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SUMMARY 

This report presents the theory and certain design information for the control 
system of a satellite rocket. The requirements of the control system are, that it 
must maintain the rocket on a predetermined trajectory in such a way that the rocket. 
at the end of burning, is flying in a horizontal direction and at an altitude and 
velocity consistent with a circular or nearly circular orbit. 

The proposed control system described in the report consists of a gyro detection 
device which determines the error in heading of the vehicle from the predetermined 
heading program. ·The error signal determines the amount of correcting moment neces­
sary to reduce the error to zero. The correcting moment can be applied by deflect­
ing a system of four auxiliary rocket motors in such a way as to apply the necessary 
moments in pitch, yaw, and roll to the vehicle. The system represents a closed 
loop servomechanism and its analysis is carried out in detail with regard to overall 
stability of the system, transient response characteristics, and determination of 
system parameters. 

In addition to the control system necessary during the initial trajectory, a 
control system is also proposed which maintains the attitude in the orbit so that a 
particular side of the vehicle is always presented to the earth. This system depends 
upon the detection of the instantaneous direction of motion as a pitch and yaw refer­
ence, and the detection of the direction of the earth's magnetic field as a roll 
reference. The error signals can be converted to changes in angular veloci ty of a 
flywheel system, which, in turn, changes the angular velocity of the vehicle by 
conservation of angular momentum in such a way as to correct the heading. The 
analysis of the orbital control system is far more complicated than the trajectory 
control system and is presented only schematically at this time pending further 
development. 
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STABILITY AND CONTROL OF A SATELLITE ROCKET 

INTRODUCTION 

The satellite rocket as now proposed is to operate in the following manner. 
The rocket starts from rest at ground level and ascends vertically for about one­
tenth of the burning period of the first stage with zero angle of attack. At one­
tenth of the burning time an angle of attack program is initiated which reaches a 
maximum at about one quarter of the first burning period. After this it decreases 
slowly to zero at nine-tenths of the burning period and remains zero for the rest 
of the trajectory. 

The angle of attack program determines the shape of the trajectory, and from 
nine-tenths of the first burning period on, the curvature of the path is affected 
only by gravity and the residual aerodynamic forces. At the end of the first burning 
period of about 110 seconds, the first stage is dropped and for an interval of 1.2 
seconds no thrust is applied. Then the second stage motor is started and operates 
throughout the second burning period of about 110 seconds. At the end of this time 
there is another 1. 2 second separation period, during which. the second stage is 
dropped. The third stage motor is then started and burns for approximately 100 
seconds. Then the motor is shut off and the rocket is allowed to coast for a period 
of about seven minutes. the exact length of coasting being determined by the amount 
of error in position and velocity existing at the start of coasting. At the end 
of coasting the third stage motor is operated for an interval of about 10 seconds, 
which should be sufficient to put the rocket on its orbit. From here on the rocket 
becomes a satellite and no further thrust is necessary. 

The control system of the vehicle must be such that the motions of the body 
about its center of gravity are stable at all times during the trajectory, The 
system must also he capable of exerting sufficient moment on-the vehicle to maintain 
it in the desired heading against the action of existing aerodynamic moments and 
possible moments due tomisalifJDlllent of the rocket motor. Finally, the system should 
be able to exert sufficient moment to correct an error in the vehicle attitud~with­
in a specified response time. 

After the vehicle is in its orbit, the control system must be able to keep 
the heading tangent to the orbit and the roll velocity zero. 

In this way, the same side of the vehicle would be presented to the earth and 
the amount of power necessary for the vehicle borne radar could he materially reduced 
by use ~f directional antennae. 

The vehicle in flight should follow a programmed trajectory. This program can 
be obtained by calculating from the trajectory data' the time variation of the 
vehicle heading with reference to the initial vertical. 

For references aee page 28 
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Any deviations of the actual heading from this desired heading would result in 
error signals, which cause correcting moments to be applied to the vehicle to return 
it to the specified ·program. 

These correcting moments can be applied by means of four auxiliary control 
rockets mounted s)'IIIIIetrically about the main rocket motor. The equilibrium posi tion 
of these control rockets is parallel to the axis of the main jet; one pair being 
capable of motion in the pitch plane, while the other pair would move in the yaw 
plane. Thus, by consistent deflections of one pair, moments in pitch are produced, 
while consistent deflections of the other pair create a yaw moment. On the other 
hand, opposing deflections of each pair Five a roll moment. By suitable deflections 
of the four rockets, any desired combination of pitch, yaw, and roll control moments 
can be applied to the vehicle. 

After the vehicle is in its orbit, the attitude control is based on the direc­
tion of the flight path for pitch and yaw and the direction of the earth's magnetic 
field for roll. The actual appli~ation of correction moments can be achieved by 
means of a system of three flywheels with DUtually perpendicular axes. The angular 
velocities of these flywheels are adjusted so that, in accordance with the conser­
vation of angular momentum, the vehicle makes one rotation about its center of 
gravity in the plane of the orbit per orbital period, and at the same time main­
tains zero yaw and roll angles. 

A more complete description of the control system 1S given in the following 
sections. 

THEORY 

The problem of stability and control of the satellite rocket divides itself 
into two parts. The first of these involves the stability and control of the rocket 
during the powered trajectory and the coasting period. During this time the rocket 
is maintained on a programmed path, such that at the end of the powered (light, 
the rocket is on a satisfactory approximation to a circular orbit. The second part 
of the problem, involving the stability and control of the rocket after it is in the 
orbit, is a matter of attitude control, since the actual orbital path has been 
determined by the speed and direction of motion of the rocket at the end of the 
powered flight. It is desirable that the control system in this part of the orbit 
be such that a particular side of the rocket always faces the earth. These two 
control systems are discussed in more detail in the following paragraphs. 

A. Trajectory Control 

In the case of the German V-2 Rocket, the control of the trajectory was achieved 
by means of jet vanes placed in the main rocket jet, in such a way that a portion 
of this jet could be deflected to give the necessary control moments about the 
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• 
center of gravity of the vehicle. The method has three main disadvantages. In the 
first place, the jet vanes are exposed to the extremely high temperatures of the 
jet and as a result are progressively burned away during the flight. Since the 
burning time for the satellite rocket is about twice that for the V-2, it would be 
necessary to develop some new heat resistant vane material to give satisfactory 
control over the whole trajectory. In the second place, the presence of jet vanes 
in the main jet introduces an additional drag, which reduces the effective thrust 
of the motor and thus increases the fuel requirement. Finally, it is understood 
that the Germans had to supplement the jet vanes with air rudders in order to obtain 
adequate roll control of the V-2, and as a result were of the opinion that some 
other ·control mechanism would ·be more satisfactory. 

In view of these disadvantages, it was decided that the control of the satellite 
rocket should be accomplished by means of four rocket motors mounted s'Y1JlDetrically 
about the axis of the vehicle. In their equilibrium ppsition, these four motors 
are directed parallel to the axis of the vehicle. One pair of the motors is capable 
of rotation in the pitch plane. while the other pair rotates in the yaw plane. With 
a system of this type, correcting moments in pitch and yaw can be applied to the 
vehicle by equal deflections of the appropriate pair of control rockets. In this 
case the resulting moment is the sum of the pitch or yaw moments of the two rockets 
of a particular pair. In the case of roll control, the two rockets are deflected 
equal and opposite amounts so that the resulting roll moment is the sum of the roll 
~ments of the two rocket motors. floll control can thus be supplied by all four 
of the control rockets. 

A control system of the above type overcomes the disadvantages inherent in the 
jet vane method. In the first place, there will be no variation in the amount of 
control due to burning away of the control members. Secondly, there is no additional 
drag introduced by the.presence of the control rockets. and since for 811811 deflec­
tions, the main component of their thrust is in the direction of the vehicle axis. 
this thrust contributes to the propulsion of the vehicle. Finally, the control 
motors can be designed so as to give any required roll moment. 

In order to dete~ne the magnitudes of the thrusts necessary in the control 
rockets, and also the parameters of the associated servo system, the following 
equations of motion of the vehicle are set up. 

The angles in this equation" 
are shown in Fig. (1). 

(1) 

ACTUAL HEAOINe 

"--_.......I. __ .l.--______ INITlAl.. HORIZONTAL 

ANGULAR REFERENa: FOR CONTROL. SYSTEM 
FIG. I 
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The control moment supplied by the auxiliary rocket motors is determined on the 
basis of the servo analysis in Appendix I. From this analysis, it seems that a 
suitable control moment would be given by the relation 

dB f M "K B + K1 - + K Bdt 
c" dt- 1 

( 2) 

By eliminating M between Eqs. (1) and (2) the complete control equation becomes 
c 

t 
daB dB dB 

J __ 0 + I -!.., (K + k.) e + K - + K 
ldt" 1 dt 0 1dt- 1 J edt + ka 

o 

(3) 

By substituting in Eq. (3) the relation 

B " B. - B o I 
(4) 

the control equation takes the form 

~. • ~ ~ t 
J __ I + I -' "J -ft-+ (f + K )-+ (K + k)e + K f ()dt + ka 

1 dt2 1 dt 1 dt" 1 1 dt 0 -1 

., 
(5) 

A comparison of Eq. (5) with Eq. (51) of Appendix I shows that the form of the two 
equations is identical, with the exception that the aerodynamic restoring moment 
coefficient is added to the error control constant. In the above equation the term 
ka represents an external moment, which must be counteracted by the control system 
in order to hold the vehicle in the desired tilt program. 

As in Appendix I the quantities (.t}1' 'Y
1

• t 1 • Sl' and 7"1 can be introduced by the 
relations 

4 

(.t}2 
1 

'1 
S1 

7"1 

K + k =_0 __ 
J 1 

'" 
K1 + 11 (6) 

2-y1Ko + k)J1 

Kl-Jlj; =--- ---
K +k K+k 

., 0 

2(K + k) 
0 

K_l 
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These new variables correspond to those introduced in Appendix I without the sub-
scripts. However, in this application of the theory, 
are functions of the position along the trajectory. 
specify a fixed value for anyone of these parameters. 
seems most reasonable is to solve the above equation 
stants as follows: 

K 
4J1 - k 

0 

S II 7" a 
1 1 

Kl 4J1 C1 - f 1 =---
SI7"1 

K_l 
8J

1 

S lI7" II 
1 1 

the quantities J1, k, and 11 
Thus, it is not possible to 
Instead, the procedure-which 

for the desired control con-

(7) 

From these equations. it is possible to determine the average values of Ko' K1 , and 
K.I by substituting average values of J

1
, k, and 11 for a particular stage, the 

desired values of 7"1 and the ideal values of {I and SI as determined in Appendix I. 

13 
2 

/3 
9 

With the values of Ko' Ki • and K_ 1 , so determined. the actual values of Ct)l' ~, SI' 
and 7"1 can be ealculated for any position along the !light path. 

The stability of the system can be checked by plotting 2{1 and SI On the same 
graph as a function of time. Then, in accordance with the stability condition, 
Eq. (69) of Appendix I. as long as the curve of 2{1 lies above that for SI' the 
system is stable. 

A plot of the response time 7"1' as a function of time. indicates the time 
necessary for a given error to be reduced to about one-tenth of its initial value. 

The application of the above method to the determination of the Ko' Ki , and 
K_l' should be regarded as a first approximation. It may be necessary to adjust 
these values somewhat in order that the range of variation of {lover the trajectory 
should be between .6 and 1.0, and that the value of S should not exceed .3. Such 
adjustment may be particularly necessary in the second stage, which at present is 
aerodynamically unstable in the first few seconds. Sufficient control must be 
available to counteract the initial instability, even though this results in too 
much control in the latter part of the stage, when aerodynamic forces are negligible. 
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The specification of the size of the control motors can be obtained from Eq. 
(6la) of Appendix I, which gives the maximum required control moment for the correc­
tion of an error angle ¢ as follows: 

r a 
1 

( 8) 

It appears probable that the maximum M would occur at the beginning of the c 
stage when J

1 
is a maximum, since r is essentially constant over a given stage. 

Thus, the control motor must be larSe enough to supply a moment M at maximum de-
flection 8 by the relation C 

o 

M '" 2Tr sIn b c 2Trb coo ( 9) 

Equating the two expressions for Me and solving for the thrust T, the following 
resul t is obtained: 

(10) 

In the following table the sizes of the control motors necessary on the various 
stages are listed as calculated from Eq. (10). It is assumed that 

r 1 " 4 sec. 

Table I 

. J
1 

<slug fta ) r (ft> T (lbs) T(V-2) (lbs) 

1 1.385 x.10CI 18.00 17,300 22,800 

2 5.68 x 10" 13.33 959 1,260 

3 8.65 x 10: 8.37 23.2 30.6 

In the last column of Table I are listed the thrusts necessary, as determined 
by calculating the control moment available in the V-2, by converting this into an 
equivalent rocket control motor and by scaling this motor up to the size of the 
satellite rocket. In making this scale-up, the moment of inertia of the first 
stage o.f the satellite rocket was taken as three times that of the V-2 and the 
moment arm for the V-2 was taken as 18 ft. 
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A comparison of the last two columns of Table I indicates that the V-2 scale­
up is somewhat larger. In view of the result, it seems reasopable to adopt the 
following values for the control rocket thrust. 

Stage 1 

Stage 2 

Stage 3 

22,000 lbs 

1,200 Ibs 

30 Ibs 

While these values are larger than predicted by theory, it is then possible to 
attain a somewhat smaller time constant or a somewhat larger range in the error 
angle~. Actually, the thrust values obtained from Eq. (10) represent a minimum 
value of the thrust necessary. Any increase in this value above the minimum. in­
creases the control moment available, and at the same time increases the ~ensitivity 
of the positioning servo for the rocket motors. The upper limit of the control 
rocket thrust is one-fourth of the total thrust for a given stage, and the actual 
thrust selected must be such as to give as much control moment as possible without 
increasing the precision of the positioning servo unduly. 

The servo systems associated with the pitc"h and yaw control of the vehicle 
should be identical, since the moments of inertia and the lever arms about the 
center of gravity are the same for both degrees of freedom. The only difference 
in these systems is that there is an angle of attack program in the pitch plane, 
and the control system must exert sufficient control moment to hold the vehicle at 
the prescribed angle of attack. However, with the thrusts specified, it should 
be entirely possible to follow the prescribed angle of attack program against the 
existing aerodynamic moment ka of Eq. (5). 

The servo system for roll control has certain simplifications over those for 
pitch and yaw, since in roll the aerodynamic restoring moment coefficient k is 
zero and the aerodynamic damping moment coefficient is also small. Thus. the only 
variable quantity in the determination of Ko' K

l
, and K_l in Eqs. (7) is the "moment 

of inertia. 

The analysis of the overall servo system given above considers a servo loop 
as shown in Fig. 2. In this figure, the programmed angular position of the vehicle 
axis ei is fed into an error sensing device together with the actual position of 
of the vehicle axis e. The error 

o 
sensing device then produces the 
error angle e which is fed into the 
controller. The controller performs 
the operation indicated by Eq. (2) 
and produces a control moment M c 
which is applied to the vehicle. The 
control moment produces a change in 
the position of the axis e , which 

o 
is fed back into the error sensing 
device. The adjustment process con­
tinues until a steady state condition 
is reached in which the values of e. 
and eo are equal. 

, 

ERROR 
SENSING 

DEVICE 

8 Me 
COHTROWERI-"';;'--/ 

8. 

81 • DESIRED HEADIfIG 
8 •• ACTUAL HEADING 
8 • ERROR IN HEADIfIG 

M.' CONTROL MOMENT 
M •• EXTERNAL IICIMEMT 

VEHIc:t.E 

MISSILE SERVO ~TRa.. lOOP 
FII. 2 
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The actual servo system is somewhat more complicated than that shown in Fig. 
2. ~n order to convert the error angle e into a control moment Me' it is necessary 
to position the two control rockets to a particular angle ~i such that 

M = 2Tro· c l 

8 • VEHICLE HEADING ERROR 
8 •• DESIRED CONTROL DEFLECTION 
a •• ACTUAl.. CONTROL DEFLECTION 
a • ()ONTROL DEFLECTION ERROR 
S • SIGNAl.. APPlIEO TO SERVO MOTOR 
Me • VEHIGLE- CONTROL MOMENT 

AUXILIARY SERVO CONTROL LOOP 
FIG. 3 

(11) 

Thus. the controller shown in Fig. 2. involves some sort of a poautl.oning 
servo system as shown in Fig. 3. In such a system. the error signal e is fed into 
Control Amplifier '1, which contains the vehicle control constants in such a way 
that for an input e, the output signal is proportional to the desired deflection 
of the rocket motors as follows: 

I de J o. = - (K e + K
1

- + K edt) 
, 2Tr 0 dt- 1 

(12) 

The value of Sir together with a signal proportional to the actual rocket 
motor position So' is fed into an error sensing device which produces the error in 
rocket motor position S. The error signal is fed into Control Amplifier 111., which 
has a response such that the resulting output S is proportional to the moment 
necessary to correct the rocket motor position. This signal applied to the servo 
motor causes a change in the rocket motor position 8 which is fed back to the 

o 
error sensing device. The process continues until the rocket motor position i is 
equal to the input position 0 .• at which time the desired moment Me is applied to 
the vehicle. ' 

It is necessary that the design of the auxiliary servo system be such that 
its time constant is short compared with the time constant of the vehicle. If 
this is not true. the resulting time lag between the error signal and the appli­
cation of the control moment might be sufficient to cause instability in the over­
all system. 
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The analysis of the auxiliary servo system is similar to that of the over­
all system. The equation of motion of the rocket motor being given by 

daS dS 
J __ 0 +/ _O_=M 

2 dta 2 dt e 

where the control moment 1S determined by the relation 

t 

M ,., k S + k - + k 0 dt dS J 
e 0 1 dt -1 

o 

(3) 

(14) 

The control moment equation determines the characteristic of the control 
amplifier 12, since the output of the amplifier must be proportional to Me for an 
input 8. 

By elimination of Me between the two Eqs. (13) and (14) the equation of motion 
becomes 

d 2 S dS 
J __ o +/ __ o 

a dt2 2 dt 

Substitution of the relation 

gives 

dS 
kS+k -+ 

o 1 dt 

S =0.-8 
o l 

OS) 

(6) 

Sdt • (17) 

o 

As before the quantities w2 , 'a' Y2 , 'Sa' and T., can be defined by the relations 

k 
o .. -

~a 
kl + fa 

zYkX 

Ya = 
fa 

(18) 
~ 

Sa .. k;l~ 
0 0 

2k 
Ta 

.. __ 0 

k 
-1 
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Substitution of these quantities in Eq. (17) reduces it to the form 

t 

+ S W 3 f Sdt a a 

o 

(9) 

This equation is of the same form as that of Eq. (53), Appendix I. Again it appears 
to be desirable to have a system with' and S equal to 1312 and /319, respectively. a a 

Thus, the parameters for the auxiliary servo system are determined by the relations 

4Ja J 
k :: :: 108 _a 

0 S 1.7" a 7" a a 2 2 

4'aJ a J 
(20) kl =---- fa :: 182. ... f 

Sa7"a 
a 

7"2 

k 
8J2 

:: 
2l6.la 

-I S a7" 3 7" 3 a a a 

The determination of the maximum moment to be applied by the servo motor, which 
moves the control rocket, is again determined hy the relation 

(21) 

where the maximum error S. of the control motor position is taken as the maximum 
deflection. 

The determination of the parameters of such a servo system is greatly simpli. 
fied over the case of the overall system. since the quantities J. and f. are not 
variable. Thus. the constants k , k

1
, k l' and M are determined directly from 

o - • 
Eqs. (20) and (21) without resorting to any averaging process. 

In the discussion thus far, it is assumed that the overall servo system ac­
cepts an attitude error signal and converts it into a control motor deflection, 
which causes a correcting moment to be applied to the vehicle. However. in order 
to apply control moments in pitch, yaw, and roll, by means of the four control 
motors, as indicated earlier in this report, it is necessary that the deflections 
of the four control motors be of different amounts. Thus, the three control moment 
signals from the first control amplifiers in pitch, yaw, and roll must be combined 
in different ways to operate each of the control motors. 

Suppose that the control motors are located as shown in Fig. 4; the arrows 
indicate the positive direction of the deflections Sil' Si2' Sia' and Si. of each 
motor. If Mp, My and Mn represent the necessary control moments in pitch. yaw, 
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and roll, then the output signals of the first pitch. yaw, and roll amplifiers 
0P' Oy, and 0a' are given by the relations 

My = 2Trpby 

Ma = 4TraOR 

PITCH 
PLANE 

YAW 
PLANE 

VIEW I-OOKING 
FORWARD 

CONTROL MOTOR ARRANGEMENT 
AND DEFLECTION SIGN CONVENTION 

FIG .... 

(22) 

These moment equations are based on the assumption that two motors deflected 
through an angle of op produce a moment Mp. two motors deflected through an angle 
or produce a moment Mr. and four motors deflected through an angle Qf OR produce a 
moment MR, In the actual·system these moments are produced simultaneously in BC· 
cordance with the following relations: 

(23) 

The above equations do not in themselves give a unique solution for 8 i ' 0ial 
8,*. and 0t ••. and it is necessary. to make the additional assumption that ~alf of 
the roll moment is produced by each pair of rocket motors, so that 

(24) 
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By combining Eqs. (22), (23), and (24) it can be shown that 

Sit = Oy + 01/ 

Sia = 0 - S P 1/ 

°ia "0 - s Y 11 
(25) 

0-,. = op + Os 

Thus, the output of the first control amplifiers in pitch, yaw, and roll are 
proportional to °2 , By. and 01/' These are combined in accordance with Eq. (25). 
and the four resulting signals Oil' 0ia' O,a' and 0i. are applied to the four servo 
systems which position the rocket motors. The block diagram of Fig, 5 indicates 
the arrangement of the complete pitch, yaw, and roll control system. 

In the system, the programmed attitude of the vehicle in pitch, yaw, and roll, 
8 p "'i' and ¢;, is fed into the respective error sensing devices. together with the 
actual attitude of the missile 80, "'0' and ¢o' The error sensing devices produce 
signals proportional to the errors in pitch. yaw, and roll. 8. "'. and ¢. These 
error signals are accepted by their respective control amplifiers, which produce 
outputs proportional to the three control moments needed, and -likewise. to the 
deflections of the control motors necessary to produce each of these control moments 
separately. The deflection signals op, Oy, and OR are fed into a deflection com­
puter, which operates in accordance with Eqs. (25), and produces four signals 0'1' 
0ia' 0ia' and 0,. proportional to the deflections of the four control motors re­
quired to produce the desired control moments simultaneously, The position signals 
are combined with the corresponding actual positions of the control rockets °01 , 

So •• °01 , and S ••• by the error sensing devices to give the position errors of the 
four control rockets. ihe error signals are converted by the motor control ampli­
fiers into signals Sl' s.' s" and s • which are proportional to the required 
moments on the four servo motors. Th:~e signals cause deflections °01 , 008 , ~~8' 
and °04 of the four control motors. whlch are fed back to .the four error senS1ng 
devices to complete the auxiliary servo loop, so that the four control motors take 
up the desired positions 0i1' 0ia' ° '" and 0,.. The four deflections of the 
control motors exert four vector moment~ MI' Ma' Ma' and M •• on the vehicle. The 
components of Na and ~ about the pitch axis produce the desired correcting moment 
Ip, while their components about the roll axis produce a moment ~R' Similarly, 
the components of-Nt and Ma about the yaw axis produce the moment M~ while their 
components about the roll axis produce an additional moment of ~R' The resulting 
position of the vehicle in pitch, yaw, and roll. 80, "'0' and ¢o' is fed back to the 
pitch. yaw. and roll error sensing devices so that when the vehicle attains the 
desired attitude specified by ei. ~i' and ¢i. there is no input to the pitch, yaw, 
and roll amplifiers, and no further adjustment occurs. 

The use of such a control system has certain advantages when used in connection 
with a programmed trajectory, In the first place, if an external moment is applied 
to the vehicle. such as the moment resulting from a misalignment of the main jet, 
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or the aerodynamic moment due to the tilt program, the system reduces the result­
ing error to zero as shown in Eq. (58.) of Appendix I. This is accomplished by the 
integral response of the system,. which builds up an equal and opposite control 
moment, which completely cancels the applied external moment. Such a response is 
in contrast to the ordinary error or derivative control systems, which require a 
constant error in order to exert a control moment opposing an external moment. Such 
a constant attitude error could result in serious distortion of the rocket trajectory. 

A second. advantage of the above control system is its effect on the lateral 
motion of the rocket due to the thrust components normal to its path. It can be 
shown that the equation of motion for such a lateral displacement in the pitch 
plane is given by 

(26) 

where the two terms on the right side of the equation represent the lateral forces 
exerted by a deflection e of the main jet and a deflection op of the two control 
rockets. 

The lateral velocity can be evaluated by integrating this equation to give 

d T t 2T t 

2c~f edt +-J 8yJt 
dt M M 

o 0 

(27) 

Since both e and Sp vary in accordance with an integral control system, it 
follows that if t becomes very large, both of the integrals vanish, so that there 
is no net lateral impulse applied to the system and no resulting lateral velocity 
due to the correction process. This can he verified by substituting the appropriate 
time variations of e and Sp in the lateral velocity expression. 

The lateral displacement of the vehicle can be obtained by a second integration 
of the equation of motion to give 

(28) 

o o o o 

In this case it turns out that the second integrals do not vanish, 80 that 
after a correction process the rocket is displaced laterally from its progrlll\Wlled 
path. However, the amount of the displacement is of the order of a few feet, which 
is negligible for all practical purposes. The lateral displacement could also be 
eliminated by second integral 'control term, but in view'of the negligible displace­
ment, it hardly seems worthwhile to go to any sach refinement. 

The control system outlined above assumes that there is no drift in the free 
gyros, and also that there is no variation in the thrust of the motors. Under 
these conditions, the input program for the position of the vehicle axis results 
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in the desired tilt program and flight path. However. if there is any drift of 
the gyros or any fluctuations in thrust, then while the vehicle is held in the 
correct position with respect to its time program, it is not necessarily in the 
correct tilt program with reference to the instantaneous flight path. The effect 
could be particularly serious at two points along the trajectory; first, at the 
separation of stage 1 and 2. and second, at the end of the coasting period. 

In the first case, during the 1.2 second interval of separation, no control 
moment is available since the control motors of the second stage cannot be started 
until the first stage is out of the way. As the proposed design of the second 
stage is aerodynamically unstable. it is possible that the existing q values during 
separation might,cause appreciable attitude errors to develop. This can be seen 
from the following derivation of the angular motion during separation: 

(29) 

where "an is a proportionality constant in the relation between aerodynamic lI10IIIent 

and angle of attack. The solution of the equation gives 

(30) 

which shows that the angle of attack at ti~ t is proportional to and greater than 
the initial 'angle of attack at the beginning of separation. The actual value of 
a can be found by substituting 

a = .015 (For Mach Number 5.5) 

q = 150 Ibs/sq ft 

V· = 657 cu ft 

J" = 56,800 slug ft 2 

t = 1.2 sec 

These values give the relation for a at the end of the 1.2 second separation time 
as 

a = 1.019 a •• 

Thus. it appears that the change of angle of attack during separation is negligible. 

In the second case. at the end of the coasting period, the angle of attack of 
the rocket should be less than two degrees, in order that the final thrust should 
put the rocket on its orbit with the required accuracy of ± ~o from the horizontal. 
With existing gyro systems, the drift of the free gyros can be made less than '~o 
in the ten minutes elapsed up to the end of coasting. Thus, if the deviations of 
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the trajectory angle from its predicted value, due to erratic thrust, non-standard 
aerodynamic conditions, and errors in the control system, can be reduced to less 
than a degree, then the accuracy of 2° in the angle of attack can be achieved. If 
the tolerances in the flight path cannot be met. it may be necessary to use a 
molecular beam detector of the type described under ~bital Control Equipment, page 
23, in place of the gyro detection system during the latter part of the coasting 
period. In this way the errors are measured from the actual flight path and the 
control would be able to reduce the error to zero; thus giving a zero angle of 
attack. 

With regard to the method of control during coasting, it seems that in view 
of the accuracy required. that the control rockets for the third stage should con­
tinue to burn throughout the coasting period in order to supply the desired control 
moments. (See Appendix II.) It can be shown! that the continuous burning of the 
control rockets can be-accomplished without appreciable increase in gross weight 
or decrease in payload. 

8. Orbi tal Qmtrol 

In the case of the orbital control system, it is obviously impossible to 
consider any system which programs the heading of the vehicle as a function of 
time. since an extremely small error in the time scale of this program results in 
a cumulative error in the heading of the vehicle in the orbit, and if a directional 
vehicle-borne radar is used y it would result in long periods during which the 
vehicle could not communicate with stations on the ground. Thus. any attitude 
control of the vehicle must be based on measurements made in it at the time the 
correction is necessary. One reference system which suggests itself is the instan­
taneous direction of motion of the vehicle and the direction of the earth's mag­
netic field. If the control system can be arranged so that the longitudinal axis 
of the vehicle is kept in the direction of the instantaneous velocity of the center 
of gravity, and a particular diameter of the vehicle kept in the direction of the 
earth' smagnetic field, then the desired attitude control for the orbit is achieTed. 

Such a control reference requires some sort of detector which determines the 
direction of motion of the vehicle with reference to a set of axes fixed in the 
vehicle. From such a determination the instantaneous angles of pitch and yaw of 
the vehicle are obtained. One method by which this can be done is by means of 
a molecular beam device, which utilizes th~ flow of extremely rarefied air into 
a small chamber in the wall of the vehicle. The resulting pressure in the chamber 
is a function of the attitude of the vehicle with respect to the air flow, and a 
combination of several such ~etectors gives an unambiguous determination of the 
pitch and yaw angles of the vehicle. The system is discussed more fully in the 
section on equipment. 

In the case of the roll detection device, the deviation of the yaw axis from 
the earth's magnetic field can be measured by means of some sort of compass device 
whose axis coincides with the roll axis. Actually, the component of the earth'. 
field, normal to the orbit, is not necessarily perpendicular to the plane of the 
orbit. However, the magnetic device can be used to set the zero position of a roll 
gyro at specific points along the trajectory, so that the drift of the roll gyro 
between zero adjustments is not serious. 
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If such a reference system is used, all error and error rate signals are 
measured with reference to a coordinate system moving with the vehicle with its X 
axis tangent to the trajectory. As the coordinate system has an angular velocity 
in an inertial frame equal to the orbital angular velocity, the desired control 
condition is that the vehicle have zero angular velocity in the moving reference 
system, and likewise that its axis be lined up along the X axis of the moving 
system. Mathematically, this can be expressed as 

. . . 
e=",=¢=o 

e=",=¢=o 

Any deviations from the equilibrium condition are indicated by the detection 
devices discussed above, and from their readings the instantaneous angular momentum 
of the vehicle Jl~l in the moving reference frame can be determined. The angular 
momentum can be varied by means of a system of flywheels mounted in the vehicle. 

If the angular momentum of the flywheel system is instantaneously ~ruF' then 
the total angular momentum in the moving reference system is given by 

It is desired to reduce rul to zero, and this can be accomplished by changing 
the resultant angular velocity of the flywheel system by an amount ~F such that 

The change results in a reaction on the vehicle of an amount -Jl~l' so that the 
total angular momentum of the vehicle is 

while the angular momentum of the flywheel system is 

Thus, by changing the angular momentum of the flywheel system, the vehicle angular 
velocity is reduced to zero in accordance with the principle of conservation of 
angular momentlR. 

Thus, by appropriate variations in velocity of the flywheel system, it should 
be possible to reduce the vehicle position and velocity errors to zero, with refer­
ence to the moving coordinate system. 

A block diagram of the equipment necessary for such a control system is shown 
in Fig. 6. In this system, the error sensing device described previously, combines 
the desired heading and roll orientation ei. "'i, ¢i with the actual heading and roll 
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p081t10n e. ,1/;., <p.' to give the vehicle attitude errors e, 1/;, ¢. These errors 
are fed into & computer. At the same time the three component angular velocities 
of the flywheel system are also fed into the same computer. The computer deter­
mines the amount of moment necessary on each of the three flywheel shafts in order 
to produce the desired change in angular momentum of the flywheel system. The 
change of angular momentum is transferred to the vehicle as a reaction effect 
resulting in a change of attitude of the vehicle. When the attitude has reached 
the equilibrium condition, the flywheels are maintained at a constant angular 
velocity, and the vehicle remains at rest in the moving refe·rence frame, or rotates 
with an angular velocity equal to the orbital angular velocity as referred to an 
inertial frame. 

FLYWHEEL 

SYSTEM 

'1 +"1 +t • DE'SlREO PITCH. YAW a ROLL ANGLES 
'. t. f •• ACTUAL PITCH, YAW 8 ROLL AltGLES 

, .. f • ERROR IN PITCH. YAW 8 ROLL ANGLES 

VEHICLE 

., • VECTOR ANGULAR VELOCITY OF FLYWHEEL SYSTEM 
Aot~1"', • ANGULAR VELOC ITY INCREMENTS Of' FLYWHEELS 

J, -MOMENT OF INERTIA OF FLYWHEEL SYSTEM 

ORBITAL CONTROL SYSTEM 
FIG. 6 

This control system requires more study, both from the theoretical and the 
practical point of view. and is described in this report schematically as a possible 
solution to the problem of attitude control in the orbit. Some calculations on 
the power requirements of the orbital control system are given in Appendix 11. 

EQUIPMENT 

In the section on theory of the control system, very little has been said 
regarding the actual mechanisms which are required to accomplish the various func­
tions indicated in the block diagrams of the control system. It is the purpose 
of the following section of the report to indicate, insofar as is possible at this 
time, the mechanical arrangement of the control system. As in the previous aecdon. 
the problem is divided into two parts: first, the equipment necessary during the 
trajectory (powered flight and coasting); and second, the equipment necessary after 
the missile is in its orbit. 
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Equipment for Trajectory Control 

The three error sensing devices for pitch, yaw, and roll are gyroscopic 
instruments with electrical pickoffs to indicate the error signals, and are similar 
in principle 'to those used in the V-2 control system. In the case of the pitch 
un1t, a free gyro should he mounted in such a way that its axis of rotation remains 
parallel to the vertical at the launching position. The electrical circuit of the 
unit is shown in Fig. 7, in which a contact from the gyro rides on potentiometer 
A while a contact from the programming motor rides on potentiometer B. In the 
case of the V-2, only one pote~tiometer was used and both contacts were applied 
to it. With such a circuit, the voltage appearing across the output terminals is 
proportional to the difference in angular position of the two sliding contacts. 
Thus, if the programming motor causes its contact to move in accordance with the 
desired pitch orientation (referred to the original vertical), then the output 
signal is proportional to the angular error from the pitch program. The angular 
error signal applied to the control mechanism of Fig. 5 causes the vehicle (and 
potentiometer A) to rotate about the free gyro until its contact reaches a point 
symmetrical to that of potentiometer B. When this point is reached, the output 
of the device is zero and the vehicle is in the desired attitude. The two poten­
tiometers used in the circuit should have at least 1260 angular range to accommodate 
the pitch program specified, and the windings should be of very fine wire in order 
to give as continuous a variation of resistance as possible. This is particularly 
important if the derivative control is to be accomplished electrically. 

POTENTIOMETER A 

PITCH 
ERROR 

SIGNAL 

POTENTlOIIIIETER B 

PITCH ERROR SENSING DEVICE 
FIG. 7 

ROLL 
ERROR 

SIGNAL 

ZERO AOJUST 
POTENTIOMETER 

ROLL ERROR SENSING DEVICE 
FIG .• 

The yaw and roll error sensing devices can both be operated from a single 
free gyro. The gyro is mounted with its axis normal to the desired plane of the 
trajectory, so that it is unaffected by the pitch program of the vehicle. Two 
contacts on this gyro move on potentiometers about the yaw and roll axes respec­
tively. The electrical circuit for the roll axes is shown in Fig. 8; the circuit 
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for the yaw axis being identical. In these circuits no programming device is 
necessary, and the only function of the potentiometer on the right is to give a 
convenient method of setting the null position of the system. This setting remains 
fixed during the trajectory and any deviation of the vehicle in roll or yaw results 
in a proportional signal, which causes the control system to operate and rotate the 
vehicle in such a way that the null positions of the roll and yaw potentiometers 
are kept under their respective contacts. 

It may be necessary to use three rate gyros to indicate the rates of pitch, 
yaw, and roll in order to provide the necessary derivative control. However, further 
investigati~n is needed to determine whether it is more feasible to obtain such 
information from rate gyros or by differentiating the error signals electrically. 
If rate gyros are used, the block diagram of Fig. 5 would have to be altered by the 
addition of three feedback paths from the vehicle, which would carry the signals 
indicating de /dt, d¢ /dt and d· l , /dt. These'signals would be combined with the o 0 ""0· 

programned rate signals de/dt, d¢/dt and dI/J/dt, to produce the error rate signals 
dB/dt, d¢ldt, and dI/J/dt. The error rate signals would then be applied to the control 
amplifiers together with the original error signals and. with the exception of a 
difference in design of the three control amplifiers, the block diagram would be 
unaltered. 

The pitch, roll, and yaw control amplifiers as shown in Fig. 5 are such that 
for an input voltage Ei , the output voltage Eo is given by the relation 

AK. dE. A K 1/ 
E '" A E. + --2-.!. --' + _0_-_ E. dt 

o o. K dt K • 
o 0 

(31) 

or in operator form 

E '" (KI + K'p + K_~\ E. 
o 0 lp ~ I 

(32) 

where Ao is the amplification factor of the amplifier and Ko' Kl , and K_l are the 
system parameters dete~ned in Eqs. (7). 

One method by which this type of response might be obtained' is by means of 
the two circuits shown in Figs. 9A and 9B. Circuit A produces a response of the 
type 

E' '" (C' + C'p)E~ 
o 0 1 I 

while circuit B has a response 
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t t t 

6----~~ r '_1' -----"y;-__ ~ r 
(A) 

DERIVATIVE NETWORK 

FIG. " 

(8) 

INTEGRAL NETWORK 

If these two c.ircuits are incorporated in the amplifier, in cascade, then the output 
IS of the form 

~ C') [ C'C'] E = (C' + C' p) C" +_1_ E. = (C'C" + C'C") + c"c' p + -!....!:.. E .• 
001 0 100 1 1 011 

P P 
(35) 

which is of the same form as the desired response of Eq. (32) if the following 
relations are satisfied 

A • K' "' C'C" + C'C" o 0 00 11 

AK 
o 1 K'", CUC' --g-= 1 01 

o 

'" C'C" o 1 

(36) 

However, this method involves certain approximations. In the first place, circuit 
A only approximates the response indicated in Eq. (33). Actually the response is 
given by 

C' + C' p 
E' = olE. 

o I + A 'p 1 
(37) 

where A' represents the time delay of the system. It can be shown that as the 
amount of derivative control C' is increased, the amount of time lag also increases. 
Thus, it is necessary to inve\tigate whether, for the desired amount of derivative 
control, the resulting time lag becomes greater thfUl can be tolerated in the overall 
system. 
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Similarly in circuit B the response of Eq. (34) is only approximate, the 
actual expression being 

E" ,. 
o 

0" Olt + t 0p 
0" 

1 +_11 
P 

(38) 

By ~akinR ~' small it is possible to make (38) approximate (34) except at 
very low 'frequencies;' if this, degree of approximation is found to be unsatis­
factory, it may be necessary to resort to some sort of feedback circuit in order 
to obtain a more exact integral control. 

If, as indicated above, the time lag of the derivative circuit becomes exces­
sive, it may be necessary to obtain a rate term directly from a rate gyro. This 
signal in combination with the error signal could produce the response of Eq. (33) 
directly and by applying the combination signal to circuit B in the manner described 
above, the desired response ef Eq. (32) is obtained. 

The deflection computer of Fig. 5 is a comparatively simple circuit which 
accepts the three output signals of the pitch, yaw, and roll control amplifiers 
Sp. Sr' and 58' and combines them in such a way as to produce the four outputs 
5p ± S8 and Sy ± SII' 

The motor error sensing devices are simply a matter of connecting the input 
deflection signal S in and the actual motor deflection signal Son in such a way that 
the difference signal 8n is produced, and electrically this would amount to measuring 
the difference of two voltages. 

The design of the motor control amplifiers is parallel to that of the first 
set of control amplifiers and is subject to the same problems of supplying adequate 
derivative control. As in the previous case, if it cannot be done electrically, 
it will be necessary to detect the rate change of angular error in the motor posi­
tion directly. The rate signal is combined with the error signal as in Eq. (33) 
and from here on the design is the same as before. 

The servo motors to be used to drive the rocket control motors can be either 
electrical or hydraulic. However, since it is desirable to reduce the time lag in 
the control system to a minimum, it seems advisable to make use of a hydraulic 
servo motor of the type used in the V-2. In such a system, shown schematically in 
Fig. 10. a gear pump develops a pressure in the two output lines, and as long as 
valves 11 and '2 are both shut, equal pressures are exerted on the two ends of the 
piston in the lower cylinder and no motion occurs. If, however. valve '1 is opened, 
some of the liquid passes through and returns to the pump. As a result, the pres­
sure ~ decreases and the piston moves to the left. The motion is converted by a 
suitable mechanical system into a rotation of the rocket motor shaft. 

To produce the feedback signal of the actual control motor deflection Son to 
the error sensing device, a potentiometer is mounted as shown in Fig. 11. A sliding 
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contact fixed to the motor shaft moves along the potentiometer eo that the output 
voltage is proportional to the angle, Son' between the instantaneous position of 
the sbaft and its position when the contact is at the ground point of this poten­
tiometer. The effective ground point can be adjusted to be the zero deflection 
position by means of the parallel potentiometer in the same manner as for the yaw 
and roll gyros. 

1 

1 

YALYE 
ASSEMBLY 

PISTON 

ACTUATOR 

HYDRAULIC SERVO MOTOR 
FIG. 10 

ROCKET 
MOTOR 
SIlAI'T 

tUG AlHUST 
'O~TlR 

CONTROL .OTOII 
POSITION ER~OR 

IIGNAL 

MOTOR POSITIOf;I ERROR SENSING DEVICE 
F18, II 

During the coasting period, the pitch and yaw error sensing is taken over 
by a molecular beam detector, see below, instead of the programmed gyro system. 
HOwever. the roll control system remains on the roll gyro since the molecular beam 
detector gives no roll indication. The signal from the molecular beam detector is 
used to control the positions of the auxiliary control motors in the same manner 
as the gyro signal is used in the earlier part of the trajectory. 

Thus. the control system during coasting is the same as during the powered 
flight. with the exception that the error signals are with respect to the flight 
path direction instead of the programmed position of the vehicle axis. 

Orbital Control Equipment 

The pi tch and yaw error sensing device is based on the molecular beam principle. 
that if a stream of gas is incident on an orifice leadins into a closed chamber. 
then the preasure developed in the chamber is proportional to the area of the orifice 
projected in a plane normal to the direction of motion of the molecules. Thus. in 
Fig. 12. if low density air is incident at an angle B on the front of the chamber 
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with an orifice of area A and a volume Y, then it can be shown that the variation 
in chamber pressure is given by 

p '" p + vp (
2nfloT\" cos e 

o 0 M' ') 

-(;< e < - ;) (39) 

p=p 
o 

and the time constant for the pressure buildup is Riven by 

T, =7 (:~') ~ (40) 

P, , • v Po '0 

P • CHAMBER PRESSURE 
V • CHAMBER VOLUME 
, • AIR DENSITY IN CHAMBER 
'. • EXTERNAL ATMOSPHERIC PRESSURE 
p. • EXTERNAL AIR DENSITY 
,,0 • ORBITAL VELOCITY OF SATELLITE 
II • ATTITUDE ANGLE OF SATELLITE 

MOLECULAR BEAM ERROR SENSING DEVICE 
FIG. 12 

An evaluation of these two relations for the following normal orbit conditions 
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v = 7.62 X 10· cmVsec 

Po = 2.31 x 10-14gms/cm3 

R = 8.31 X 101 ergs/mol o 

M' • 24 gms/ taO 1 

p • 1.17 X 10-1 mm Hg 
o 
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gives 

P 1.17 X 10- 7 (1 + 23.2 cos 8) mm Hg 

V (cm') 
'Tp = 3.06 X 10-1I- -- sec· 

A (cma) 

(41) 

(42) 

Thus. such an instrument gives a twenty fold variation in pressure from zero 
to ninety degrees. and the absolute pressures are in the range of those measurable 
by an ionization gauge. Also. the value of the time constant can be made as small 
as desirable by adjusting the chamber volume and aperture area. 

In the vehicle five of these devices are used. one in the nose and four equally 
spaced around the circumference of the body as shown'in Fig. 13. The analysis of 
the error measurement by this system is as follows. The pressures in the two 
detectors B and C are given by 

where 

Pc = Po +~Pcos(; - 8) (0 < 8 < 7T) 

= P (-7T<8 < 0) 
o 

PB = Po (0 < 8 < 7T) 

= Po -~Pcos (; + 8) kr< 8 < 0) 

~P 

HEADING 

LOCATION OF MOLECULAR BEAM DETECTORS 
FIG. 13 

(43) 

(44) 
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I~ the signals from the two detectors are proportional to the chamber pres~ures. 
then the t't1lO si~als are given by 

EC = kPc = kP., +k8P COS(; -e) (0 < e < 77) 

• kPo (-'11'< e < 0) 

ES =kPB.=kPo -k8PCOS~; +e) (-77< e<O) 
(45) 

= kP 
o (0 < e < 77) 

If these t't1lO signals are combined to give their difference, the net signal becomes 

lie -EB = +k8Pcost; - e) (0 < e < 77) 

= + k8Pcos ~; + e) (-77< e < Q) 

which reduces to a single expression 

(46) 

(47) 

This expression gives unambiguous attitude indications for values of e between 
± 77/2. Thus, it is necessary to 1nclude some mechanism which makes this detector 
inoperati ve when the pressure in detector A reduces to P. In this way the detector 

• 0 

gives a fairly linear error indication at small error angles and can handle errors 
up to ninety degrees, but beyond this point it is blind. It seems reasonable to 
expect that even under extreme conditions, the control system should be able to 
keep the vehicle heading within this.ope~ating range of the detector. 

A similar set of detectors is used in the control of yaw with detector A used 
commonly by both the pitch and yaw systems. 

The roll error detection system consists of a flux gate compass which deter­
mines the deviation between the position of the yaw axis and the component of the 
earth's magnetic field perpendicular to the orbit. This error signal is used at 
specific points along the trajectory to reset the zero of the roll gyro which 
determines the rol.l attitude error during the orbit. Even if this zero adjustment 
is made only once per orbital period, the drift of the roll gyro between settings 
is of the order of 5° which is within the allowable attitude error in the orbit. 

The actual mechanism of the computer requires further analysis of the rota­
tional behavior of the combined vehicle and flywheel system before any definite 
desip;n can be suggested. 

The flywheel system of the vehicle consists of a set of three flywheels with 
mutually perpendicular axes parallel to the pitch, yaw, and roll axes of the 
vehicle. Adiacussion of these flywheels is included in Appendix II of this report. 
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CONCLUSIONS 

The proposed control system for the satellite rocket operates in the following 
manner. During the period from the start of the trajectory through the first and 
second burning periods and the portion of the third burning period prior to coast­
ing, the vehicle follows a predetermined heading program. Deviations from the 
program are determined by means of a pitch gyro and a yaw-roll gyro and appropriate 
correcting moments are applied to the vehicle by deflections of auxiliary rocket 
control motors. During the coasting period, no appreciable alteration in the 
flight path is possible, a~d the problem becomes that of keeping the angle of 
attack zero with respect to the existing flight path. For this reason, the pitch 
and yaw gyros are replaced by a molecular beam detector which measures the deviation 
of the vehicle attitude from a zero angle of attack. The roll detection system is 
still based on the roll gyro used in the earlier part of the trajectory, and the 
correction moments are supplied by the auxiliary rocket motors as before. This 
second control combination continues in operation during the coasting and the short 
burning period after coasting. Thus, the vehicle enters its orbit with a zero 
angle of attack as the rocket power is shut off. After the vehicle is in its orbit. 
the molecular beam detector for pitch and yaw continues to operate. Likewise, the 
roll gyro is also used, but its zero position is a~iusted at specific points on the 
orbit with reference to the earth's field so that its cumulative drift error does 
not exceed the tolerance of ± 5°, The attitude correction of the vehicle during 
the orbit is accomplished by producing a rotational reaction effect on the vehicle 
by rotating a flywheel system mounted in it, the amount of flywheel rotation being 
determined by the signals from the pitch, yaw, and roll detecting devices. 

The trajectory control system described above appears to be adequate to satisfy 
the requirements set down in the Introduction. While the actual numerical evalua· 
tion of the control system parameters must await the final trajectory and structural 
data, the method of evaluating these parameters gives a system which is stahle 
throughout the trajectory despite the variation of such quantities as moment of 
inertia of the vehicle. position of center of gravity, aerodynamic restoring moment, 
and aerodynamic damping moment. Also, the magnitude of the control moments avail­
able in each stage is more than adequate to overcome the aerodynamic moments re­
sulting from the tilt program. and is adequate to give a response time of the order 
of 4 seconds in the correction of an error in the vehicle heading. In addition to 
satisfying these basic requirements, the system has the advantage that under the 
action of a constant external moment the integral action of the control causes 
the error to reduce to zerOj also, during the transient motion due to a correction 
in heading, the net effect of lateral thrust of the various rocket motors is to 
produce no lateral velocity and a negligible lateral displacement. This effect is 
particularly important in a programmed trajectory of the type proposed for this 
vehicle. 

Certain parts of the trajectory control system require further study before a 
final design is determined. In particular, the time lag between error signal and 
application of control moment should be studied in relation to its effect on the 
stability of the vehicle. This study would give some idea of the permissible time 
lag in the overall system and the amount of compensation necessary. Also, a study 
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of the available servo components in regard both to weight, performance, and 
accuracy might result in some modification in the finally selected system parameters. 

The orbital control system as described in this report is in somewhat quali­
tative form since it involves more unknowns than the trajectory control system. 
Thus, further study and development are needed on the problem with regard to the 
molecular beam detection device for pitch and yaw, the magnetic roll detection 
device. andtbecomputer which converts these error signals into velocity increments 
for the flywheel system. 

lFlisht Mechmic. of • Satellite Rocket, 1IA-1502I, Project RAND, Dougl .. Aircraft (loapmy, 
Inc., February I, 1947 

'Routh, E.J., Adllllllced .RilJid DynuiCB. LondjHl, 1905 

'Nyquist, H., "OeBeneration 1heory,- Bell Sy.te. Technical Journal, pp.126-147. Jmuary, 

1932 
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APPEND IX I. 

SERVOMECHANISM THEORY 

The servomechanism which has been considered for the control system of the 
satellite rocket is one which responds to error, derivative. and integral control as 
indicated in the body of the report. This appendix includes the theory of this mech­
anism upon which its selection was based. 

'lRANSIENT RESPONSE OF SERVOMEafANISMS 

The block diagram of the servomechanism is shown in Fig. 14. In the system, the 
error sensing device takes the input angle 8i and the output angle 8~ and combines 
them to produce the error angle 8 in accordance with the relation 

9. ERROR 
SENSING 

DEVICE 

9 CONTROL AMPLIFIER 

Glp)* K" +I<" ... .!f' M. 

8i • INPUT SIGNAL 

8. • OUTPUT SIGNAL 
/I • ERROR SIG/IIAL 
M •• CONTROL MOMENT 

Mo • EXTERNAL MOMENT 
G(~ I • CONTROL OPERATOR 

SERVO .. OTOR 
AND LOAD 9. 

H(,,).~ 

HI,.) • CONTROLLED SYSTEM OPERATOR 

BLOCK DIAGRAM OF A SERVOMECHANISM 

FIG. 14 

(48) 

The error signal is converted by the control amplifier into a control moment by the 
relation 

t 

Me = K/J + /(1 ~ + /(.1 f edt (49) 

~ 
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The mbment is applied to the servo motor and load. However, in addition to the con­
trol moment, there may be same external moment Jlo applied to the mechanical system. 
Thus the equation of motion of the output is given by 

cleo dBo 
J-+f-= 

2 dt 
dt 

( SO) 

To study the transient response of the system, it is more convenient, to use an expres­
sion relating the error angle to the input angle. This can be found by combining 
Eqs. (48), (49), and (50) so that 

(51) 

For convenience the following parameters are introduced: 

f 

c = f + K1 
2V7Q 

(52) 

~ = K_ 1#. 
Ko Ko 

a.o 
= Jlo , 

Ko 

Substitution of these quantities gives 

(53) 

To solve the equation, the Laplace transform is made and the resulting transform equa­
tion is solved for ff as follows: 

2 - 2 .;'() Sma n-f (0) p(p + 2"w"p)ei - (p + 2"y)8i (0) - ei(O) + u 0 + -,.u e = + (54) 
S Y 2 2 II 

P + 2 '" c.J"p + wnP + S c.Jn 
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+ 
(p2 + 2 CClJlIp)8(O) - jXA):a;, 

pit + 2 C ClJ,.p 2 + ClJ!p +'SClJ: 
(54 cont'd) 

There are two special cases of this equation which are of particular interest. The 
first is the response to a step function input; while the second is the response to a 
suddenly applied external moment. 

The response to a step function can be obtained by the following substitution: 

'Initial conditions 

t = Q 

8,(0) = ¢ 
. 
8i (0) = 0 

8 (0) = ¢ 

8 (0) = 0 

8- 1 (0) = 0 

Input function 

8dt ) = 0 t < 0 

= ¢ t> 0 

et = 1:.. 
p 

External moment 

0..( t) = 0 

Substitution of these conditions in Eq. (54) gives the following: 

7f = (55) 

In the case of a suddenly applied external moment Mo with no change of input the 
following conditions must be applied: 
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Initial conditions 

t = 0 

ei (0) = 0 

ei (0) = 0 

e (0) = 0 

e (0) = 0 

6- 1 (0) = 0 

Input function 

ei (t) = 0 

ei = 0 

External moment 

a (t) = 0 t < 0 
0 

a o = ao t > 0 

Substitution of these quantities gives the relation 

aoc:..§ 
-e- - - -------- (56) 

9 Y 2 2 S8 
P + 2 \, 41,.1' + ru,.p + "'n 

Eqs. (55) and (56) give the Laplace transform of the error angle for the two cases 
considered. In order to obtain a solution of e as a function of time, it is neces­
sary to obtain the roots of the cubic in the denominator and, in the general case this 
is a rather cumbersome procedure. However, it is of interest to consider the case in 
which all of the roots are equal. The condition occurs when 

~ = v'3: 
2 

S = V3 
Q 

and all of the roots of the cubic are then equal to "'''f'3:. Under these conditiona, 
the inverse Laplace transformation gives the following sol~tion for the error angle 
after a atep input. 
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(
13 122) 1 +--ru t --ru t • 3 II 3 II 

(57) 

Similarly, the solution in the case of a suddenly applied external moment becomes 

(58) 

In general, the time constant for an integral control system can be expressed as 

2 
'T =""&J"""' 

II 

and for the particular system discussed, rull is given by 

,.. = 6..r3 • ..... ,. --
'T 

Thus, the two error expressions beeane 

-8!.f t (t\~ 
e = t/>e .,. p + 6 T"- 36 'T) J 

(59) 

(60) 

(57.) 

(58a) 

In future work it will be useful to haTe an expression for the control moment required 
from the seno motor in performing its control function. This can he obtained by 
substituting Eqs. (59.) and (S8a) in Eq. (49). In making the substitution, it is 
assumed that the "iscODs friction is zero so that 

= 

With t:JUs aSSImIPtion, the control moment expressions become: 

Step Function Input 

SuddeDly Applied External Moment 

(61) 

(62) 
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Plots of the two transient responses of Eqs. (57a) and (58a) are shown in Figs. 15 and 
16, while the corresponding moment relations, Eqs. (61) and (62) are shown in Figs. 17 
and 18. From Eqs. (61) and (62) it can be shown that the maximum moments required from 
the motor are given by 

M. = 
lOSJ</; 

(61a) 

(62a) 

Also, from Eq. (58a) it can be shown that the maximum error angle, due to a suddenly 
applied external moment, is given by 

Mr2 
(). ::: - .00757- (radians). (63) 

In the case of a step function input, it can be shown from Eq. (57a) that the maximum 
overshoot occurs at one-half the response time and has a magnitude given by 

() ::: - .249 ¢ • (64) 

The above discussion gives the characteristic responses of the servo system in terms 
of the time constantT. the moment of inertia J, the initial input amplitude ¢. and 
the external moment Mo' It is also necessary to specify the constants Ko' KJ , and 
K.J in terms of some or all of these same quantities. This can be done by means of 
the relations (52) and (59) using the selected values for S and t 

4J J 
Ko ::: ::: 108-

~T2 2 r 

K ::: 4tJ_ f ::: J f 18- -
1 Sr "r 

(65) 

K-1 ::: 8J = 216 J 
S 7'9 " r 

STABILITY OF SERVOMECHANISMS 

In the preceding discussion of the transient response of the servo system, no 
consideration is give~ to the problem of whether the response is stable. While the 
particular numerical case which is con~idered does give a stable response, it is 
necessary to know what variation in the system parameters can be tolerated without 
introducing instability, This information can be obtained either from Routh's rule 
for stability2 or from Nyquist's criterions • Both of these methods are discussed 
below. 

In Eqs. (55) and (56) giving the Laplace transform of the error angle. the cubic 
expression 

(66) 

For references see pase 46 
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appears in the denominator. In order that the system be stable, it is necessary that 
this polynomial have all negative real roots or roots with negative real parts. Then, 
when the inverse Laplace transformation is made, these roots appear in the exponents 
of e and give factors of the form e- Gt which reduce the amplitude of the transient to 
zero at time t.= CD, 

Routh shows that if a cubic is of the form 

Al+Bl+(p+D = 0, 

then, the condition for all roots to have negative real parts is that A. B. C. and D 
are all positive and that 

OC>AD (67) 

If the condition is applied to Eq. (66) it gives the result that for stability 

~ > 0 

(68) 

s > 0 
and 

2 C > S. (69) 

In the particular system considered in the previous section, condition (68) is satis­
fied since 

s = V3 
9 

> 0 

> 0 

and condition (69) is also satisfied since 

2 C = V"3> 
V3 
9 

== s. 

The above is in agreement with the resulting transient responses obtained 1n the 
previous section. 

While Routh's rule for stability of a cubic is comparatively simple, the corre­
sponding relations for higher degree functions become increasingly complex and do Dot 
adapt themselves to design problems. Thus, it is more convenient to make use of the 
Nyquist criterion commonly used in feedback amplifier design. To apply the criterion, 
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it is necessary to obtain the complex expression for the response of the system to a 
sinusoidal input. This can be done as follows: 

In operator form the equations of the system are 

B = e B i - 0 

Me = G(p)B 

Bo = H(p)Me 

(10) 

By eliminating B and Me frool these equations the following relation between B, 
and e is obtained o 

Bo = I ~(~}h}p) Bi 

a 
where p is the operator at. 

For a sinWJOidal input p is replaced by j CI.l so that 

G(jCl.l)H(jCl.l) 
I + G(iCl.l)H(iCl.l) 

(71) 

(12) 

The relation is the clll!lplex frequency response of the system, and if for a frequency t.t.I:t 

(73) 

then, at this frequency the amplitude characteristic has an infinite value. which 
corresponds to a sustained oscillation at the resonant frequency of the system, and 
represents a limiting condition between a stable and an unstable response. 

Nyquist's criterion makes use of the above property of the transfer function 
G(jCl.l)H(j~) in the following way. The transfer function and its complex conjugate 
(mirror image through the real axis) is plotted in the complex plane. If the result­
ing curve does not completely enclose the point -1 on the real axis, the system is 
stable. while if the curve does enclose the point, the system is unstable. In accord­
ance with Eq. (13). if the curve passes through the point -1, the system undersoes a 
sustained oscillation with zero input. 

If the above analysis is applied to the servo system considered above, the 
following results are obtained 

(74) 

H(p) = 
I 

Jp2 + fp • 
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1bua, the transfer function becomes 

K" 
K.l 

+K1P +--
G(p)H(p) = P 

Jpfl + fp 

y + 2&v,.p2 +Sc.\. 
(75) G(p)H(p) = 

p(p2 +2yCtJp) 
IJ 

where 

8 = t-')' . 

By letting p = jCtJ and rationalizing the resulting equation the transfer function 
becomes 

G(jr,u)H(ir,u) = 
(;,)' + 2Y [s -21(;')'] 
(~y [(~y + 4/] - j 

2y- [s - 28(~)J 

~ [(~r + 4yl] 
(16) 

The stability conditions can be obtained from this relation by applying Nyquist's 
criterion which specifies that the transfer function must cross the real axis to the 
left of the point -1. The frequency at which the crossing occurs is giYen by setting 
the imaginary part equal to zero. 

Substitution of this frequency in the real part, and applying the condition that the 
real part be less than -1. gives 

(~)' + 2y r -25 (~)J 
(~r [(~f + 4')'2] 

< 
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or 

28 ~ 1 S - 2y 

2( 8 +y) > S = 

2' 
> S = 

which corresponds with that obtained from Routh's rule for stability. 

In the section on the transient response of the servo system, it was only neces­
sary to specify the values of ,= 1:3/2 and S = ;-J/9. However, in order to plot 
the transfer function, it is also necessary to indicate how much of , is due to 
frictional damping (y) and how much is due to derivative control (8). 

Two cases are considered, the first in which all of C is due to frictional 
danping, and the second in which all of , is due to derivative control. 

In the first case 

S 
13 = 9 

, V3 
= 2 

S = 0 

v'3 
y = -2-

and the transfer function 

40 

G(jCIJ)H(jCIJ) = 

In the second case 

s = 

:: 

13 
-9-

v'3 
2 

is 

(77) 
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s = 

'Y = 0 

and the transfer function is 

1 

:2 

1 - 9(CU) v'3 CUll +)0 ____ _ 

9 8 

(;.) 
(78) 

The Nyquist diagrams for Eqs. (77) and (78) are plotted in"Fig. 19 and it is seen 
that both cases are stable. Thus, it is possible to design a stable system such that 
the sum of the frictional damping and the derivative control gives a , o~ v'3/2. 
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SU .... ARY 

In order to design a servomechanism of the type discussed in the foregoing 
analysis, it is necessary to specify the following quantities: 

1. Manent of Inertia (J) of the moving systen't 
2. Viscous Friction (i) of the moving system 
3. Desired Time Constant (7") of the system 
4. Maximum Error Angle (4)) to be controlled 
5. Maximum External Moment (Mo) to .be controlled 

From these quantities it is possible by use of Eqs. (61a), (62a), and (65) to specify 
the following system parameters 

1. Maximum Control Moment (M.) 
2. Error Control Constant (Ko) 
3. Derivative Control Constant (K1 ) 

4. Integral Control Constant (~-1) 

If the system to be controlled has a moment of inertial and viscous friction which 
varies with time, it is not possible to fix the values of , and S at 1:3/2 and 1:3/9. 
Instead, these values are taken as average throughout the time of operation, taking 
care that the variations in S and , do not violate the stability condition at any time 
during the operation. 
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APPENDIX II 

ATTITUDE CONTROL DURING COASTING AND WHILE IN ORBIT· 

Attitude control of the satellite rocket during the coasting period and during 
the orbit will be discussed separately as the two regimes represent different problems, 
due mainly to the duration of operation involved. 

A. COASTING ATTITUDE CONTROL 

Coasting attitude control is the me.thod of maintaining the satellite rocket in a 
given orientation relative to its flight path, during the coaating period inserted in 
the final stage, in an atmosphere of such low density that aerodynamic forces are 
negligible. 

1. The satellite rocket cannot be permitted to rotate about any axis during this 
period for four reasons: 

a. The thrust of the main rocket motor, which is turned on for a short 
period after coasting. must be along the flight path to achieve the desired 
result of putting the satellite on its orbit1

• 

b, The auxiliary power plant, if operated as a closed mercury vapor turbine 
system or as a thermo-pile, requires a 'cold' side of the vehicle. In the first 
case this requirement is for the condenser, in the second, for the cold junction 
of the thermo-pile. This cold side can only be obtained by radiation from the 
satellite2

, 

c. For minimum power requirements for the telemetering system, satellite 
mounted directional antennaa are useda, 

d. It will be of advantage to know the orientation of the satellite for the 
reduction of scientific data gathered by instruments mounted in the satellite. 

2, Control while coasting is maintained by allowing the control rocket motors 
(which represent approximately 1/60 of the total thrust of the third stage) to operate 
continuously during the coasting period. The total amount of fuel required is not 
affected by burning in this manner, but rather the length of burning of the main motor 
before and after coasting is adjusted so that the same performance results. This is 
discussed in the chapter on aerodynamics1

, 

B. ORBIT ATTI1tJDE CONTROL 

In the orbit the problem is the same as during coaating, except that the control 
rocket motors are no longer operating. 

·Written hy J.O. Crum. 
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1. The satellite rocket cannot be permitted to roll about any axis while in the 
orbit for the same reasons as listed in A.I with the exception of a. 

2. Control Systems Considered For the Orbit 

As under these conditions the satellite rocket is an isolated body, its attitude 
can only be changed by a transfer of momentum between components of the vehicle it­
self. To accomplish this, there are several possibilities available: 

a. Continuous or intermittent operation of the control rocket motors of the 
satellite rocket while in the orbit. This requires large amounts of fuel for 
continuous, fine control. The result is a reduction in payload. 

b. An arrangement of small solid propellant rockets of graduated sizes 
about the surface of the satellite rocket to be fired singularly or in any com­
bination required to accomplish the desired change in attitude. This was ruled 
out on the basis of complexity of control, limited fineness of control, and 
limited time during which control may be had (i.e •• weight). 

c. Air or gas jets suitably located about the satellite rocket. Here 
again, weight limits the duration of continuous control. 

d. A system of three flywheels mutually at right angles in the satellite 
rocket, each flywheel being able to rotate about only one axis relative to the 
satellite. The flywheels are to be driven by electric motors. The power for 
the motors is to come from the satellite auxiliary power plant. This device ap­
pears IIIOSt favorable from a weight viewpoint, as 'llllell as continuous, fine control. 
This is the method chosen. 

e. A sphere capable of rotation about any axis and driven by a rotating 
magnetic field. the direction of rotation of which is determined by the correc­
tion required. Power is again to come from the auxiliary power plant. This 
method was set aside as a longer term development problem because of the unknown 
action on the sphere of the magnetic field as it changed its direction of rota­
tion. 

3. Method of Control in Orbit 

Control will be achieved by transferring momentum to or from three flywheels 
initially at rest relative to the satellite rocket. These flywheels are mounted in 
the satellite mutually at right angles, each being capable of rotation about one axis 
only relative to the satellite. 

This system requires a computer capable of sohing continuously the following 
problem. Given: a required change of momentum of the satellite in a given direction. 
In addition the instantaneous angular velocity of each of the flywheels is given. 
Find: the required change of momentum of each of the flywheels taking account of the 
gyroscopic effect. 

44 



February 1, 1947 

4. Power Required for Operation of Flywheel 

As a first approximation to the power required to drive the flywheels, consider 
the following: 

Given: a single flywheel, free to rotate about the pitch axis, initially at rest 
in the satellite. The satellite has arrived on the orbit with one side parallel 
to the surface of the earth. 

Find: horsepower necessary to drive this flywheel to keep the given side of the 
satellite pointed toward the earth, this momentum change to occur in T seconds. 

Capital letters refer to vehicle 
Small letters refer to flywheel 
1 refers to initial conditions 
2 refers to final conditions 
I, i = moment of inertia 
n. Cd = angular velocity 
P = power 
t" T = time 

Angular momentwn 

Initial = In, 

Intermediate = I n + i"" = In. 
Final = i ~ = I. 

Energy 

Initial 

Intermediate = ~ I rf + ~ i.J2
i = ~ I ~ 2 + Pt 

1. 2 1 2 
Final = "2 I ~ ="2 I ~ + PT. 

Then 

I 
% =i~ 

and 

hp = horsepower 
p 

= 550 

Example: 

Minimum power requirement will be to keep one side of the satellite 
rocket facing the earth (i.e., impart to the satellite an angular velocity 
of one revolution per 1-1/2 hours, which is the time required for the satel­
lite to make one revolution about the earth). This mcmentum change is to be 
accomplished in 10 minutes. (Iji = 1750 and i = 0.2 slug ft2, are typical 
values.) 
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= 2.15 X 10- 12 (612,000) 

= 1.3 x 10- 8 horsepower 

Assuming an efficiencY,of 1%, due to the small energy to be transferred, the 
horsepower required is still only of the order of 10-4 , which is about 0.1 watt. 

As this transfer occurred in 600 seconds, that is the total time that the power, 
due to this particular requirement, will be required. For the remainder of the period 
in the orbit, the power drain will be that required to overcame the friction in the 
bearings of the flywheels, and to correct any disturbances to the attitude of the 
satellite due to uneven distribution of meteor hits, aerodynamic forces, or rotational 
momentum remaining unabsorbed by the control rockets. 

If the satellite has a larger angular momentum to be corrected than the power 
supplied to the flywheel installation can overcome in 600 seconds, due to one or a 
combination of the above causes, it merely means that the sy~tem will operate for a 
longer time. Essentially, for a given horsepower available, and a given ratio of 
satellite to flywheel moment of inertia, there is a definite satellite angular momen­
tum which can be absorbed in unit time. If left to operate indefinitely, the instal­
lation could absorb any satellite angular momentum to the point where the velocity of 
the flywheel caused it to fly apart. 

There is no foreseeable cause which would give the satellite such a large angular 
momentum to cause destruction of the flywheel, nor is there any persistent external 
force during the orbit which tends to rotate the satellite in a single given direc­
tion, and thus cause the flywheel to continuously accelerate. 

As the auxiliary power plant which supplies power for radio and control, etc., in 
the orbit2 produces on the order of 300 watts continuously, a non-continuous drain of 
the order required here is not objectionable. 

Refe .. eace. 

1'Aerodynamic., Ga. Dynamic. and Heat Tran.fer Problem. of a Satellite Rocket', RA-
15022, Project RAND, Dougla. Aircraft Company, Inc., Feb. I, 1947. 

~·S.tellite Rocket Power Plant, RA-15027, Project flAND, Do.Cl •• Aircraft eompany, 
Inc., Feb. I, 1947. 

a'Co •• unication and Ob •• r.ation Problem. of a Satellite', RA-lS028, Project RAND, 
Dougla. Aircraft eompany, Inc., Feb. 1, 1947. 
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INITIAL EXTERNAL DISTRIBUTION LISTS 

Initial distribution of all related technical reports 'on the satel­
lite vehicle is given below. The code is explained on pages 48 through 
57. 

Report 
No. 

RA-IS021 

RA-IS022 

RA·15023 

Title 

Flight Mechanics of a Satellite Rocket 

Aerodynamics, Gas Dynamics and Heat 
Transfer Problems of a Satellite 
Rocket 

Analysis of Temperature, Pressure and 
Density of the Atmosphere Extend­
ing to Extreme Altitudes 

RA-IS024 Theoretical Characteristics of Several 
Liquid Propellant Systems 

RA-lS02S Stability and Control of a Satellite 
Rocket 

RA-15026 Structural and Weight Studies of a 
Satellite Rocket 

RA-lS021 Satellite Rocket Power Plant 

RA-1502B Communication and Observation Problems 
of a Satellite 

RA-IS032 Reference Papers Relating to a 
Satellite Study 

Distr ibu tion 

A(l), C, D(l) 

AO), C, DO) 

AO), C, DO) 

AU) , C, D(3) 

AU) , C, D(I). 0(2) 

AU) , C, DO) 

AO) , C, 0(3 ) 

A(I) , c, D(2) 

A(I) , C, 0(2) 

Those agencies not on the initial distribution may obtain reports 
on a loan basis by writing to: Commanding General, Air Materiel Command, 
Attn: TSEON-2, Wright Field, Dayton, Ohio. 
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••••• rob • D.v.lopae.t Dlv. 
&lb., •• r, ••• I •• M.xloo 

.e. M.Xlco 8cboo1 or &&1'1-
• ult.r •• Mech.nlc &rt. 
8t.te Coli." .... ". Mexico 
&ttnl Dr. Georce G.r4ner 

••• Tork U.lv.r.lt, 
&,,11e4 M.th ... tlc. Center 
••• york •••• York 
&t~.: Mr. Blch.r4 Cour.nt 

orrl •• or tb. Cbi.r or Ord ••• o. 
Ordn •• ce ••••• rch • D.V810, ••• t 
Dlv1&lon 
a •••• rch • M.t.rl.18 Br.nch 
B.ll1.tl •• ,.0Uon 
hntacon 
W •• biDCtO •• D. D.C. 

Pol1t.chaie In.titute _r Brookl,. 
Brookl,D, .e. York 
&ttn: Mr. B.P. B.rrinaton 

Unly.r.lt, or Mlno •• ote 
Mlnneepoll •• Minoe.ot. 
&ttn, Dr. &ker •• n 

&erol.t Knal •• erlDa Corp. 
&..... calltorni. 
&ttnl &.11' ••• n4t 

Mer,uardt &irorett Co. 
Venlee.Ce lltornle 
&ttnl Dr. a. B ••• rqaerdt 

BelUODt &&410 COl',oratlon 
••• 1 w •• t Dloke.e &ye ••• 
Chloaco •• , Ill1nol. 
&ttnl Mr ••• rold C •• atte. 

BeD4i. &Yletlon corp. 
Bcll,.e-Plone.r D1Ylelon 
ret.rbol'o, ••• ~er.e, 
&ttnl Mr. R. C. S,IY •• der 

BeDdt. &Yletlo& Cor,. 
Pa.ltl0 Dlvl010n, 8PD W •• t 
• orth .0111.00d, ca11t. 

ae.als &ylet.lon Redl0 Dlvl.10n 
Ba. t J opp. aoed 
Balt.l.ol'e 4 •• er,land 
&ttn: Mr. J. W ••••• ond 

Buehler and co.pe., 
leG7 Ro.erd Street 
Chl.e,o .8, 111111010 
&ttn: .1'. ~eck M. Ro.hn 

Co ... ndlnc Oonerel 
&1'., &ir Poroe. 
Penteaon 
.eohl.ston a., D.C. 
At.tnl &C/&8-4. DRE-aF 
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D.v.lop ••• t Contr.ct Ortl •• r 
Me. Me&loo 8cbool or Min •• 
Albuq •• rque. Me. M.xloo 

Develop.ent Contr.ot ottlc"r 
"". Me.loo School or MI." • 
Alb.,.er,ue. Ie. M.xico 

rn.peetor or •• Y.1 M.t.rl.1 
90 Chureb S tree t 
Me. York 1. Ie. York 

Inepector or •• yel Meteri.1 
80 Church 8tr •• t 
.e. York 7 •• e. Tork 

Inspeotor ot •• yal Met.rl.1 
pe4er.1 Bid". 
Ml1.eak •• a. Wi •• 

Bare.u or &erone.tl0 •• ep. 
tD 80uth Re,.ond 8treet 
.e •• 4.n.. C.lltornla 

Bureea or &eron •• tl0. ltep. 
16 Bouth .e,.ond 8tre.t 
•••• dene. celirol'ol. 

Bureou ot &oro.&utlo. 
Re.ldo.t Repre.ent.et.lv .• 
.en41. &Yletlon Corp. 
reterboro. .e. Jer.e, 

Develop •• nt. Contraot otfloer 
aen41X &vletlon Corp • 
11800 Sber.e. W., 
Korth Rol1r.ood, Callforn1e 

COGIfIZ&lr 
&GKIfCT 

aUORn 

BUOltD 

BUU:B 

ORn DEP'I' 

aU&Ba 

BUOIlD 

BU&ll:a 

BUda 

BU&BIl 

BUORD 

&AF 



---------------------------_._-_. 

D. COMPONENT CONTRACTORS (Cont'd) 

COI'l'IlAC'I'OIl 

Coft.olI4a~e4-Vul~ee Aircraft 
Corporat.lon 
san Dlelo, california 
At.tn: WI'. C. I. Brelt.le.er 

Cornell Unl.er.lty 
I thaca, lie. 'Iorlt 
Attn. Mr. Wl11la. C. Ballard, II'. 

Dlreotor, D.S. layy &lo.troDlo. 
Laborator" 
Ian Dle,o, california 

&l •• tro-Weohaaloal Re.earoh 
R14,e rle14, C.aneetlout 
Atta; WI'. Charlo. B. Allten 

para •• orth 'l'el •• 1.10n aa4 Ra410 Co. 
port Wa,n., Ia41aDa 
.. ttD. • ... iI. D. Schaata 

P04eral 'l'e1ephoDo aDd Radio Corp. 
aoo Bt. P10a.aDt "yon •• 
1I •• ark ., I •• 1.1'.0, 
.. ttn. II'. E. I. WODd.ll 

G&lYln Maaufaotarlnl Corp. 
• U5 AuCU.'" 8lYd. 
Chloalo D, 1111nol. 
"ttal Br. G. R. BaoDonald 

G. M. 01&DUiai and Co •• lac. 
2811 We.t Colo ... do 8t. 
Pa.a4.n .... california 

IUltl11aa Corp. 
18111-18 •• v.al.o BlY4. 
Lo. "al.l ••• , california 
Attnl B ... O ••• Bl1 •• 

Bll1,e .. EDllaoorlal Co. 
••• 'Iork, .0. 'Iork 
"ttDI II'. Cu .. tl •• Bl11,.r 

E •• rrott &alla.orlnl Co. 
.0. York, .0. 'Iork 
A ttal Mr .... A •. aoloho1 

Le ... IDeorporat.4 
110 loa. A.oau., I.W. 
GraD4 Bapld. a, Ilohlsan 
Attnl Mr. a.l. Book 

la.uraotnr.r. laohlDo • Tool Co. 
120 W •• h1nltoa Stro.t 
.~ •• ernoD, 1.1. 
Attal M ... L. Iona.th Ma,or, 

Co.ptroll.r 

Blanoapoll.-8 .. o,.011 Bflr. Co. 
aT51 .onrth A.onu. 
11nnoapo11. I, Blane.ota 
Attn! II'. W. J. MoGoldrlok, 

Vloe-Pre.140nt 

Ohio atat. Dnl ..... lt, 
ao ••• roh .oaadatloa 
Colu.b •• , 01110 
£~tftZ Mr. Yboa •• B. Dayl_, 

Itatt A •• l.t_t 

(a) GUIDARCB • COIITaOL 

T ..... IIUTTED VI .. 

a.rea. or Aeronaatlca 
aopr •• entatl"., 
Conaolldat.d-Vult •• "'roratt Corp. 
8aD DI.so, C.llto .. nla 

DCO, .. pplled Ph,.lc. Laborator, 
JOhD. aopklD. UnlY .... lt, 
80al Oeorela .. y.a •• , 
811"er 8prl •• , Mar, land 

Bu .... u of .. ere.autl0. aep. 
15 80uth .. ,DODd It. 
P •• a4eD., calltorala 

I •• peo'or or la.a1 B.terla1 
eo Church 8treet 
••• tork T, ••• to .. k 

Inep.otor of .ayal lato"Sal 
80 Clluroll I'r •• t 
••• 'Iork T, 10. york 

8UU:. 

u.p 

.... ,. 

OUOD 

.. .... 

0"" a 

.. ... 

8""Ba 

..... 

.... ,. 

u. 

..... 
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D. COMPONENT CONT~ACT08S (Cont'd) 

COIIT .... CToa 

... ll.r, ... ,.ond .. Bro .. n 
p.o. Box ~f.a 

8t .. t. ColI •••• Penn.,lv .. nl" 
... ttn: Dr. a. C. R .. ,aond, Pre •• 

Ottice or Cblet 81.nal Orrlcer 
Bn.lneerln ... Tecbnlc"l Serylce •• 
Bn.ineerlnl Dlylslon 
Pen'''ICD 
.".blDlton IG. D.C. 

R .. ,tron, Inc. 
109 B. .".blnltoD "'yeDUe 
J .. ck.on. ..lehllaD 
... ttn: "r. Jobn •• Oel&er. Vice-Pre •• 

L. II. Sob ... ln BnalneerlDa Co. 
ITII6 .a.lliDaton 81Yd. 
La. "'naele. 16. C .. llrornl" 
... ttn: 1.. •• 80h .. eln, OeDer .. l P"rtDer 

8.Dlor ... y .. l Llal.on Orrlcer 
U.S. lIay .. l BlectroDio Li .... oD Ottl0. 
81en .. l Corp., BDllDe.rlnl La.or .. to., 
Port .. on.outb. Be .. Jer •• , 

8e.yo Corporatlon or ..... rlca 
BUDtlnlton, L_l., .... York 

S, .. r. D CO. 
• 011 .... D In.t .... Dt Dlyl.10n 
BI.bnr.t, .ee York 
... ttn: .. r. V. B. Carbon ... a 

Stro.b.rl-C .. rl.on Co.pan, 
Roobe.t •• , ••• York 
... ttn: ... , L.L. Bpencer. Vioe-Pre •• 

Sub.a.lne 81sna1 CORPan, 
ao.ton, .a .... oh .. ett. 
... ttnl .. r. Bd .... lorton 

B .... r. O,ro.oope Co. 
1100 Colo.ado ",yenue 
... nt .... onic", C .. llropnl .. 
... ttal .r. '1'0. Su •• er •• Jr. 

8,lv"nla Blectrl0 Produote Ino. 
Pl •• blDI. Lon. I.l .. nd, W.Y. 
... ttn: Dr. Ro.ert aoei. 

UnlY ••• lt, ot Il11nol. 
Urban ... Illlnol • 
... ttn: .... B. B. CuanlnSb .... 8.0. 

Univ.r.it, or Penn.,ly .. nl .. 
"oope Bobool ot Bl.otrlo .. 1 Bnl.' 
Phl1"d.lpbla, P ... 

Unly ••• it, or Pltt.burlb 
Pltt.bar.h, Penn.,ly .. nl" 
... ttn: .. r. B ..... lolbrook, De.n 

UniY.r.lt, or Vir.lni .. 
Ph,.lc. Depart-ent 
Ch .. rlott •• ville, Vir.inl" 
... ttnt Dr. J ••• aea •• 
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(I) OUID ... NCB .. CO.TaOL 

T ..... 8 .. 17rBD VI'" 

In.p.ctor ot ... y .. 1 .... t •• l .. l 
90 Charch 8tr •• t 
.e. York T, lie. ybrk 

"r •• u ot .... ronautlc. "p • 
90 Cburcb stre.t 
.ee York T, .e. York 

Develop .. nt contract orrleer 
.. .... aobu •• tt. ID.tltute or Tecbnclol' 
C .... r14Ie 39, .. a •• aob ••• tt. 

[n.peotor ot .ayal ... terlal 
90 Cburob B tr •• t 
W •• York T, ••• York 

Co .... n41nl orrio.r 
Waval ... l.erart Mo41rleatlon Unit 
.Jolm.vlll., P". 

Dev.lopaent Coatr .. ot Otricer 
unlver.lt, or V1r11Dl .. 
Cb .. rlo,t.eyl11e. V1rllnl" 

COO.U .... T 
"'01'11 C1' 

....... 

OaD DBPI' 

... ..... 

... ..... 

au ... sa 

BU .. B. 

...... P 

......P 

BUOIlD 

... ..... 

8u ... sa 

... ..... 

BlIOD 



D. COMPONENT CONTRACTORS (CoDt'd) 
(a) .UXD •• C. 6 COXTROL 

COXT •• CTOR 

W •• bl •• tOD UaIY.r.I&, 
••••• r.h Po •• d.tloa 
113e Por.,th. Blvd •• 
Cl •. ,toa e. IIl •• ourl .'t., Dr. a. o •• p •••• r 

••• tl •• ho •••• 1.atrl. Corp • 
• ~rla.rl.1 ••••••• cbu •• tt • 
• tt., I ••••• •• re. Ylce-Pre •• 

(Da, to. Office) 

Dlr •• &or .1' 8,..1.1&, 
Produot. D ••• 1 .... D& 

Wbl .... ' ••• 10 Lebor.&or, 
Whipp •• " •• 1 • 
• ttaf .r .•... Cook 

".I'h •• dl0 Corpor.tlon 
Chl ••• o. Xl11.01 • 
• ,t.. • ... 8o".rt.oD. 

&& ••• 'lv. Ylc.-Pr ••• 

•• roj.t Ba&I ••• rl.1 Corp. 
••••• , C.llfor.l. 
• tta. R.r ••• adt 

.r.oar ..... r.h ro •• d.tloa 
7 •• hal •• 1 C •• tor. 
Chl ••• o 18, 1111801 • 
• "., II •• W ••• C •• l.r 

Artbar D. Little. Iftc. 
30 11 •• 01'1.1 Drl ••• 
C •• brl ••••••••• 
• 'ta, III'. I.l.e .ol.t 

8&".11 •••• 01'1.1 I •• Ut.t. 
loe Ill •••••••• 
Col .. b.. 1. Ohio 
.tta. .1' ••• D. 7h .... 

•••• 1& •• I.tloa corp. 
... 11'1. D1Yl.10a. IPD .e.t 
X •• oll,.ood, C.llf. 

"a.l. ProdD.t. D1Yl.10. 
8&a.l ••• 1.t'oa Corpor.tioa 
.01 •• adl& Drlv. 
lo.th .oad ao, I.dl&n. 
At,.. III'. Pr •• k C. lIock 

C ...... , ••••• or.l 
Ar., All' par ••• 
"at&&oa 
.&.hlaltoa ae. D.C • 
• ,tal AC/A8-. Dal-a. 

Co._.d1 •••• aor.] 
.11' 11&'01'1.1 C ..... d 
Wr,.-t .101. D.,toa, Obl0 
At'a. TSBPP-.B(I) 'l'8 .. P-•• (I) 

TS&PP-aA(l) 'l'8BPP-8C(I) 
'1'80"-(1) 

co ..... u'& 01'1'100 .. 
P'o.t' •• , ....... 1 
Dov.r. xo. , ..... , 
."D. 'I'.cbDle.l Divloloft 

'l'B •• 8111'l'TBD 'fl. 

(3) PBOPUL810X 

..re •• of •• ro ••• 'lc. B.p. 
Ie 80utb a.,.OD. 8tre.' 
P •••••••• C.llfopai • 

De •• 10 .... ' Contr.ct Offlaer 
8&.41& •• I.tl0. corp • 
llBOO 8ber... W., 
•• Boll,0004. C.11f. 

CO.XIZ •• I' 
• •• ICY 

•• r 

••• 

OaD DBM 

•• r 

••• R 

oaD DBP'I' 

OaD DBPI' 

•• r 6 
BU •• a 

.1I0RD 

..r 

.UORD 

•• r 

OR» D .. T 
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D. COMPONENT CONTRACTORS (CoDt'd) 

COIT .. ACToa 

Co .. andln, Offlc.r 
Wat.rto.n Ar •• n.l 
Wat.rto.n ,a, .a •• aab ... tt •• 
Attn. Laborator7' 

Coatl ••• tal AYlatiO. a.4 ",r. Corp. 
•• trolt, .Iahl,an 

Curtl •• ·Wrlaht Corporation 
Prop.ll.r Dlvlal0. 
Cald •• ll, ...... ra.7 
Att.lu .r. C. W. Chl11aG. 

a.p.rl ... t, lnoorporat.d 
alohaGnd, Vlr,1.1a 
Attnl Dr .... w •• ull •• , II 

Fairchild Alrplan •••• ,In. CG. 
aan,.r Alror.ft RDll ••• -Dlv. 
Fa ... l.,4.1., Lol., I •• Yorll: 

•••• ral v.tGr. Corp ••• tlon 
AlllaO. Dlvl.1G. 
Indlan.pol1a, lndla.a 
Attn' Vr. "onald a •••• 

e. v •• ~ •• lnl • Co., Ino • 
••• W. Colo.ado 8t • 
... ad.na, California 

a.raul •• PG.d.r Co. 
Port B._, I.Y. 

•• rquardt Alror.ft Co.,a.y 
V.nlc., C.llfor.la 
Attn. Dr. a. B •• arqaa.4t 

••••• 00 .aa.faaturi., Co • 
• 0. B. 8an F.r ••• do Blvd • 
... _ •• k, Califor.l~ 

Attn' aobert a •• 111er 
••• a. Vloe-Pr ••• 

I •• YGrk Vnl •••• 1ty 
A .. l1ed .ath.aatio. Ce.t.r 
la. YGrk, Ie. Yorll: 
Attn. Dr, alohard Coo.ant 

Off1O. of Cbl.f of Ordnan ... 
Ordnano ...... a.oh • D.v.lopa •• t Div. 
aooa t Br •• "b 
P.nt·aon, 
Wa.hina ton a .. , D. C. 

Polyt.oh.lc In.titute of B.ookly. 
Brooklyn, .e. york 
Attn. .r. a.p. aarrlnaton 

Po.due VDlv.r.lty 
Laf.yett., Indl.na 
Attn: .r. O. 8. Melkel 

a •• o tlon aoto •• , Ine. 
Lake D •• aark 
Dover, I .... ersey 
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(I) paOPUL8101 

B ••••• of Aeron.uti"a a.p • 
11111 Fr.nob a .. d 
Detroit " Mlohl,.n 

" ••• lOp ••• t Contraot Offlo.r 
P.O. BOX l-T 
Rleb.ond ., Vlr,l.l. 

a.re.u of Aerona.tic. a.p. 
B.th .. ,e, L.I., 1.1:. 

Burea. of A.ro ••• tie ... ep. 
GeDeral Motor. corporatioD 
Alli.on Dl.l.loD 
IDdl.Dapoll., In41 ••• 

In.peetor of layal .at.rlal 
110 Churcb atr •• t 
••• York " I •• Yorl< 

Bur.au of A.ronautlca a.p. 
1 .. aoutb a.7ftond .t .... t 
Paa.d •• a, Callfor.ia 

(nap.ctor or 1 ••• 1 Materl.1 
00 Chureh at .. et 
.... York T, Ie. Yorl< 

In.paeto. of laTal M.t.rl.1 
80 Church Stre.t 
I •• York T, I •• York 

I •• peator ~f Kaval .aterlal 
1.1 W. JaCI<.oD Blyd. 
Chlcaao., Ill1nola 

Bureau of Aeronautica 
aaa14ent R.pr ••• ntatlve 
.eactlon Motor., Inc. 
•• val A •• unition D.pot 
Lalta Den.ark, Dover, I .... 

CO.IIZAIT 
AGZICY 

ORO DEPT 

BeABa • 
AAF 

UF 

BtlOaD 

nABa 

BUOaD 

AAF 
aou: .. 

AAF 

BVA.R 

01lD DUT 

aOAlEB. 

8UABa 



D. COMPONENT CONTRACTORS (Cont'd) 

COIITa.lCTOa 

aen •• elaer Pol,technlo In.tltute 
Tro" .e. York 
... ttnl Inatruotor at .ayal Sclenoe 

lol.r ... lrcr.tt C~p •• , 
I.n Dloao la, Callfor.la 
... ttnl Dr ....... Wll11 •• aon 

St.nd.rd 011 Co.,.n, 
B •• o Labor.torl0. 
Bl1&.both, ••• Jorao, 

Unlyaralt, at Vlralnla 
Pb,aleo Oop.rt.e.t 
Cbarlott.ayille, Viralnl. 
"'ttnl Dr. J. W ...... 

VUlyer.lt, at Wl.oon.ln 
.adl.o., Wl.oonaln 
... ttn. Dr. J.O. alr.obteld.r 

••• tlnabou •• Blootrl0 Co. 
B •• ln&ton, P.n •• ,lya.l. 

Wri&bt .... ro ••• tic.l Corp. 
Woadrids., ••• Jer.e, 

Betbl.b •• It •• 1 Corp. 
Ibipbul1dl.a Dlrl.10. 
q.ll"~' 88, ••••• 
"'ttnl .r. a. Pox 

(I) PII.OPUL810l' 

Oe.elop •• nt Contr.ot ottle.r 
8t.ndard 011 Co.pan, 
B •• o Labor.torl.a, BOx ••• 
Bllz.beth, lie. Jera., 

Oe.olo_n t Con trao t Otflaer 
Vnlr.r.lt, ot Vlralnl. 
Chariotte.rllle, Vlralnl. 

In.p.otor at .ay.l 
•• t.rlal, 
1.1 W. J.okaon alyd. 
Cbloa&o., Il11nol • 

Buroa. ot .... ron •• tla. 
ao.ld.nt a.pre.entatlye 
We.tl.shon •• Bleotrl0 Corp • 
••• 1nston, Pen •• ,l ••• l. 

.ure.u of .... ro •• utlo. a.p. 
Wriabt .... ron •• tl0.1 Corp. 
Woodrlda., ••• Jor •• , 

luperYI.or at Iblpbul1dln&, US. 
q.lno" ••••• 

con IZ.lIIT 
... OBIICY 

.uou 

ou DBPT 

BOOlW 

avou 

llUau 

, _V ... BIt 

au .... a 

aOAslt 
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