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Preface 

The work described 1B this report is pertinent to the 

projeots designated by the War Department Liaison officer as 

AO-1, AC-36, and AC-43. and to the projeots 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 Section He4g of the Bureau of 

Ordnance, Nary Department. • 

* * 
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RXPHESBNTATION OF LONGITUDINAL STABIUTT AMD 
CONTROL OF HOMING OLISB BOMBS 

BT AH BLKTRO-MECHANICAL MODEL 

1,    Derivation of Pitching Motion aquation 

The general longitudinal stability characteristics of 

gliders are described in another paper entitled "Analysis 

of the Longitudinal stability of Honing Qllde-Bombs with 

Application to Navy SHOD Mark 7 and Mark 9".    (Reference 1). 

The equations governing the motion are obtained by considering 

the effects of small displacements from an equilibrium condi- 

tion and describe motions of the glider resulting from small 

displacements from this equilibrium condition.   These 

equations are« 

LAf+ 22Xw + *&*«-+ JJ* + Vjjjf = O 

M,©+ MHatL + MjS+ **£« + M^S-B =0 

«here 

• - angle between longitudinal axis of glider end 
the horizontal, 

" - angle of attack of glider, 

Y « angle between flight path and horizontal, 

W - weight of glider, 

V - velocity along flight path, 
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f> • air density,. • • v    -•?,;• •• 

8   - wing area, ••.•-• 

OL - lift ooeffiolent. 

Op - drag ooeffiolent, 

CJI • pitching moment coefficient, 

m 

B 

3 

moment of inertia about lateral axia through 
the oenter of gravity, 

angular displacement of pitoh oontrol aurfaee, 

o 

• dfi • rate of pitoh, 
dT 

• mean aerodynamio ehord, 

la a prefix denoting a small displacement of the 
following quantity from an equilibrium condition 

The following quantities are defined: 

L.tf***      X>-l*£2*b    MmH£3g£m m 

<.*- 
*L v~& 

» 3T 

u> 

•«V 

It was seen as a result of the discussion in Beferenoe 1 

J? Vfc 

that 7 varied only vary slowly under all conditions of 

flight, and thus, in any study of the behavior of a glider 

over intervals of less than 20 or 30 seconds, it is permis- 

sible, to negleot variations in 7 and oonslder only variation« 

a 0 1 I I D 1 H T I i L 
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In t  * ob   , and S   .    In any earn, long-period rariatlona 

In   V   oan be treated independently. 

If we neglect variations in   V ,    the first of equa- 

tions (1) disappears, and equations (1) becomet 

-DAT* *T*A<* • I-;* - V*l _ 

At 
<») 

It should be noted that equilibrium between the foroes 

along the flight path is no longer necessary and is actually 

seldom attained during a flight, owing to the small damping 

of disturbances in V (Hef. 1). 

for simplicity, let us write: 

The first equation of (S) above beo 

(*) 

£g=aA*+ bS-fAV- (8) 

Sinoe e = jr*mt we may write 

e-* = aa« + btf *£üK -fAe 

Note that   i-^    and also 44£J,aa4   *> 4&f£> as well as sj| 

The variables in the following equations are   A«   and A6 . 

Solving for  <*    t 

Integrating! 

(*) 

0 ONriDIHTIil 
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Substituting these values of AX.    and U    la the ••send of 

aquations [3),  «a obtain: 

In general f Is small compared to a or b , and may 

be negleoted In the aquations. Making this approximation, 

we obtain 

(9) 

This Is the equation that desorlbes the angular pltohing 

motion of a gilder produced by any arbitrary motion of the 

elevens. 

8. Description of Nlootro-moohanlcal Model 

In order to represent the pltohing motion of a glider by 

a model, it is necessary that the same equation describe both 

the motion of the model and the motion of the glider. A model 

constructed at the National Bureau of Standards consists of a 

circular table free to rotate about a vertloal axis. (See 

rig. 1). This table may be used to carry the gyros or 
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position ox motion-sensitive elements of the oontrol system 

to be tested. On this same axis is a oylinder which rotates 

inside a concentrlo oylinder with a small separation. The 

space between the cylinders is filled with oil to produoe 

viscous damping of the motion of the table. Since the spac- 

ing of the cylinders is small and the oil is sufficiently 

viscous, the damping force is quite accurately proportional 

to the first power of the angular Telocity of the table. 

Geared to the table are two synchros. One of these, 

called a "table synchro", is used to produoe a voltage depend- 

ing upon the position of the table, and the other is called a 

"torque synchro" and is used to apply a torque to the table. 

A third aynohro (shown in Figure 2) designated as a "servo 

synchro" is used to produoe a •oltage depending upon the 

defleotion of the pitch oontrol surface of the glider being 

simulated by the model. 

Let I - moment of inertia of table and associated system, 

xc - damping coefficient of table, 

L - torque applied to table by torque aynohro, 

and     <f    • angular displacement of table. 

She equation of motion of the table la thus given by» 

*ftv #»*•<*• (10) 

Let us now examine the wiring diagram shown in Figure 8. 

lb* first synohro, or table synohro, has its rotor coll 

CONIIDINTUL 
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oonneoted to 115 volt« A.C. The armature is positioned so 

that at a certain position of the table, oailed the zero 

position, the amplitudes of A.C. appearing between SI and 

82 and that between S3 and 33 are equal. These two A.C. 

voltages are rectified by the twin trlode IB connected as 

diodes. 

In the "zero position", we thus have equal D.O. voltages 

built up aoross the condensers 03 and 04 , and thus the 

O.C. voltage aoross the two oondensers '.'3 and 04 in series 

is zero. However, when the table is displaced from its zero 

position, the A.C. voltages developed between 31 and SB 

and between SB and S3 are no longer equal, and after 

rectification, the D.C. potentials across 03 and 04 are 

no longer equal. The D.O. potentials thus developed aoross 

the two oondensers in series are found to be sensibly propor- 

tional to the angular displacement of the table, up to a 

displacement of the order of 80*, and with a polarity depending 

upon the sense of the displacement. 

Let us denote the voltage between the top end of R7 and 

the arm of B7 by Bx* 1 wlu- *• proportional to the volt- 

age aoross 03 and 04 in series, and thus proportional to 

the table displacement f  . Thus we may write: 

ix - -oi<f>. <m 
The constant  ©±   depends on the setting of   H7. 

The servo synohro (fig. 8) is oonneoted eleotrioally tbs 

COHFIDBHTIAI 
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MM as tto table syaohro, and produoes a 0.0. potantlal aeroaa 

01 and 02 In aeries sensibly proportional to the displace- 

ment of the control surfaoe and a polarity depending upon the 

sense of the displacement. 

Let us denote the voltage between the ocmnon terminal of 

85 and RS and the movable arm of BS by X.. This voltage 

will be proportional to the voltage across 01 and OS In 

series, whloh Is In turn proportional to the oontrol surfaoe 

displacement. Thus we may writ« 

Assume switch 84 thrown to the left or "normal" position. 

X*t us denote the voltage aoross 06 by Ig* , the current in 

SB by Ifi ,  the resistance of BB by 8a • and the oapaoitanee 

of 06 by Oe . 

«a have the following relationst 

dt       % 

Solving for KB' « 

JIMdt 

Cl»« 
•*/&•**• 

(is) 

In a similar manner, let us denote the voltage across. R9 by 

Bx' t the ourrent in 89 by Ij, , the resistance of B9 by 

ooiriDiniii 
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% , ana tin oapaoitanoe of 07 Iqr <V . fb* following 

relations are obtained: 

md Irr'-&' =%•*'& dt     at      cr    HqCr 

Solving for Sj.' : 

e:'« e '55- ^T dt. (1*) 

Denote the voltage from the oommon terminal of BS and B6 

and tha movable am of BS bjr Sg . This roltaga »111 ba 

proportional to tha voltage aoroaa Cl and OS in series, 

and thua proportional to tha oontrol-surfaoe displaotasat* 

Thus ws nay writ« 

.o*. (19} 

A generator 1« arranged ao that Its armature (Tig. S) 

moves with the oontrol sorfaoa and thus produoes a voltage 

proportional to the rate of change of oontrol-surfaoe position. 

If ws denote this voltage by   I4 , w» have 

*V   -   sAo\ tit) 

from Mgure 8, it Is 

0 OlflOlHTIAl 

that, with swlteh   M   to the 
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left, the voltage applied between the two gride of T3 , 

denoted by Xg , la given by 

»g %' >3 (IV) 

T3 la an amplifier stage that drives tubes To , T7, T8 , 

and TO in push-pull parallel. It oan be seen from an exami- 

nation of the oiroult that the current in the stator winding 

of the torque synchro will be proportional to the voltage 

applied between the two grids of T3. 

3inoe the sum of the oathode ourrents of tubes To , T7 , 

•T8 , and T9 is constant, the ourrent through the rotor ooll 

of the torque synchro remains constant. The torque produoed 

by the torque synchro "vill thus be proportional to the ourrent 

through the stator winding, and thus proportional to the 

potential between the two grids of T3> 

We may write then for the torque applied to the tablet 

(18) 

The equation of motion of the table becomesI 

*^ OOIflDIVIIiL 
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let «• compare thia aquation with aquation (9), which 

describes tba pitching motion of the glider* 

(ao) 

Bio motion of the table and the pitohing motion of a 

glider «ill be goremed by the earne equation if the following 

conditions are aatisfiedt * 

X. -*L s.-M^-M^ 

XX. -i !_ »« 

XXX* Kc, -.M^o-M^ 

I. £| _ Ml 

Ul) 

The aiz conditions of equations (21) are easily satisfied» 

the procedure for making the adjustments being described Is 

GOinDUTIiL 
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Part 3 of this Report. Qnoe the model is so adjusted, Its 

angular motion for any arbitrary motion of the simulated oon- 

trol surface will correspond in detail to the actual pitching 

motion of a glider whose pitoh-oontrol surface is operated in 

the same manner. Thus the model may be used to study the 

performance of a glider «quipped with any given stabilization 

system by mounting the gyros or motion-sensitive elements of 

the system on the model table, and oonneoting the output so 

that the servo synchro moves in accord with the resulting 

motion of the control surfaoe on the glider. 

A much larger model could be used to study the perform- 

ance of the oontrol system of a homing glider by mounting the 

gyros and intelligence device on the model table, and placing 

a simulated target at a distance from the model, so that error 

signals as a function of angle of rotation of the model may be 

obtaine'd. 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 

model of Figure 1 from the table synchro without the necessity 

of aotually mounting and operating the intelligence devioe. 

Referring to Figure 3, it is seen that a voltage proportional 

to the displacement of the table from the zero position is 

obtained aoross RS3. The manner in which the intelligence 

information Is ooupled to the oontrol system determines how 

OONFJDBNTIAI. 
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this voltage Is used. It« applloatlon to SWOD Mark 7 and 

Mark 9  la shown In Figure 3, and will be diseussed In Part S. 

3. Method of Adjusting Constanta of Model 

The following seotlon deaoribes the method uaed to adjust 

the constants of the table to satisfy the six oondltions 

given by Equation (81). 

Condition I may be satisfied by proper adjustment of the 

level or visoosity of the oil between the oonoentrio cylinders. 

The prooedure used is as follows: A thread is .wound around a 

pulley of small diameter on the shaft of the table. The thread 

then passes over a pulley, and a seals pan and weights are tied 

to the end. With the torque synohro turned off, the equation 

of motion of the table will be given by 

Id-%. 
dt* +M urr. 

where w is the weight of the soale pan and weights and r 

is the radius of the pulley. If at time t • 0. the table 

is released from rest, we obtain 

&-¥/>-*] at 

After a few seoonds the seoond term In brackets la negligible, 

and a oonstant angular velocity is obtained, given-by 

'&&)• 
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:M£:00m W0x®&}Y8M&:of'A"/ls and- ite"icnam ;yftlttes of -w , 

;;r-'s;>;;^p:-l:::i^rMbsfei^tÄ^iB the' right\'nenber of the above 

• 0^atiöa^i:^i'iÄv;vl8ö©atty' of the^oii^or'ita-lwel then'ad-   • 

\;3ustÄÄtti#M» ooaputod wkln@ ®t  df/d$ '..-iBVÖbtained.   ' 

|S|^flli^ B,    OS , 

:;^ai•'.• ;d8;^;©;fc;p^er "valu« to' satisfy "feM.8 eoaäifcien0    a® 

'•^ see! sorwspoai 

:::Ä#if-t©;i;Ä iValueiB'Vfor SWOBäJ* 7 tod 9 -for atypieal 

"*l|«Ä:?S©BiitioB.   Wm tto «T^S»«* is us®a to stody motions 

:^M;:iiiÄB'*ltü rain»» •'of •. a , • the values 'of   HS , 

Ä':i::':ttfe':;8 
:,:mai   OS   must I» ®taag®a ao@«4ittslF0 

;:;::::j:^öMitioa:
:iP i» aatisfi«fl by,the following oathod. 

'Swlt'oi •» : IB ctlosad, shortiH« out ooMsaier   07 ,    and   ^ 

^»laide/a©!?© by.'turning   M   to a@» {th@ arm of   16   to the 

:^epa"vottmnoa to   H5).    For .this condition 

•:-:U;%:'::     %« -•"»! • -..••• 

lf;«;lrt;^   fixed at   0 ,    the equation off motion ©f th» 

^ttäle' now beocnea ' 

'whlenwpwÄsts a damped oasillatioa of period- .:S ,    gi-ran by 

r- 'Ä7T 

•#5F1? 
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If the third eondltlon la to be eatlafled, we auat have for 

the period of the oaolUatlon 

The table la no* dlaturbed, ud tha aettlng of potentloneter 

B7 la varied until tba period of oaolUatlon la equal to tte 

Talma eoapated froai the above equation. 

Condition IT la eatlafled a« followe: Slnoa eondltlona 

HI have baan already eatlafled, «a 

XI» XXX IT obtains 

-*.-a 
table, «lth as «till oloaad and B5 tumad to 

dlaplaead a ejnohro la am 

through an angle equal to a/b tlawa tha angle through wMeh 

tha tabla la dlaplaead, and potantlonatar BB la adjuated 

until water MS raada aaro. thia adjuetawnt anat ba aada 

•lowly, allowing tlaa for tha potential on tha 

to attain lta final value. Slnoa with MS reading 

applled, equilibria* ia aatabllahod with 

and tha aondltlon la aatlaflad. 

OOiriDIKUl 
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; Y^©w::Te*ya,;E6 ; xuxtil'.tha same" reading of   MS.' is obtained ' 

:&ß jr@¥iousiy;^:.S5 .'is aow »turned to its original setting. 

'W^^W^^*'*' ;". .   ; .'•'>' 

: «a« oondltloa .Via satisfied*    ' ;':". ,. 

; ''ßoödition .VI; is' • B&tiBt lea •by, setting   H5   and   E6   to 

?erp -poiiitien.,;»Miiäg ^  to..zero,';.operating the control mr- 

tsiea; ;:Ät vÄÄöm-rate;;;^ 0:.,"' and '/determining; tfaa deflation of 

M8:*.-;.':'1!h6h.'v.:H5 -is set to It» proper Talü® 'to satisfy oosditioa 

•IfiV-^/.-jbh*.^)»»^^ that produces the 

sÄ;;;ä«flöat'ion "of;' M3 • is dateraiinea.    The generates gain 

•central (not shown) is adjusted to make the following relation 

bold» • 

JL - bC-M«.*®-^) 
«Aft 
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*     The effect of the term in $  is usually very snail,-ana 

in most oases Is negligible• For most tests, the term 

neglected, and the generator omitted from the oirouit. 

4.  The Pitoh Control System of 3W0D Mark 7 and Mark B 

Unlike the conventional type of airplane in which oon- 

trol in pitoh is obtained by changing the angle of attack of 

the vehicle by means of elevators on the horizontal tall sur- 

faoe, control is obtained on SYTOD Mark 7 and Mark 9 by means 

of elevens or flaps along the trailing edge of the main wing. 

These effectively change the lift of the wing without chang- 

ing the angle of attack of the glider. This is accomplished 

by proper placement of the tail in the downwash of the main 

wing and proper location of the center of gravity so that 

praotioally no overall pitohing moment results from movement 

of the elevens. 

The elevons are moved in pitch by a servo-control unit 

(described in Reference 2) which moves the elevons at a 

constant rate and in a direotion determined by contacts in 

the pitoh gyro. The pitoh gyro (described in Reference 3) 

is in effect a rate gyro oriented in the gilder so as to be 

sensitive to rate of pitch. Electromagnets are connected to 

apply torques to the gimbal frame which are proportional to 

the error angle in pitoh as obtained from the homing device."' 

Sleotrioal contacts are arranged on opposite sides of the 

CONFIDENTIAL 
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glmbal frame so that one oontaot or the other is olosed, do» 

pending upon the alga of the aum of the torque applied by 

the electromagnet» and the torque due to preoeaslon of the 

gyro «heel. 

Let Ad     represent the angular error In pitoh (obtained 

from the homing device), dd/Jtth* rate of pltoh, and o , 

the rate of pltoh in degrees per second that produoea the saae 

torque on the gimbal frame as an angular error of one degree. 

The operation of the gyro may be expresoed mathematioally as 

follows* 

^ + c46=S. (as) 
When 8 is positive, that oontaot on the gyro will be 

olosed that oauses the servo-oontrol unit to more the elevens 

upward; and when 8 is negative, the other oontaot will be 

olosed, «•"•«•HI the elevens to move downward. The movement 

of the elevens is always in suoh a direction as to reduoe the 

value of 8 to sero. Thus a hunting motion is set up, with 

the gyro contests alternately olosed, and the elevens moving 

alternately up and down. 

If we nsgleot this hunting motion, and assume that 8 

is, on the average, sero, we have 

(88) 
* 

+ cAB s 0. 

Integrating, and letting 40 «46*  at t • 0 , we have 

(84) 

ooifisiitni 
46 • A6tfe

e? 

'   i   I'I     \\ i ' ilnHi niiiin»>   • IV lii ii iiii«,i1iitfmfti"i>'iw')riK'JWrii«»eg*'iiihw**xi« .  -     ...  lM-M-ni(l1 *,&A&*ai;H*v*f»»mm 
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Ibis «bow« that any error In pitch should approach 

exponentially to zero at a rate depending upon o. This la..' 

found to be the ease in flights of SWOO Mark 7 and Mark 9 

under conditions «here the period of the hunting oscillation« 

is of the order of one second or less. 

A detailed mathematical analysis of the hunting motion 

is rery lengthy and complex, owing to the "off-on" oharaoter 

of the link between the gyro and serro-control unit. Multi- 

plying equation (80) by •»* and differentiating,«we ham . 

Integrating! 

(U) 

,j-.---t ... ...i.-i--. 

(M) 

Assume that at t • 0 , &**&%, ^| ••£, and 3* <?«  . I*t the 

elevens more from the initial position at t - 0 at a rat« 

of K radian« per «Mond, the sign of K depending upon the 

direction of movement. tbrna 

3*S.±Ktf „., ., 

OOIfIDINflil 

(»T) 

^•£, ijjJMhA&f'tjAfi*- 
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and equation (26) beooaes 

3S*C-'V-/lfc*-)S*f-v-^^^- </t< 

(aM,- b /^X^tJt ^M/V*'V/W*± *0± "i * • 
(88) 

I 

This aay be written in tha for« 

ji* + 2A 4± + B&6- C +.Z* * et*, 
at*        •» 

(S9) 

where   A ,    B ,    C ,    D ,    and   B   are oonatanta involving Q,   * 

Sm   i    K i    and the various aerodynamic ooeffioients. 

Bquation (89) haa the following solution: 

+fse"4cos/B-Amt • Ge'^shtJlT/P t, 

«here   7   and   0   are arbitrary- constants to be evaluated. 

Differentiating, «a obtain 

Ä ^2^€)+ ^ t * (G/B=P- AF)e "cot /&X% 

(30) 

T^-F/S^-AfrJe^sm/aCTt 
(si) 

OOVf ID1IIUI 
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• let us no» obtain a new equation by substituting Bqua- 

tlons (30) and (SI) in Zquation (82). This new equation mat 

be solved for the smallest ralue of t ,    say tA , for whioh . 

S - 0. A tine lag in the servo system is assumed, denoted by 

at , and the value of S   tram. Kquatlon (87), the value of 

A 6    from Iquatlon (90), and the value of de/dt  fron Squa- 

tlon (31) found at tine t « tj. + At. Next these values of 

<S ,  &e  ,    and dO/dt are used as new values for <?„ , AQ0, 

and ©/ , the sign of K Is changed, and the value of t 

found which again reduoes 8 to zero. This process is repeated 

for eaoh oyole. 

This procedure is too unwieldy for praotioal use, and thus 

the model presents a much more praotioal method for studying 

these oscillations. 

5. Application of Model to Study of Control System 

Of SWOP Mart 7 and Mark 9 

This model has been used to study the pitoh-oontrol system 

used in SWOD Mark 7 and Mark .9. Comparison of the data obtained 

with the model with aotual flight tests of SWOD gliders show* 

that the model gives a good representation of the actual condi- 

tions of flight. 

The following table gives typical values of the aerodynaaio 

constants of SWOD Mark 9 for a typical condition of flight, 

(see reference 1, equations (48) and (50)J 

OOIUOIITMl 

mm* 
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V   » 415 ft aeo~x •^ - -0.7 ae«-1 •"" 1 
l* - 487 ft aeo** Mj - -0.14 aeo"1 j 

L, -    88.3 ft aeo~* H, -    0 aeo"* 

M« - -80.6 aeo"8 a   -    1.08 aeo"1 

( 
i 

«^ -    -1.4 aeo"1 b   -    0.806 HO-1 i 
Inserting these values In aquation (80), we have 

<*!§ + 2.,42. + »..«"Tg etoatdt = 

+ a/*a - o./V«J * 6J8e '•03tfSeke3tdt. 
(88) 

Tna six oondltlona of Xquations (81) that oust be satisfied 

to make the model repreaent tola oondltlon of flirht are 

8.1 IT. Kb« 
'• i 

II»   1   a» 1   m   1 OB- 
TgBe S9Ö7 x,u* 

III. Ko, 
- 89.9 

»e°6 
7.  0: 

VI. 

- 6.18 

-f— 0.14 (34) 

-0.14 
I     I 

The table is adjusted to satisfy these conditions by the 

method given in Part 8, The pitoh gyro is mounted on the table 

ao it la sensitive to rotation about the table axis (Figure 1). 

An overhead rubber tube is brought to the gyro to provide the 

neoessary vaouum line for driving the gyro wheel, and overhead 

wires for neoeaaary eleetrioal connections. The contacts on 

the gyro ax« eonneoted to the aervo unit (Figure 8), whioh ia 

CONFIDENTIAL 
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mounted on a stand which provides a torsion load simulating 

the aerodynamic load on the elevons during flight.    The servo 

synchro is connected to the servo unit by a orank arm so that 

its displacement will be equal to the elevon displacement. 

The unit containing the electronic circuits associated 

with the equipment is shown in Figure 4,  and the power supply 

for tliis unit in Figure 5. 

Homing information is obtained from the table synchro. 

It can be seen by examination of the dlagrm in Figure 8 that 

a voltage proportional to the angular displacement of the table 

from its zero or on course petition is obtained across    BS8. 

This voltage Is amplified by a two-stage differential amplifier 

having the same constants as the differential amplifier used in 

rSWOD Mark 1 and Mark z equipment.    The output is connected 

overhead wires to the electromagnet ooils of the gyro.    The 

gain-control potentiometer    H23    is adjusted so that the angulaz 

displacement of the table is the same A? the angular error of 

the glider in flight that produces a el.un differential ourrent 

in the gyro ooils. 

The experimental setup« showing all the units, is shown 

in Figure 4. 

In order to obtain permanent reoords and facilitate the 

study, a two-ohannel Brush Oaoillograph, Model OBO, was used. 

For one series of runs, the input of one ohannel was connected 

through an Isolation transformer between   SI   and   88   of the 

CONFIDENTIAL 
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servo synchro, and the input to the other channel was oonneoted 

between SI and S3 of the table synchro. Records war* thus 

obtained showing 60-oyole oscillations whose amplitudes, on 

one channel, were proportional to the displacement of the serTO 

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 oonneoted to 

the servo synchro as previously, but the other channel was 

connected to a 60-oyole alternating voltage modulated so that 

its amplitude was proportional to the current through the- 

torque synchro. For the flight condition of SWOD Hark 0 

studied here, the pitching moments due to elevon displacement 

and rate of change of elevon displacement are small compared 

to the moments due to angle of attack ehangea, and the current 

through the torque synohro and thus the amplitude of the 

alternating voltage may be considered to be proportional to 

the deviation of the angle of attaok from the trim position. 

Records obtained using this oscillograph are shown in 

Figures 7 to 12 inclusive. The gain controls on the oscillo- 

graph are adjusted so that a definite value of the quantity 

being measured (shown in the left margin) is represented by 

a given number of vertioal scale divisions. The distance 

traveled by the chart in one second is marked on each record. 

The symbols $ , oC ,   And 5 on these figures denote 

CONFIDENTIAL 
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quantities designated by <f>  , AM    , and S    in this report. 

<P represents the minimum error angle that produces saturation 

of the differential amplifier, G.R. (signifying gyro rat«) is 

the rate of turn of the gyro whioh produoes the same torque on 

its glmbal frame as saturation of the differential amplifier! 

RC is the value of Rg C6 and Rg C7 , Sc   the initial 

displacement of the oontrol surface, and 4>o   the initial 

displacement of the table. When values are not given for $0 

and S0   , the record represents a steady state hunting oondition. 

The sense of the amplitude of the oscillations is not dis- 

tinguished in this type of record, but by examination of the 

traoes it is generally possible to determine whether or not a 

reversal of phase ooours at points where the amplitude is 

reduced to zero. 

Figure 7 shows records obtained with the constants of the 

model adjusted to represent the conditions of Equation (84)« 

The three records differ only in the value of $ . The 

records with ^> - 6* and £> • 4" show damped oscillations 

in ^ with a period of about 7.5 seconds, the one with $ • ft* 

being the more highly damped. The record with $ • 8» shows 

a steady state undamped osoillation with a period of about 

9.5 seoonds. The effect of increasing $ is to increase the 

damping of the osoillations. Tor actual flights, however, 

increasing $ has the undesirable effeot of reducing the 

value of • (Equation 88), i.e., the rate of oorreotlon of 

CONFIDENTIAL 



- es - 
COIIIDlItUl 

attitude (e/^tftJobtalMd for a given error angle Ad , so 

that errors due to winde, target notion, or gusts encountered 

near the target are increased. In SWOD Hark 7 and Mark 9 a 

compromise has been made, and $ has been made equal to 4*. 

Figure 8 snows records obtained under the same conditions 

as Figure 7, except that O.K., the gyro rate, has been ohanged 

to B*/MO> The records obtained with §    • 6» and # • *• 

show practically a smooth return to on oourse position without 

overshoot. The oase with §    * 8# shows an oscillation with 

small damping. Seducing the gyro rate thus increases the 

damping of the oscillations, but also has the offeat of reduc- 

ing o as dlseussed above. O.R. has been made equal to 

8a/seo. in the SWOO Hark 7 and mark 9 gliders. 

Figures 13, 14, and IB show data obtained from analysis 

of camera reoords obtaining during aotual flights. Figure 18 

shows the flight of a Mark 18 glider with Hark 1 homing equip- 

ment (Nary SWOD Hark 8). For this flight §   - •• and O.B. • 

8*/M°* The upper ourve entitled "Xlevon Position for Zero 

Differential" «hows the average position of the elevens Of) 

and the lower curve entitled "Apparent Angular Vertical Motion 

of Beaeon" gives the angular deviation of the attitude of the 

glider from on oourse position (A©,) as functions of the time. 

At the beginning of the flight a highly damped short period 

osoillation, sometimes called the "rapid inoldenoe adjustment", 

Is seen (Beferenoe 1). This Is superimposed on a rapid 

0 0IIID1ITIAI 
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to on course position without overshoot. This figure nay to* 

compared with the second record in figure 8, where, the model 

is adjusted to approximately the same oonstants as used in 

this flight. 

Figure 14 shows the flight of a Mark 12 glider with Mark 1 

homing equipment (SViOD Mark 7). For this flight $ -6», 

G.R. - 4*/seo. This flight shows an oscillation of about 10 

seconds period, whioh however, damps out in a few cycles. 

This figure should be compared with the first reoord of 

Figure 7, in which the model is adjusted to approximately the 

same oonstants aa used in this flight. 

Figure 15 shows another flight of a Mark 12 glider with' 

Mark 1 homing equipment. For this flight §   »2*, G.R. - 

4*/seo. In addition to the types of curves given in Figure« 

13 and 14, a curve is shown labeled "Glide Meter", whioh gives 

the current in the gyro electromagnet coll whioh tends to close 

that contact which oauses the elevons to move downward. This 

figure shows a long-period undamped osoillation and may be oom- 

pared with the lower reoord of Figure 7 taken with the model 

adjusted to approximately the same oonstants» 

Figures 9  and 10 show reoords obtained of <? and A«c as 

functions of the time. Reoords of long-period osoillations 

In $  as in the beginning of the first and in the third 

reoords of Figure 9 show oscillations in « of the same period 

as la <? »and also highly damped oscillations superimpose« 

on then of shorter period corresponding to that of the *z**4A 

CONFIDENTIAL 
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Incidence adjustment". TbiM rapid osolllations an exalted 

by the reversal of motion of the elevens, and are quite highly 

damped before being re-excited by the next reversal. When 

reTeraala of motion of the elevens take plaoe with a period 

of the same order as that of the «rapid lnoldenoe adjustment" 

suoh as shown in the second reoords of Figures 9 and 10, these 

osolllations, although excited by eaoh reversal in direotlon 

of motion of the eleven«,are not separately distinguishable. 

Although the details of the calculation will not be given 

here, it oan be shown that £« can be represented by an 

equation similar to that for A« in Equation (30), except 

that the right-hand member will not contain a term in t* • 

The osolllations of the same period as <S   are due to the 

reversals In sign of K , which are dismissed following 

equation (30). The highly damped osolllations of the period 

of the "rapid incidence adjustment" are given by terms in the 

expression for A* which are equivalent to the last two terms 

in the right member of «quation (80). 

The effeot of changes in the value of BO used in the 

model is shown In figures 11 and IS. Changing the value of 

BO is equivalent to ohanglng X.* and Lj for the glider 

whose flight is being represented by the model. 

Beoords with BO - 1.6 seoonds are shown in Figure 11. 

The osolllations are lass damped and of longer period than for 

BO » 1 second. Beoords with BO - .88 seoonds are shown in 

COHFIDBNTIAL 
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Figure Li. Unit-,  the oscillations are wore highly damped, 

end of shorter period. Thus it may be presumed that increas- 

ing L* and Lrf will increase the damping and shorten the v 

period of the hunting oscillations. 

October 26, IMS 
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