

-

cma,, pitohing-moment coefficient -0.T16 =0.716
due to wnit deflection '
of the elevator ’

engle of sideslip .
;ng1; & bank Variebles
engls of yav ' |

rad.i't-ls.otf gyration about ' 3.02 £¢ T 3402 £

vortical axis

_radius of gyration about 1.60 £t T 1.60 £t
longitudinal axis .

g B peew

engle of alleron deflec- Yariable
tion (positive when
right aileron 1s down)
meapured from the torim
position

S

angle of rudder deflection Varieble
(positive when trailing ~
edge 18 to the left of
hinge)

sideforoe coefficient due «0.395 = =001
to it angle of slde- y; /
slip, per readien

Cng yawing-mament coefficient 0.0736 0.0T54
dus to wnit angle of C , T
8ldeslip, per radian . : N

Cny- - yaving-moment coefficient  -0.0000187 0
due to wnit rate of .
rolling, per radian . .
per secold i

cn‘ yawing-moment coefficient -0.00089% ~  -0.00382
' due %o unit rate of - . ’ :

yawing, per radian por
second .



, TABLE IV - Concluded
Bymbol -  Definition High speed Tov speed

G“Be yawing-noment coefficlent 0 0
due to wnit alleron de- :

fleotion, per radian

c._.,ar yeaving-mament coefficlent ' =0 0453 -0.045%3
duvs to unit rudder de~ ’
flection, per raedian

Cy rolling-moment coefficient -0.0620 -0.0596
P due to wnit angle of
sideslip, per radian

rolling-moment coefficiextt ~0.00309 -0.0211
g " que to it rate of

rolling, per redian per
gecond

Cu rolling-moment coefficlemt =0.000167 0
due to unit rate of
yaving, per radian per
second

rolling-moment coefficient ~0.1k6 =0.146
] due to unit eileren -
deflection, per radiem
deflection of eech
alleron

Mothod of Calculating the Motioms

The lexrger part of the calculations vas carried out om the General
Electric differential anmlyzer. (For a description of the analyzer,.
see reference l.) As has been stated, these calculetions amitted the
conslderation of eilther time lag or servo coast. They showed, however,
the effect of the other paremeters &, K, and the dead bend.

The relations set up on the differential analyzer were the equations
of motion and the two additionel relations 8 = +8t and 8 = -3t,
vhere by & 1s meant 'the ebsolute magmitude of the reate of comtrol-
surface deflection. The quantity (6 - 3/K), representing the deviation
of the airplene heading from the adjusted reference (that is, the rePerence
a8 determined by the comirol-surface. deflection and follow-up), appearsd
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maomwurmtﬁeouamum. WVhen |6 - 8/K| éxceeded -
the magnitude of the dsad permitted to change in the
propér direction to reduce le-a/:r’mle te-= 8/x| was vithin - .
the dead dand, 3 wvas kept comstant. !I!aaeo.loula.ﬁcnsme__inimted
by assuxing & value of @ Qifferent from zero,; as described in the
introduction, ﬂlm'by causing the tp:pl:lcation af cm'lz-ol
mmmnuemmmm-w-mommumm
‘o determine the effect of lag 1is somevhat differemt from that jJust
described. In this case the caloulations are based ‘an'“he response of
" the alrplane to .continusd didplacement of tlie conitxroX wumrfece at the
rete § degrees per secondj: -$his response, denoted, Xyy 6y;.- may be
caloulated by the method of operetars. Plots rof. e-e°+,e1um 8/x
mﬁmmd(mﬁg.h)md'&epomtm 3/K-.enters the. . ..
Mbm (shaded portion of £ig. 4) with respect.to 6. is detarmined.
Allowance cen then be made for the éoksting of the comtrol through an. .
additional degree or fraction of a e. ¥hen the control surface
s considered to have stopped moving (at,time  t;), -the negative .of

the unit response is adled to the - ﬂ:mfaro‘bmmdn,taungar ‘a0
"tlie instent t; at vhich:oontrol-spurface motion. ceases..’ Aseoom. s iE

mmmnameismmugmsatmmt to vhen thé -
control motion stafts’to réverse. In determining %o mmm

banﬂ.annthelagtnthemmmtoritae]rounbutﬂpnmtommt
mnlphcmtdmdmhmatmmm t ut,m:u; .

0=8+ 6y (t) - o (b “1"91“ e)E B (e - b
"'91 (t‘tll,) O'hl S a3 ‘ .

if the. signal is reversed. md:l.reot:lon'ahohtﬁﬁo*the ;pink-ﬂr um-au
_rmtheﬂ.ead'bam. - I 4

PR .
N .-

gmmon m mwm
. uteml ccntrol (m:l.erm om;) e -.-: A

{ SR . 3

~ ..- LA - o e

nrract-or K. and: humumutmm,mrmtm
hﬂmmmhﬁpwefﬁa#fmtrd the retio. ¥ .:end the .
rate 8, on-the. yeoqvery .of -the. Airplane;Sollowing an #brupt u-:nmmt
in bank with, hg,.ampcoqgttneg]pgm ﬁpmﬂhmnhmintho

-
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rollovug series ul' ﬂguroe‘

ol e T . Ly

ngure.;. K-.I.E 8p = 150,3°mﬂ.]2°peruecand: oo
At b PN . t

Figure-G, K'-hlek 8,_ = 0.75° and. 1.5° per sedanﬂ. Y. e

Figowe 7. K= 1:8 By = o.3750, :6<75° and 3° per second

B TR b Snt’
In these oalcnlatibﬂﬁ y tho pulley ratio 'Kp was assumed:to- be
held fixed and retio” Ry _relﬁcad ’bi"reduct:l.cn of K. '!Eh:‘ée Bervo speeds

vere selected. . ‘The Yot ti.oiogf ‘K1 accomnte for the redyced’ values

of By used with the malley,continl geerings. The depd bend yes in
each case assumed. to be the minimm yith which to pevont self-excited

oscilletiqr of the eutopilot syatgm,” The values teken essumed the so~
caJ,J,oa. p 5 pullgy to have beenaypqd- . e

iy 1, gvid.ent that if K = 1/2 9;,- 1 (figa- 5 and 6) the mpta.on
following a 20° displacement will be un%ﬁa 1o end that eny increass
+ in* 8y, within the renge available, would dnly increasé“the mtﬁiﬂb
In these cases, the eileron motion is by no medns onal to ’I'ho
displacement {t 1s intended to correct. (Sde Pig: 6») Further
redustion ‘of the gearing to- 1/B (fig. 7). improyes:the phase relwbalom
someyhat end results in a steble motionj increesing 8, at this.pojpt.

reaults in st:ln further improvement, with:the a:llorms very near]: in°
phese with the airplene motion when 8 = 30 per second. (Compare this

motion, (however, with that of fig. 5, vhere sa is also equal to
3° per second, but X = 1/2.)

Bffect of the dead band,.- Where the motion wvas stabilized, as :|.n
the ceses of £1gs T, the £inal motion (shown only for 8#a = 3° per second)
vap a steady hunting of amplitude only slightly larger than that of the
dead band. This hunting was not cansidered to be undesirebly large,
in view of the obJect of the .f1ights. Nevertheless, the dead band would
brdinari]:bebept'&oaminimminm-dertominimize the himting. In
this case, however, 1t was thought that, since the dead bend introduced
a certain amount o:r lead into the s:lgnal increasing the dead band
ebove the minimumm would be a method of the stability In
figure 8, the wnstable motion of figure 5 for O = 1.5° per second is

w:l.th the motion resulting from mnrea.sing the dead band by a
factor of 10. It is seen that there 15, in fact, a stabilizing effect,
but it is so slight that for any reaspnable :lncrease in dead band the
effect would be negligible.
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= On the basis of the anplyzer oalculations,
arollar-u;pod'lﬁandratem'aﬂeronderlactimqr 3°;perucond.1rere
tentatively- selootodforrocmdatiou . e
This bondition was then checked (fig. 9) with 0.11° of umm .

coast, without lag and with 0.15 second lag. The values of ¢oast and

lag repreaent the maximm values for the pnewmatic and élactric systems
u‘ssing the fo])lav-up ratio and ailaran mt:lcn rete under consideration.

oo fig. 3. .

'meanamu-matobeto.u°orm¢m v, in arder
that the servo coast would not carry the pilck-off through it. -

It is seen that although the stability is reduced about 20 percent
by the coast of the servo motor, the motion, with no time lag, is still
satiefactory. Atimhgumllaao..wsecond,hmver causes the-
control motion to be once again 90° out of phase with ¢ and resulte
in instability. An intermediate time lag of 0.05 second or more would
probably also be \msatisfaotory ]

. On the basis of the p:'ev:lm results it appeared naoesau-y to red.uea
theratioxstﬂlhn'thor In-figure 10 are shown the motions i
resulting from reducing the valus of K to 1/12. In one case the rate
of deflection of the allerons was assumed to be unchanged. In the
second case, the valus of 8, was doubled. The reduction in- K proved
sufficient ta offset the d.estabil:lz:lng effect of the lag. As before,
with stability secured by the reduction of follow-up ratio, an increase’
in 3, resulted in further improvement of the motion. This iimprovement.
was obtained in ‘spite of the :ract that the amomt af coasting wvas also
aasumed to have doubled. .

’

S ﬂg\n'e ‘10 is shown also the motion calculated for the low-s;peed.
conditicn with' K-w 1/12 and 8 = 3° per second, 1° of coast " .
and 0.15 second lag. The motion is seen to be entirely satisfactory..

Application of regqults.-'As a result of the calculations it is conoluded
thet the control ratio should not exceed 1° of alleron to 12° of .
displacement in bank. The servo-motor spsed shonld be such that the
allerons &ré deflected at least 3° a seconds Higher rates of alleron:
deflectionmprefomﬁle!ftheamomteﬂncanbemdotopeﬂom
sa‘bisfuotori];.

. rmmem:mumofmhl,itiugp@entﬂmtmaﬂwmmm
as designed does not irolude.the low value necesséry ‘for ‘dtability
in rolle Since X = KjKp, --the necessary reduction in X could be made

eithermﬂeronwupstageorinthegaarmgartheaumtotha
piston. The latter change would, of course, reduce the rate of aileron
deflection available, but this emount is already far more than is nseded.
The total alleron travel would also be reduced.
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Longl tudinalt ccntrn:. :

Erfectu of X3 emd 8g0- Ths: :!.nmst:tgaﬂqn m#o e ,prouem of '

longitudinal control fo:l.lmmd tho same geneyal ;progrm g8 in the lateral
case, except that, because it was popsible -te specify the total amount
of elevator deflection that could be used and might ‘Be needed for the
contemplated memeuvers, the gearing Ky of elevator to piston was

selected =nd fixed, end changes in the ratio of 8 to 6 wero made -

in the_follow-up stage. Thus any one servo speed corresponded to the
seme elevator épeed throughout the calculetioms. The folloving conditions
were investigated in‘the preliminsry calculetions:

rigm 1. K= 1/8; by = 12.50°% and 1.67° per second :
Figme 12. K = 1%, By = 6.75°, 1.67° et 083° per gecond )
Figie 13. X & 1)8; 6, =-6.T° for sosomd © - . ,,..w.

.The ourves shown are the recoveries rrcn an :I.nit:lal dia'hn'bance "1 pitoh
of 15°. As in the case of the ailercns-the deed band veg adjusted in
acoordapbe with tsble II to the min:lmm for. amidj.ng seli’ oacﬂlat:lon
in the autapilotmohanim. ,o .. o

The results of the ca.loulatims omitting l.ag, shown. in flgubbﬂ 1
to 13, indicate that, unlike the laterel motion, the.longltudinal motion
. 1s not ‘eritically a:ffec'bad by the follow-up ratio in the range investigated.
A more significant factor .is the rate of elevator deflection which, agaln
unlike the lateral opse, 1a required to be kept small in order to avoid
the high accelerations associated with the shcrt-pe}-:lod. bscﬂhﬂm.-
It should be noted that the mtability is not a problém in this case.
From - an -exsptination -of ithe results, 1t was concluded -that a rate of control
deflection of &, = 2.5° per second would rot lead to excessive accelexr-
ations, vhile providing, at. the same 'bima, mlffioient control in the

pull-ups.

' w_hashmmhblell the mmeumatis sefvo motor,
with the -contemplated elevator geering, pmitted a 'rgte -of elevator -
deflection of 2.5° per second providing the servo motdr was-adjusted to

1ts lowest spoed. Such an adjustment involves' the’ mu-odwuon of la:rge '
time lags, as described in teble III. .

. »

Using the lag of 1.5 Bseconds given -in table III for the oanbination
of the malleat oy and. lqweat speed, the motion was calculated
for K= 1/2 and = 2.5° psr second and the results (fig. 14(a))

indicated that such a oondition wonld not be aat:l‘s:[fa_c_ton With the lag
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~ On the basis of the analyrzer calculations,
a follow-up of 1/8 and rate of aileron deflection of 3°porneooname
~tentatively uloctod ror recoampendation. . . .

m: camtion was then checked (:l'ig. 9) with o.u° of aileron
coast, without'lag and with 0.15 second lag. The values of coast and
1ag rep.'esent the maximm velues for the pnemmatic and electric systems
?s:!:ng the :ro:)llmma;p retio and "aileron moticn rete undar conn:l.dmtion :

See fisn .

ﬂhedeadbmdmassmodtobeto.hhbetermrin ¥, in order
Mtﬁememtwmnwcmﬁepubmwn.

It is seen that ﬂloud: stability is reduced about £0 percent ..
by the coast of the servo tcrﬂ:emotion,viﬂznotmhg,untul
satisfactory. Atimelas amJJ.aa 0.15 second, however, czuses the,

- A=

control motion to be omo aga:.n90 ontoephuewith ¢ end results
in instability. An intermediate time lag of 0.05 second or more would, ,
Trobably also be unsatisfactory.

On the basls of the previous results 1t appeared necessary to reduce
the ratio K still further. In figwre 10 shcmthomotionb
resulting from reducing the valus of K 1/12 In one case the rate-.
otdarleotionoftheulemmumdtobemhangad. In the
second case, the value of #, was doubled. The reduction in K proved

gufficient to.offset the destabilizing effect of the lag. As defore,
with stebllity secured by the yeduction of follow-up ratio, an increase
in 33 resulted-.in further imurovement of the motion. This improvement
wvas obtained in spite of the faot. that the amownt 01' coasting vas almo
agsumed to have dou:bled. .

Inﬁgtt#elo ia shomalsoﬁemtimcaloulatedror the low-spesd
condition witi- K w» 1/12 ' end 8,-3°per aecand., 1° of coast. '
and 0.13 aaccml ;I.ug The motion is geen to be entirely satisfeactory.

of o= As & result uf the calculations it is concludad.
thntthecm'u'olratioahouldnotemeadl of aileron. to 12° of -
displacemsnt 1n bank. The servo-motor spead should be such that the 4
ailsrons are deflected at least 3° a secopd. Higher:-rates of aileron * |
deflection &re prefereble if the servo aystam can'bp:made to parfom
satisfactorily. ]

From an q:mtiunoftahle ’" tsaypuentmttheuleronmtm
as dlesignedd.oesnot include” the low vdlde K. hecessary for stability
in roll.  Since’ X = K3Kpo, ‘the necessary redun'b:lon:tn X ocould be made °

eitherin-lhéfoilmr-upstageom the, gearing of the allerons to the
piston. The latter change would, of dourse, reduce the rate of aileron
deflection availadble, but this amount is already far more then is needed.
The total ailsron travel would also be reduced.
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Bfectu ar KL and 6,.- The ﬁvontigaticn !nto thq pro'blen of
longitudinal control followed the seme gensral jrogrem as' in the lateral
case, except that, because it was possibles. to specify the total amount
of elevator deflection thet could bo used and might be nesiied for the -
contemplated. naneuvers, ttw gear:l.ng L elevator to piston wvas -

selected.andfixad and.changesinthoratioar B to 6 werec made -

in the follow-up stage. Thus any one servo speed corresponded to the
same elevator speed ‘thronghout the caloulations. . The follovwing conditions "
were investigated in the prelfminsary calculstions:

Figoe 11. K-w 1/2, 8, « 11.50° and 1.67° per secdnd
Figure 12. K = ;/1,, b -6.75 167° el 0.83 e aeoand ':_:.' '
Figure 13- K.» 1/8, 63 = 6.75° por meechd L W

The ourves shown are the recoveries from en initial disturbamoce in 'p.‘:téh
of 15°. Asmmeomottheailarmsthedeadbandmmtedm .
aocardame with tebls II o -the miniwmm for avoid.ing self oaoillatian oL
in the autopilot mechapiem. - Y T ler e
The. resulte of the caJ.oulat:lms omitting lag, ehomn in f:lgurea ‘.I.l )
to 13, ihdicate that, unlike the lateral. motiom,’ the 1ongitm‘u.nal motion - ,
1s not critiocally affected by the follow-up -rafio in the range invastiaated ‘
A more signifioart. faoctor 1s, the rate of elevator deflection which, a.gain -
unlike the lateral case, is required to dbe kept small in order to avoid
the high acoelerations essociated with the short-period oscillationa.
It shonld be notsd that the stability is not a problem in this case, .
From an examination of the, results, it was cancluded that a rate. of cantrol
deflection of "B, = 2.5% per second would rot:lead to-‘excessive scceler-
atians, vhile providing, at the same time, sufficient comtrol-ih the -

pull-ups.

-

-Aashom:lntableI thepmmtic semmotor,
vith the contemplated elevator gearing, pu'mitted a rate of elev-gtor
deflection of 2.5° per second providing the servo motor was sdjusted o
its lowest speed. Such an adjustment involvea the introduction of large
time lags, as described in table III.

Using the lag of 1.5 peconds given in tahle IXI for the combination
of the smallest y and Iowst Bpeod, the motion: was- calculated
for Kw 12 and = 2.5° per segond and the results (fig. 14(a))

:lndicated that such a cmd:l.tion would not be satisfactory \ﬂth fhe lag

<
T _!..

-
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reduced to 0.5 secend, the motion would bde fairly well damped at high
spesds (fig. 14(b)), tut-et the beginning of the drop (fig. k(o))
damping wm:J.d still be poor.

A better motion, from ‘the yoint of view of the accolmtious .
involved, would be obtained by decreasing K to 1/5 (fig. 15(a)). Such
a reduction in K is -effective in the motion even if a
reduction in lag is not poea:l.ble lé ig. 15(b))« Check calculations at
high speed with K = 1/5 (fig. 16) show the recovery to be satisfactary
with either 0.5 or 1.5 seconds lag.

m;gcation af mﬂgu.- On the 'baais aof' the prqced:lng cmsidemtions
the rocmendations for. longitudinal control are as follows:

. The ra.te of: elevator deflection should not be over 2.5° per second.
If the servo motor spoedorthegearingof sexrvo motor to elevator cen
be reduced go as to reduse B, below 2.5° per second, and if the test
‘mansuvers: con lated do not require so° repid a control movement, a
lower value of B8y should be used. The ratio of elevator angle to_ .

displacement in pitch sould be of the order of 1/5 or less. By a. '
re&uc'b:ltn of the control gearing K;, it is posai‘b].e to cbtain any
desired reduction of K. At the sems time the rate 8, will be reduced,
or alternatively, a higher. servo motor speed may be used while maintaining
the same rate of elevator deflection. Either modification will improve
the motion of the airplene. It should be noted that an elevetor motion
slower then 2.5° per second cannot be cbtained with the eleotric servo
w:l.t.ho\rb red.ucing K toe valus less ‘tham 1/5.

- The reduction-of - Kp - will reduce the total elevator. A reasonable

red.mtion of eleve.tocr trevel will not be serious am thé-wind<tumel tests
héve indfcated that an up travel of 10° from nouml will ba ample
stall the model.

- Direqtional Comtrol

' «= A certain amount of directional stdbﬂ:lzat:lon is
obtained in a dive if the alirplene is constrained in roll,'es by an
effective ‘autamatic pillot. With the bank stabilization system recommended
. here:l.n, thig incidentel stabilization amownts to approximately 0.15° per
second of recovery for each degree of deviation in azimmth.

If the immer gimbal of the gyroscope is initially alined for
horizontal flight, the subsequent dive of the airplane model will cause
the reference to be tilted in such a wey as to trapamit signals of exrror
in yaw as well as in bank, thus giving an additional degree of stabilization
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in azimth. The mbtion imdér- these condltions’ ‘Pollowing & 15° d1sturbance
in yaw was oalculated for the m&30°au¢epathum11snhomm
figure 17. It 18 seen that’ the stabilizing effect; alihoueh Jargeir
thm:l.nﬂ:epmoed.‘lngme, :l.astiumu.

For ‘both caes, 11: should _be- mc the stabilizing efreot mm
only in the'.dive} the ecr:l.’eot v!.ll Ye d.euta'biliz:l.ng dwring a clmbiw
maneuver.s N .

WI‘& appears necessary to use the yaw gyro in rudder
control in order to sscure ‘a poaitive directional sense. In the
calculations for’ thé rudder control, ‘the model vas assumed . to be prevented
from rolling by the aileron system and the equations for lateral motion
were polved with only 2 degrees of freedom - yaw end sideslip. Because
of “the similarity Between the laterdl motion under this assumption and
the: longtt'ud.‘!ml notién, the control ratib. K and the rdate of r’uﬂ.dbr _

deflection invesﬁgated were those found most fevorable for the -
elevator; tha :ls, - 1/5, 61. = 2.5° per second. Te lag assumed was
0.5 secomll Co- ' ' :

The recovecry from 15° of error :ln yaw with these condit!.ons :ls
.- shown. in.figwre 17. The recovery is reasonably smooth. but. prabably
" wndesiredbly slow:. The rate of recovery was increased somewhat by .
‘' increAsing the ratio K to 1/2 (see fig. 17). “The effect of . K omn
the opi.;llatory pary of the motion.appears negligi‘ble. T '

Increasing the rate 6_,_. (fig. 18) 18 not effective in :lhoredsing

the rate of recovery of the model, but acts onlyrto increase the amplituls
of the oscillations and may even cause instabillty. Another. interesting
point indicated by the motions of figure 18 is that, at the partiouler

" rudder speed being cansidered, a reduction of the :I.ag from 0.5 to 0.3 second
has an adverse effect an the hunting. . .

mt%pﬁm.;m results of the investigation of directional
control indicate t enthemod.elisdiﬂ.ngtheaﬂmvﬂlmﬂdo

a small but definite amomnt of ‘directional stability dut will cause a
similar degree of instability when the model is climbing.. If the.rudder
and direotiomnal gyro are used for azimith control a ratiéo of ruider angle

. 1o yaw deviation greater then 1/2 ghould be mrovided in order .to qbtain

‘& Talxly rapid réturn to the reference heading following a disturbance.
Defleo‘&imotﬁ'therud.d.qralwu],dnotbeataratehid:erthaneéoperucond
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CONCLUDING REMARKS

It is desired to point out again that the control system investigated
herein does not give proportional comtrol and the results of simplified
calculations assuming such control 4o not apply. The contrdl gearing
ratio determines, in this case, not so much the ratio of control
deflection to airplems displacement, as the extent to vhich these gquantities
are proportional at all. The resulting phase relations determine in a
large measure the stabllity of the autopilot~alrplene system.

The specific reconmendations of this report are based on the
calculated recovery from disturbances of a cexrtain magnitude. Because
of the nonproportional nature of the control, the character of the
recovery changes with the magnitude of the disturbance. Thus for every
recoammended condition there will exist some disturbance, greater than
the one assumed herein, from vhich the ailrplane will not recover. Also,
the linearized equations take no account of the possibility of stalling
the airplane, a source of same difficulty with previously tested pilotless
ajrcraft. 'Ehe model should be lawnched, therefore, as nearly as possible
in the equilibrium condition so that the initial distuwrbance for which
the autopilot is called on to correct is kept to a minimm.

Iengloy Memorial Asronautical. Laboratory
Rational Advisory Committee for Aeronauticse
Ims]-ey Field., Va.
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Figure 4.~ Semi-graphical method of constructing the response to constant-
rate control deflection, with coast, lag and dead band taken into account.
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Figure 5.- Lateral responses,
bands vary from t1 degree t
V = 850 feet per second.

K = 1/2. No lag or coast included. Dead
0 +4.5 degrees, increasing with '8q
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Figure 6.- Lateral responses, K = 1/4. Dead band = +1 degree. Other conditions are
as given for figure 5. Motion of the gyro reference is also shown.
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Figure 7.- Lateral responses, K = 1/8. Other conditions as in figure 5.
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Figure 9.-Lateral motions, K = 1/8 and 'Sa = 3° per second. Effect of servo

coast causing 0.11° of aileron motion after entering dead band, and of

lag. V = 850 feet per second.
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Figure 10.- Lateral motions, K = 1/12. Lag = 0.15 seconds.
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Figure 14.- Longitudinal motions, K = 1/2, showing the effect of lag.
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Figure 15.- Longitudinal motions, K =1/5; lag = 0.5 and 1.5 seconds;
V = 300 feet per second.
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Figure 16.~ Longitudinal motion, K = 1/5; lag = 0.5 and 1.5 seconds;
V = 850 feet per second.
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Figure 17.- Recovery in yaw with rudder control and with aileron control.
Rate of rudder deflection is 2.5° per second; rate of aileron deflection

is 3° per second. V = 850 feet per second. Lag in rudder control,
0.5 seconds.
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Figure 18.- Yawing motion with rudder control, K = 1/2; 'S, = 5° per second.
V = 850 feet per second.
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Cohen, Doris DIVISION: Aerodynamics (2) !

NUMBER
SECTION:  Stability and Control (1) / MR L5LOZ
CROSS REFERENCES: Airplanes - Stability (08487); 'Adr-
planes - Control characteristics (08393); Automatic — . REVISION
lots - c stability (13460); *
AMER.TTE:  Analytical investigation of the stability of an F&F drepping model with auto-
FORGN. mmtic stabilization 2 k

ORIGINATING AGENCY: National Advisory Committee for Aeronautics, Washington, D. C.

cT

Calculations have been made on the stability of an F8F fighter model with automatic
pilot in order to determine proper rate and proportion of control to be applied. Calcu-
lations cover different ratios of control surface deflection to airplane displacement and
different rates of control deflection. The effects of lag, overshoot, and dead band in
servo system of automatic pilots were also investigated. Recommendations are presented as
to control parameters necessary to secure stability of the fighter. Some general conclu-
sions concerning constant rate control are also indicated.

#* Airplane models - Wind tunnel testi 08321,3);
NOTE; Requests for copies of tnis E?n‘ (lust s.’aﬁ%.&ﬁ‘?ll N.A.C.A., Washington, D.C,
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