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Preface

The worl.: described in this report 1s pertinent to the
projects designated by the War Department Llaison officer as
AG-1, AC-368, and AC-42 and to the projects designated by the
Navy Department Liaison officer as NO-115, NO-174, and NO-235.
This work was carried out and reported by National Bureau of
Standards under a transfer of funds from OSRD with the co-
operation of the Washington Radar Group of the Massachusetts
Institute of Technology and Seotion Redg of the Buresn of.
Ordnance, Navy Department. - e ey
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REPRESENTATTION OF LONGITUDINAL STABILITY AND
CONTROL OF HOMING GLIDE BOMBS
BY AN ELXCTRO-MECHANICAL MODEL

of P L

The general longitudinal stability characteristios of
&liders are dssoribed in another paper entitled "Analysis
of the Longitudinal Stability of Homing Glide-Bombs with
Application to Navy SWOD Mark 7 and Mark 9°. (Reference l).:
The equations governing the motion are obtained by oonsidering
the effects of mli displecements from an equilidrium oondi-
tion and desoribe motions of the glider resulting from small
displecements from this equilibrium eondition. These

squations are:

Lay+2Dv + Rax+BE+VEY = 0

DAy + 2w+ Lasx+lyd- VK =0

M,o' + .M.au.+md'+n.-‘a'r+ Mjé -8 =0

where

@ = angle between longitudinal axis of glider amd
the horizontal,

® = angle of attack of glider, ‘
¥ = angle between f1light path and horisoatal,
W = weight of glider,
V = veloocity along flight path, _
o OlrIDl'!I'AIL
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£ = air density, . RIS
B - m m..
Op, = 1ift ccefficient,
Op = dreg coefficient, . e
Cy * pitching moment ooorﬂ._oiont, .

= moment of inortia about lateral axis through
the contor of gravity,

B
5 angular displacement of pitch ocontrol surface,
q %g = rate of pitoh,

= mean aerodynemic chord,

i8 a prefix donoting a small displacement of the
following quantity from an equilibrium condition

The following quantitiocs are defined:

L:’iﬁ_:_"‘-fh D= 808V M.&%‘i’i&n

o oM
My

L“‘ %

L‘-%

- Aeg® 4 -
’ owaVv/v
It was seen as a result of the discussion in Reference 1l

that V varied only very slowly under all conditions of
fl1ght, and thus, in any study of the behavior of a glider
over intorvals of loss than 20 or 30 sedonds, it is permis-
sible. to noglect variations in V and occnsidor only variations
coxripEmTIaL
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in ¥ , o , anda & . In any case, long-period variations
'in V oan be treated independently.

If we neglect variations in V , the first of equa-
tions (1) disappears, and equations (1) beocme:

~DAy+ Lyan + LS - vgzo }

Mq_éi' N&44+MJ6+M&&+M’J‘-5=O .(”
It should be noted that equilibrium between the foroes
along the flight path is no longer neoeuu'y and is actually
"seldom attained during a flight, owing ’tg the small dsmping
of disturbances in V (Ref. 1).
For simplicity, let us write:

Lg D
&=y, b= ¥ b ] v
The first equation of (3) above becomes

4E = arxs b3-far.

Since 6=p)yra, v may write

6-k=aax+ bd +fox -fae

" Note that «=9% and also d(“’m 6= 4(09) g5 well as 92 .

The variables in the following oqultim are Ax and 40 .
Solving for & 3

&+ (asf)an = 6+§80- bs (8)
Integrating:

- ape (7))
A ...mej. “""dt e m;ujde cashrt,, -aem:/‘d.ec ) dt.( )

CONFPIDENTIAL
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Substituting these values of A& .and & 4n the second of
equations (3), we obtain:

6 = (MM, )6+(My-bM,)8 + fMpo « M &
+ { M-(af) M.-J{ e-(“f)‘ﬁe“"ndt«& fe_‘“f)ﬁse“‘f”dt ®)
-be P 3t )

In general f is small compared to a or b, and may -
be negleoted in the equations. Making this approximation,
we obtain
o 2 -atf: at
6*(-M"N..‘)64-{- Mtam,)e fae‘ dt =
(9)

(My-bM;)8+M; S+ b(-Mpan )e'“fée‘*dt .

This is the equation that desoribes the angular pitohing
motion of a glider produced by any arbitrary motion of the

elevons.

2. Desoription of Eleotro-mechanical Model
In order to represent the pitching motion of a glider by

a model, it is necessary that the same equation descridbe bdboth
the motion of the model snd the motion of the glider. A model -
constructed st the National Buresu of Standards consists of &
oiroular table free to rotate about a vertical axis. (Ses

Fig. 1). This tadble may be used to carry the ‘mo- or
CONPIDENTIAL
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position or motion-sensitive elements of the control eystem
to be tested. On thie same axis is a oylinder which rotates
inside a conocentric oylinder with a small separation. The
space between the cylindere ie filled with oil to produce
viscous damping of the motion of the table. Since the spaoc- ’
ing of the oylinders is smell and the oil is sufficiently
viscous, the damping force is quite accurately proportional
to the firat power of the angular velocity of the table.

Geared to the table are two eynchroe. One of these,
called a "table synohro", is used to produce a voltage depend-
ing upon the position of the tadble, and the other is called a
*torque synchro® and is used to apply a torque to the table.
A third eynohro (shown in Figure 2) designated as a "eervo
synchro® is used to produce a voltage depending upon the
deflection of the pitch control surface of the glider being
simlated by the model.

Iat I = maoment of inertia of table and associated system,

/u— = damping ooetrioiox;t of table,
L = torgque applied to table by torque synohro,

and ¢ = angular displacement of table.
The equation of motion of the table is thus given by:

I4% ru 5%.-. Lee)- (10)

Ist us now examine the wiring diagram shown in Figure 3.
The first synohro, or table synohro, has ite rotoxr ocoll
CORFIDENTIAL
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oconnested to 115 volts A.C. The armature is positioned so
that at a certain position of the table, callsd the zero
position, the amplitudes of A.C. appearing betwesn Sl and
82 and that detween S2 and 33 are equal. These two A.C.
" voltages are rectified by the twin triode T2 connected as
dlodes.

In the "zero position”, we thus have equal D.C. voltages
built up aoross the condensers C3 and C4 , and thus the
D.C. voltage aoross the two oondensers 3 and C4& in series
is zero. However, when the table is displaced from its sero
position, the A.C. voltages developed between Sl and S8
and between 33 and S3 are no longer equal, and after
rectification, the D.C. potentials across 03 and C4 are
no longer equal. The D.C. potentials thus developed across
the two ocondensers in series are found to be sensibly propoxr-
tional to the angular displacement of the table, up to a
displacement of the order of 20°, and with a polarity d.opoml.j.n‘
upon the senss of the displacement. }

. Let us denote the voltage betwesen the top end of R? m
the arm of R? by E;. ¥ Wwill be propertional to the volt-
age across C3 and O4 1in series, and thus proportional to
the table displacement $ . Thus we may write: :
B = -1 f. ' (1)
The constant o depends on the setting of R7.
The servo synohro (Fig. £) is connected electrically the

CONFIDENTIAL
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same as the table lynchro., and produces a D.0C. potential across
01 and C2 1in series sensibly proportional to the displace-
mant of the control surface and a polarity depending upon the
sense of the displacement.

Ist us denote the voltage between the common terminal of
RS and RS and the movable aym of RS by lg. This voltage
will be proportional to the voltage across (¢l and C2 im
series, which is in turn proportional to the control surface
dzl.-pmmnt. Thus we may write

E - 033- (12)

Assume switoh 8¢ thrown to the left or "normal® position.
Iet us denote the voltsge soross C8 by Eg® , the curreat in
28 by I3 , the resistance of B8 by Rs , and the capacitance

of C8 by O .
We have the following relations:

Ey=E, - LRy « L2

and 962 - I . Ey-E; .
9t T G ReG

Solving for XEg' @ .
-l £ .
El=e ﬁf%eudt. (12)

In a similer manner, let us denote tha voltage across R9 by
By' , the curreat in R9 Uy Iy , the resistence of RO by
CONRFIDENTIAL
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.-a-
Ry . and the oapacitance of 07 by Gy . The followiag
relations are obtained: )

E"=II.R’1

. frat
E-E = -l

Y
ond 3 - 38 -5 =

Cr ReCy

8olving for E;* 3

- £
E = e mfj,—f'e R dt (14)

Denote the voltage from the ocmmon terminal of R5 and RS
and the movable arm of R6 by Ey . This voltege will be -~
proporticnal to the voltage across Cl1 and 02 in series,
and thus proportional to the oontrol-surface displacement.
Thus we may write
ia = og S . . ' '(18)
A generator is arranged so that its armature (Fig. 3)
moves with the control surface and thus produces a voltage
proportional to the rate of change of control-surface position.
If we denote this voltege by. Ry » Wo have

B, - o‘.&. _ {18)

From Figure 3, nuwm.un-gun 54 totho_.
CONFIDENTIAL '
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left, the voltage applied betwsen the two gride of T3 ,

denoted by Eg , is given by

lg - '1' + & ’ + la + " . . ( 1’ ’

T3 1is an amplifrier stage that drives tnbei T, T7, T8,
end T9 1in push-pull parallel. It can be seen from an exami-
nation of the oircuit that the ocurrent in the stator winding
of the torque synchro will be proportional to the voltage
a.ppJ.i'ed between the two gride of T3.

Since the sum of the cathode currents of tubes Té , T7 ,
‘T8 , and T9 4is oonstant, the current through the rotor coil
of the torque synochro remeins 'constmt. The torque produced
by the torque synchro will thue be proportional to the ocurreat
through the atator winding, and thus proportional to the
potential between the two grids of T3.

We may write then for the torqus applied to the tables

L=KE,
sK[E/+ E;+EstEy]
. K[e'écvj:—f'e.&' dt +¢"e"‘f{f‘c‘ eNeat +E4+E, ]
=K -e-"'f'%c,[gge'&m ra % ,—:@‘J‘Jeﬁdt tegSecyd).

The squation of mtion of the table becomest

_'4+,a4¢+,¥,,¢ f,ge rdt = | (19
Kc. ja. dt + 3-;‘..;_..3. -
CONFIDENTIAL
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Lat us ocapare thie equation with equation (9), which

describes the pitohing motion of the glider:

q...(-. Ma)‘” Muranfy) _“f]-de e.tdt '
dt My-Ma) gz + ¢ e Jat = ' (20)

(My=023)3 + M; 3+ b(-M ea M, )g"‘fae"dt.

The motion of the table and the pitohing motion of a
glider will be governed by the same equation if the following

*

conditions are utilf'iods

I. »é.l=-M’-M‘ -\ -

et TS ~EE

b(- My+ a i)

= M’-b'u

= M3

The eix conditions of Equations (21) are easily lgtilfipd.
the procedure for making the adjustments being q...uuu

CONYFIDENTIAL
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Part 3 of this Report. Once the model ie 3o adjueted, its
anguler motion for any arbitrary motion of the simulated con-
trol surface will correspond in detail to the actual pitching
motion of a glider whose pitch-control eurface ie operated in

the eame manner. Thus the model may be ueed to study the

performance of a glider equipped with any given stabilization

syetem by mounting ths gyros or motion-sensitive elements of
the system on the model table, and connecting the output so
that the sexrvo aynchro movee in accord with the resulting
motion of the control surface on the glider,

A much larger model could be used to study the perform--
ance of the control system of a homing glider by mounting the
gyros and intelligence devics on the modsl table, and placing
a simulated target at a distance fram the model, so that error
signals as a funoction of angle of rotation of the model may be
obtained. The information usually obtained from intelligence
devices is a signal (e.g. electrical potential) proportional
to the angular displacement of the glider from a zero {on
course) position. This may be obtained directly in the small
molel of Figure 1 from the table synchro without the neocecesity
of actually mounting and operating the intelligence device.
Referring to Figure 3, it is seen that a voltage proportional
to the displacement of the table from the zero poeiticn is
obtained across R23. The manner in which the intelligence

information is oocupled to the control systex determinee how
CONFIDENTIAL

D e A el o i et Sl SN WA A b ™ ¢




CONFTIDENTIAL

this voltege is used, Its application to SWOD Mark 7 and
Mark 9 is shown in Pigure 3, and will be discussed in Part 5. -

3. Moethod of Adjusting Constants of Model

The following section desoribes the method used to adjulf
the oonstants of the table to satisfy the six conditions
given by Equation (21).

Oondition I may be sdtisfied by proper adjustment of the
lovel or visoosity of the oll between the concentrio oylinders.
The prooedure used is as follows: A threazd is .wound arocund a
pulley of small diameter on the shaft of the table. The thread
then passes over a pulley, and a scale pan and weights are tied
to the end. With the torque synchreo turned off, the egquation
of motion of the tab]:o will be given by

I %:% * ,ug% = wr,
where w is the weight of the soale pan and weights md. r
1s the radius of the pulley. If at time ¢ = 0, ths tadble

is released from rest, we odbtain

-t
% =_%'-'['I—e %J

After a fow seconds the second tem in brackets is negligible,
and a oconstant angular velocity is obtained, given-dy

3% = %)

CONYPIDENTIAL
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5 desi: ed,va].ue of M/I and the kxwm mlu@& ef w >
B end 1 - are aubatitum& in the right ‘member oi’ the above
mquati@nﬁ .Zmn& th@ ﬂmaa%y of -am oi.l or its mml th@n af=

¥ 3ustea until thim oempuﬁaﬂ value of d¢b4ﬁt 18, ebmaime&a

. Gontition II is satiafied by choosing m, 9, 06,
am@; EB ot propar valuw to mtﬂ.wﬁ'y thm eomiitiong ~ The
"va}.u@s gimn in Fime 3 (E@G@ = ByCy = 1.0 aw) correspend

: ":_".m.oa@ly to th@ ‘values for SWOD Mark 7 and ¢ for a typleal

"tlignﬁ sondition. When the equipmest is used o study motions

: '__"ot gli&am with d;irfemm: values of &, the values of EB ,

::W % 9 ana 08 must bs ahmm aucoxﬂinglyo

e Gomdition III is aatisfied, by tnw following method .
"'Switch ﬁs ia cloaed ahm:ting out copdenger G7 , and E@
) s m:ie Z6ro by furning B8 %o zero {the arm of 6 to 'Mm

' _en_d cm@n to R5). ¥or this condition

22 we st S fixed et 0 , the equatlon of motion of the

-td‘bl@ now becumes

(35 __5_1’2 Ke, 4
T’ Tatt T o=0

whish 4'1"6153_@@%@ a damped oscillation of pericd 7 » given by

CONFIDRENTIAL
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ntbtnucmuuuilwbonuuuhunnnhnlﬂ.
the period of the oscillation ' ¢

T= 2 .
VOMarany)- oy i

The table is now disturbed, and the setting of potenticmeter
B7 1is varied until the period of oscillation is equal to the
valus camputed from the above egquation. '

Condition IV is satisfied as follows: Since conditicns
nmmnnm-mmuucm.uemmnm
IX, IIX and IV and obtaing .

SRk -}
The table, with 853 still closed and RS turned to mero, is
uqhudahmn-nnnuh.!h-uw-nﬁni:mnﬂnﬂ
through an angle equal to a/b times the angle through whieh
the table is displaced, and potentiomster RS is adjusted
until meter M3 reads ssro. This adjustment must be made _
slowly, allowing time for the potential on the conlenser 05 .
40 attain its final value, Sines with M3 realding sero the
uupn-ﬁtauuquumomunuuznuuuu-tuﬁ

3- 3¢ .

and the eondition 1is satisfied. ) N |
CONFIDENTIAL ’ ' Tl e . i
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“s&tisri@d as follows. S@ﬁ ¢ : equ&l to

3-_ .__3 b(—&i—am)
’.z- Yag Mg'— bM.,)

Now vary Re 'until t}m same reading of Ma is ob?:a/ined '

S 'aa praviously. “ R5 ia now mturzmd to 1te eriginal setting.

: Ehua we hwm

chg

| mld. condﬁ.tlon v ia satiafmdo

’ Gond:!.tion VI i aatiaﬁ.ed hy setting R5 end RS t®o

} faca a‘t a lmcwn rate é‘ By and. d@termﬁ.nmg th@ dafleetion of
Ms_. ‘mhen R5 is set ﬁo.iw proyer Valu@ to gatisfy condition
IV, and the.. aettin530£ the control surface that produces the
same &eﬂacticm sf MZ iﬁ d@wrmined. The gmnerator gain
control {mot- whm) s m&jwted to make the following relation

holds

b (- My +ahy)
a i

§ _
2=

CONFIDENTIAL
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The effeot of the term in & is usually very small, and
in mobt ocases is negligible. For most tests, the term was .-

neglected, and the generator omitted from the circuit.

4. The Pitch Ccntrol Svatem of SWOD Maxk 7 and Mark ©
Unliké the oonventional type of airplane in which con-
trol in pitoh 1s obtained by changing the angle of attack of
the vehicle by means of elevators on the horizontal tall sur-
face, oontrol is obtalned on SWOD Mark 7 and Mark 9 by means
of elevons or flaps along the tralling edge of the mniﬁ wing.
These effectively ohange the 1ift of the wing without shang= |
ing the angle of attack of the glider. This is aocomplished
by proper placement of the tall in the downwash of the main
wing and proper location of the center of gravity so that
practically no overall pitching moment results from movamonﬁ
of the elevons. o
The elevons are moved in pitch by a servo-control unit
{described in Reference 2) which moves the elevons at a o
constant rate and in a direction determined by contacts tn
the pitch gyro. The pitch gyro (described in Reference 3) Y
18 in effect a rate gyro oriented in the giider so as to be
sensitive to rate of pitch. BElectromagnets are connected to
apply torques to the gimbal frame which are proportional té o
the error angle in pitch as obtained fram the homing device, ™
Electriocal oontacts are arranged on opposite sides or;th.

CONFIDENTIAL
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gimbal frame so that one oontact or the other is closed, de-~
pending upon the sign of the sum of the torque applied by
the electromagnets and the torque due to precession of the

gyro wheel.

lat AO represent the angular error in piteoh (obtained
from the homing device), dé/Jt the rate of pitoh, and o ,
the rate of pitoh in degrees per seocond that produces the same
torque on the gimbal frame as an angular error of one degree.
Phe operation of the gyro may be expressed mathematically as
follows:

48 +ca6=s. : (28)

When 8 1is positive, that contact on the gyro will be
olosed that ceuses the servo-control unit to move the elevons
upward; and when S8 is negative, the other ocontsot will be
closed, causing the elevons to move downward. The movement
of the elevons is always in such a direction as to yeduce the
valus of 8 to sero. Thus a hunting motion is set up, with
the gyro contacts alternately olosed, m the elevons moving
alternately up and down. o '

‘If we negleot this unting motion, and assume that B8
is, on the average, zaro, W have '

5% +cA8 = 0. ) "“.)
Integrating, and letting 46=46, at ¢ = 0o, w 'hgv'p
a0~ 46,e% L - (24)
CONFPIDENTIAL
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This shows that any error in pitch should appromch , .
exponentislly to zero at a rate depending upon o. This im.
found to be the case in flights of SWOD Mark 7 and Mark 9 .
under conditions where the period of the hunting oloilhtion_l_
is of the order of one second or less. '

4 detailed mathematical analysis of the hunting motionm
is very lengthy and complex, owing to the "off-on" character
of the link between the gyro and servo-contrél unit. Multi-
Plying equation (230) by e8t and differentiating,-we bave . .

e chy Ml ¢ (- Mematg) 52 =

(@M -bM)3E +(My-bM, c-aM-)sﬁ Maa

~ Integrating:

48+ Cny P+ a)S0 o (- M- 0P, )80 -4Q) = .

@Hy-bYfBdt +(My-bMy s ati;)8 + M, 8.

Assuse that at ¢~ 0 ,40:40,4¢-6,and d=J, . Iat the

elevons move from the initial position at ¢ = 0 at n rate

of X radians per second, the sign of X doponai.ns nyon the

direction of movement. Thus T
=4, LKL, o - s A (a7)

CONFIDENTIAL.
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. and equation (268) becomes

T+ M- Me) 92 ¢ (Mo M, JHo-1Q)

(aM;-br (St L‘z_*_l),.(/\d,-bM&f-a M;)(& 2 Kt) L MK,

This may be written in the form

d% de - s :
ae'*“ﬂ'mo C+Dt +EL (29)

where A, B, C, D, and E are constants involving @, ,
4, » K, and the verious aercdynamio coeffiojents.
Equation (£9) has the following solution:

Ag_@ 2AD-2E | u'E E)¢ L E 22
- )+€9—5-A— t = t
+Fe eos /B AP +Ge Msin[BAL L,

where F end O are arbitrary constanta to be evaluatsd.
Differentiating, we obtain

48 (DAAE), 26, , (G/FA1- aF e *eos /B-AS
#+(-F/B-A%-A6) e *kin/B-A't

CONFIDIENTIAL
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- Lot us now obtain a new equation by substituting lqua-;
tions (30) and (31) in Equation (28). This new equation must
be solved for the smallest valus of t , say t; ,» rfor whiech.
8 = 0.. A time lag in the servo system is assumed, denoted by
at , and the value of & from Equation (27), the value of
A6 from Equation (30), and the value of d6/dt from Equa-
tion (31) found at time t = t; + At. Next these values of

& A6 , and d6/it are used as new values for d, , 46,,

and 6, , the sign of K is changed, and the value of ¢
found whieh again reduces 8 to zero. This process is repeated
for each oyole.

This procedure 1s too unwieldy for practical use, and thus
the model presents a much more practical method for studying
these osoillations.

5. lication of Model to Study of Contr
Of SWOD Mark 7 and Mark 9

This model has been used to study ths pitoh-ocontrol system
used in SWOD Mark 7 and Mark 9. Comparison of the data obtained
with the model with actual flight tests of SWOD gliders shows
that the nodol. gives a good repressntation of the aotual ocondi-
tions of flight. .

The following teble gives typioal values of the asrodynamie -
oconstants of SWOD Mark 9 for a typloal ocomiition of nw_:t. ] .
[Bee reference 1, equations (43) ana (50)]
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-0.7 sec! -

e T g

V = 415 £t sec”} M,
L, = 487 ft sec™® M; = -0.14 sec}
%,
a

-8

Ly = 85.3 £t sec® = 0 sec

M, = ~30.6 uo.a = 1.03 .I.O-l
M, = -1 sec”! b = 0.806 sec™

Insertin, these values in Equation (20), we have

d‘e i_.;_ =/ ‘.1_2 I-oatd -
a—t-!+ 2.'4* + 299e a_j\dﬁ e

+0.148 - 0.148 + 6.18€ "“tfée"”tdt.

The six conditions of Equations (21) that must be satisfied
%0 make the model represent this comdition of flicht are
I 4 . 2.1 IV. Ko
-—a& = 8.18
I IRgOg .
IX. 1 a1 - .03 V. © .
| Yals ReUy - 1% 4~ 0.1 (24)
III. Ko .
I 5t - 299 VI 3%-- -0.14

The tadle is adjusted to satisfy these conditions by the
method given in Part 3. The pitch gyro is mounted on the tadble
80 it 1s sensitive to rotation about the table axis (Figure 1).
An overhead rubber tube is dbrought to the gyro to provide the
necessary vasuum line for driving the gyro wheel, and overhead
wires for necessary electrical connections, The contaots on

the gyro are ecnnectsd to the servo unit (Figure 8). whioch is
CONTIDENTIAL
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mounted on a stand which provides a torsion load simulating
the asrsdynamic load on the elevons during flight. The servo
synchro is connected to the servo unit by a crank arm so that
its displacement will be squal to the elevon displecement.
_ The unit oontaining the electronic circuits associated
"with the equipment is shown in Figure 4, and the power supply
for tuis unit in Figure 5.
Homing informaticn is obtained from the table synchro.
It can be seen by examination of the diagrr= in Figure 3 that
a voltage rroportional to the angular displacement of the table
from its zero or on ocourse vuoition is obtained across R23.
This volteage is amplifisd by a two-stage differential amplifiex
having the same constants as the differential amplifier used in

13y overhead wires to the electromagnet coils of the gyro. The
gain-control potentiometer R23 is adjusted so that the angulax

Jn. SWOD Mark 1 and Mark 2 equipment. The output is conmected

displacement of the table is the same a3 ibe angular error -of
the glider in flight that produces a i i.uu differential ourrent
in the gyro ocoils. .

The experimental setup, showing all the units, is shown

in Figure 6.
In order to obtain permanent records and facilitate the

study, & two-channel Brush Osoillograph, Model OBC, was used.

For one series of runs, the input of one channel was connescted
through an isolation transformer be‘ween 81 and 83 of the

CONFIDENTIAL




a5 . CONFIDENTIAL
servo synchro, and the input to the other channel was connected
between S1 and S3 of the table synchro. Records were thus
obtained showing 60-cycle oscillations whose amplitudes, on
one channel, were proportional to the displacement of the nrvo
unit from the zero position, and on the other channel, were
proportional to the displacement of the table from its zero
position.

In another series of runs, one channel was connected to

the servo synchro as previously, but the other channel was
connected to a 80-cycle elternating voltage modulated so that
its amplitude was proportional to the current through the - '
torque synshro. For the flight condition of SWOD Mark 9
atudied here, the pitching moments due to elevon displacement
and rate of change of elevon displacement are mmall compared
to the moments dus to angle of attack ochanges, and the current
through the torque synchro and thus the amplitude of the '
alternating voltege may be considered to be proportional to
the deviation of the angle of attack from the trim position.
Records obtained using this oscillograph are shown in
Figures 7 to 12 inclusive. The gain controls on the oscillo-
greph are adjusted so that a definite value of the quantity
being measured (shown in the left margin) is represented by
a given number of vertical scale divisions. The distance
traveled by the chart in one second 1s marked on each reocord.
The symbols ¢ , o , and 3 on these figures dencte
CORPIDENTIAL
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quantities designated by ¢ , A« , amd & in this report. .
é represents the minimum error angle that produces saturation
of the differential amplifier, G.R. {signifying gyro rate) is .
the rate of turn of the gyro whioch produces the same torque on
its g!ﬁbal frame as satyration of the differential ampl,iﬁ.er;
RC 1s the valus of Rg Oy and Rg Gy , J, the initial
displacement of the control surface, and ¢, the initial
displacement of the table. Vhen values axe not given for ¢,
and §, , the record represents a steady stmte hunting conditiom.

The sense of the amplitude of the oscillations is not 4ias-~
tinguished in this type of record, but by examination of the
traces it 1s generally possible to determine whether or not a
reversal of phase oocoura at points where the amplitude is
reduced to zero.

Figure 7 shows records obtained with the constants of the
model adjusted to represent the comditionas of Equation (34).
The three records differ cnly in the value of ¢ . The
records with ¢ = 8® eand @ = 4° show demped oscillations
in ¢ with a periocd of about 7.5 seconds, the one with P = 6°
being the more highly demped. The record with d@_- 2° shows
a steady state undamped osoillation with a period of about
9.5 seconds. The effect of inoreasing ¢ 1is to increass the
damping of the osoillations. For actual flighf:s, however,
inoreasing ¢ has the undesirable effect of reducing the
value of o (Equation 23), i.e., the rate of correction gr' )
OO_ﬁI'I_DEH'I.'IAI.
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attitude (/¢4t)obtained for a given error angle A& s 80
that errors due to winds, target motion, or gusts encountered
near the target are increased. In SWOD Mark 7 and Mark 9 a
compromise has been made, and ¢ has been made equal to 4°.
Pigure 8 shows records obtained under the same conditions
as Figure 7, except that G.R., the gyro rate, has been changed
to 8°/sec. The records obtained with ¢ =¢¢ gnda & = "
show practically a siooth return to on course position without
overshoot. The case with ¢ # 8¢ ghows an osoillation with
amall damping. Reducing the gyro rate thus increases the
damping of the oscillations, but also has the effect of redue-
ing ¢ as discussed above. G.R. has been made aqual to
8¢/sec, in the SWOD Mark 7 and Mark 9 gliders.
Figures 13, 14, and 16 show data obtained from analysis
of cemera records obtaining during actual flights. IFigure 15.
shows the flight of a Mark 13 glider with Mark 1 homing equip-
'ment (Navy SWOD Mark 8). For this flight ¢ = 4* and G.R. =
8¢/sec. The upper curve entitled "Elevon Position for Zero
Differential® ashows the average position of the elevons (J)
and the lower ourve entitled "Apparent Angular Vertical Motioa
of Boacon™ gives the angular deviation of the attitude of the
glider from on course position (A6) as funotions of the time.
At the beginning of the flight a highly damped short period
oscillation, sometimes called the "rapid incidence adjustment®,

1i seen (Reference l). This is superimposed on a rapid movemen$
CONFIDENTIAL
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to on course position without overshoot. This figure may be
compared with the second record in Figure 8, whers the model
i3 adjusted to approximately the same constants as used in
this flight.

Figure 14 shows the flight of a Mark 12 glider with Mark 1
homing equipment (SWOD Mark 7). For this flight & = ee,
G.Rs = 4%/gec. This flight shows an oscillation of about 10
seoonda period, whioh however, damps out in a few cyoles.
Thias figure should be compared with {:he first record of
Figure 7, in which the model is adjusted to approximately the
same constants an used in this flight.

Figure 15 shows another flight of a Mark 12 glider with'®
Mark 1 homing equipment. For thia flight & = 2¢, G.R. =
4%/sec. In addition to the types of curves given in Figures

13 and 14, a ourve 1s shown labeled "Glide Meter", whioh gives

the current in the gyro electromagnet coil which tends to close
that contact which causes the elevons to move downward. This
figure shows a long-period undemped oscillation and may be com~
pared with the lowsr record of Figure 7 taken with the model
adjusted to approximately the same constants.

Figures 9 and 10 show records obtained of & and 4x as
Mtim of the time. Records of long-period csoillations
in & as in the beginning of the first and in the third -
records of Figure 9 show oscillations in « of the same period
as in ¢ , and also highly dsmped oscillations superimposed
on them of shorter period corresponding to that of the "repid )
CONFIDENTIAL ’ .
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inoidencs sadjustment®. These rapid oscillations are exoited
by the reversal of motion of the elevons, and are gquite highly
dsmped before being re-excited by the next revereal. When
reversala of motion of the elevons take place with a period
of the same order as that of the "rapid incidence adjustment®
such as shown in the seoond records of Figures 9 and 10, thees
oscillations, although exeited by each reversal in direction
of motion ¢f the elevons,are not separately distinguishabdle.

Although the details of ths caloulation will not be given
here, it can be shown that A4x ocan bs represented by an
squation similar to that for 46 in Equation (30), except
that the right-hend member will not contain a term in tB .
The oscillations of the same period as d are due to the
' reversals in sign of K , whioh are disoussed following
Rquation (30). The highly damped ocecillations of the period
of the "rapid incidence adjustment” are given by terms in the
sxpression for 4« whioh are equivaleat to the last two terms
. in the right member of EBquation (30). .

The effect of changes in the value of RC wused in the
modsl is shown in Pigures 11 and 12. Changing the value of
RO 4is equivalent to ohuginsl Ly and L, for the glidsr
whose flight is being represented by the model.

Beoords with RC = 1.5 seoands are shown in Figure 11.
_ The oscillations are less demped and of longer period than for
RO = 1 second. Reoords with RC = .63 seconds are showa in
| CONPIDENTIAL
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Figure L!:. lerc the oscillations are wore highly damped, .-
end of shorter veriod. Thus it may be presumed that increas-
ing L« and L will increase the damping and sh_ort.on'tm:-i':-a ;

period of the hunting oscillations.

October 26, 1MS
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