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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 agyro 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 meceasary 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 velocity 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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LIST OF SYMBOLS

moment of inertia of vehicle

viscous damping moment coefficient
aerodynamic restoring moment coefficient
instantaneous angle of vehicle axis

programmed angle of vehicle axis

= error in angle of vehicle axis

angle of attack of vehicle

= control moment

error control constant for vehicle
derivative control constant for vehicle
integral control constant for vehicle

undamped natural frequency of vehicle

= mon-dimensional frictional damping constant of vehicle

non-dimensional damping constant of vehicle
non-dimensional integral control constant of vehicle
response time of vehicle

maximum angular error of vehicle

thrust of one control motor

distance from C G to control motor

angular deflection of control motor

desired angular deflection of control motor

= error in angular position of control motor

moment of inertia of control motor

viscous damping moment coefficient of control motor

= error control constant of control motor

derivative control constant of control motor
integral control constant of control motor
undamped natural frequency of control motor

non~dimensional damping constant of control motor

= non-dimensional frictional damping constant of control motor

non~dimensional integral control constant of contrel motor
time constant of control motor

maximum error of control motor position

* maximum control moment required

pitch control moment
yaw control moment
roll control moment



fp = moment arm in pitch and yaw

rp = moment arm in roll

8, = effective control motor deflection in pitch (2 motors)
8y = effective control motor deflection in yaw (2 motors)
34 = effective control motor deflection in roll (4 motors)
Sin= desired deflection of the nth control motor {(n = 1-4)
8,n> actual deflection of the nth control motor (n = 1-4)
6, = desired pitch angle of vehicle

Y; = desired yaw angle of vehicle

¢; T desired roll angle of vehicle

6, = actual pitch angle of vehicle

¢, = actual yaw angle of vehicle

¢, = actual roll angle of vehicle

8 = error in pitch angle

Y = error in yaw angle

¢ = error in roll angle

8, = error in angle of nth control motor (n = 1-4)

§, ¥ moment signal to nth control motor (n = 1-4)

M, = correcting moment applied to vehicle by nth control moter
¥ = mass of the satellite rocket

¥y = displacement normal to flight path

T, = thrust of main jet
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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 pericd. 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 endof 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
sbout its center of gravity are stable at all times during the trajectory. The
system must also be 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 tomisalignment of the rocket motor. Finally, the system should
be able to exert sufficient moment to correct an error in the vehicle attitude 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 be materially reduced
by use of 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 see 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 retum
it to the specified program.

These correcting moments can be applied by means of four auxiliary control
rockets mounted symmetrically about the main rocket motor. The equilibrium position
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 give 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 application of correction moments can be achieved by
means of a system of three flywheels with mutually 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 is 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 flight,
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

2
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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 viewof these disadvantages, it was decided that the control of the satellite
rocket should be accomplished by means of four rocket motors mounted symmetrically
about the axis of the vehicle. In their equilibrium position, 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
moments of the two rocket motors. Roll 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 small 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 50 as to give any required roll moment.

In order to determine the magnitudes of the thrusts necessary in the control
rockets, and also the paremeters of the associated servo system, the following
equations of motion of the vehicle are set up. »

d%e do :
J 2+ >+ k(B-a)= N 1
bode £ dt (6-a ¢ VELOGITY D

DESIREO HEADINS
The angles in this equation’
are shown in Fig. (1).

ACTUAL HEADING

INITIAL. HORIZONTAL

ANGULAR REFERENGE FOR CONTROL SYSTEM
FIG |
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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

dg |
MC=A°6+K1~L-+K‘1A[ gdt - (2)

By eliminating L between Egs. (1) and (2) the complete control equation becomes

t

d’&o d@v dé8
J +flzg(}(°+ k)6 +K‘E+K“‘ gdt + ka . 3)

1dta

o

By substituting in Eq. (3) the relation

g =6, -6 4)
L4 i
the control equation takes the form
d%; a8 d?6 do :
J, " +f, T J, I +(f, +Kl)_d-.t-.+ (K, +k)O +K_1f &dt + ka. . (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
ko 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 o, %, {,, S, and 7, can be introduced by the
relations '

[ e——i—Li (6)
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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, the quantities Jy. k, and f
are functions of the position along the trajectory. Thus, it is not possxble to
specify a fixed value for any one of these parameters. Instead, the procedure.which
seems most reasonable is to solve the above equation for the desired control con-
stants as follows:

K =___1 ~—k
° 2
Sl Tla
K, 35 - (1
slTl
8J
K" B 2 la
Sl Tl

From these equations, it is possible to determine the average values of K, K,, and
K_, by substituting average values of J,, k, and f, for a particular stage, the
desired values of 7, and the ideal values of {, and S, as determined in Appendix I.

With the values of K _, K;, and K_,, so determined, the actual values of @, ., S
and 7, can be Calculated for any p031t1on along the flight path.

The stability of the system can be checked by plotting 2{, and S, 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 E&, the
system is stable.

A plot of the response time T,» 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 K, K, and
K_,, should be regarded as a first approximation. It may be necessary to adjust
these values somewhat in order that the range of variation of {, over 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
aserodynamically 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 arenegligible.

5
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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 meximum required control moment for the correc-
tion of an error angle ¢ as follows:

108J1¢

M

<

- (8)

It appears probable that the maximum ¥_ would occur at the beginning of the
stage when J is a maximum, since 7, is essentially constant over a given stage.
Thus, the control motor must be large enough to supply a moment ¥  at maximum de-
flection 80 by the relation

ﬁc = 2Tr sin 5° = 2??30 . (9)

Equating the two expressions for M_ and solving for the thrust T, the following
result is obtained:
54J ¢

"
T, rSo

. (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

5, = 15°
¢ = 1°
Ty ¥ 4 sec.
Table I
Stage No. J, (slug ft?) r (ft) T (lbs) T(V-2) (lbs)
1 1.385 x.10¢ 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 am
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 of 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.

6
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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 22,000 1bs
Stage 2 1,200 1bs
Stage 3 30 1bs

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 s'ensit:ivity
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 pitch 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 K, K,, and K_, in Eqgs. (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 8, is fed into an error sensing device together with the actual position of
of the vehicle axis 6 . The error

sensing device then produces the Mo
error angle € which is fed into the
controller. The controller performs
the operation indicated by Eq. (2) B | e 18 L onrrowed o] vemoe
and produces a control moment M DEVICE
which is applied tothe vehicle. The
control moment produces a change in ' 8,
the position of the axis 90, which
is fed back into the error sensing §) * DESIRED HEADING

R . 8, = ACTUAL HEADING
device. The adjustment process con- § » ERROR IN HEADING
tinues until a steady state condition M = CONTROL MOMENT
is reached in which the values of 6;‘ M * EXTERNAL MouENT
and 5° are equal. MISSILE SERVO CONTROL LOOP

Fig. 2
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The actual servo system is somewhat more complicated than that shown in Fig.
2. In order to convert the error angle & into a control moment M ¢+ it is necessary
to position the two control rockets to a particular angle ¥; such that

M, =2Trs, . (1)
a'
8 JCONTROL | B8, | EROR | 3 |CONTROL| S | gempvo || 8 | controL] M

1 AMPLIFIER SENSING ™ AMPLIFIER

»” i DEVICE - 2 MOTOR ROGKET

8 =+ VEHICLE HEADING ERROR

8, « DESIRED GONTROL DEFLEGTION

8o = ACTUAL CONTROL DEFLECTION

3 = CONTROL DEFLECTION ERROR

S = SIGMAL APPLIED TO SERVO MOTOR
M; * VEHICLE CONTROL MOMENT

AUXILIARY SERVO CONTROL LOOP
Fia 3

Thus, the controller shown in Fig. 2, involves some sort of a positioning
servo system as shown in Fig. 3. In such a system, the error signal 8 is fed into
Control Amplifier #1, which contains the vehicle control constants in such a way
that for an input 6, the output signal is proportional to the desired deflection
of the rocket motors as follows:

i

5§, = = (K6 +K d9+K &dt) (12)
F o e 1de -1 '

The value of 3;, together with a signal proportional to the actual rocket
motor position 8 , is fed into an error sensing device which produces the error in
rocket motor position 3. The error signal is fed into Control Amplifier #2, 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 § which is fed back to the
error sensing device. 'The process continues until the rocket motor position 30 is
equa} to the input position Si' at which time the desired moment M_ 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.

8
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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
ds d3 (13)
J 2 * fz dt = Mc '

where the control moment is determined by the relation

t
- ds >
M=k otk =tk | sdt . (14)

a
The control moment equation determines the characteristic of the control
amplifier #2, since the output of the amplifier must be proportional to ¥, for an
input 3.

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

J _433 + “, kS +k a8
2 — i .
2 de3 fa dt ° 1 dt k~1f adt (15)

<]
Substitution of the relation

& =3. -3 (16)

gives

d?s, ds, d%s ds t
J, de? t f, T J, el (ky + f)qy t B8+ k'lf &t . (17)

o

As before the quantities w,, {,, Y Sa and 74+ can be defined by the relations

fa
e 18
TS, e
K =k~1 .'53
? ko kO
2k,
7, =k



February 1, 1947

Substitution of these guantities in Eq. (17) reéduces it to the form

t

5. ds. d? d
da*s, + 2y w, —EL-= ——§-+ 2§3a5 —E-*'QE”S + Saa53 5dt (19)
dt? dt dt? dt

L]

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 La and S2 equal to V372 and V3/9, respectively.

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

4J J
| S — =108—i2

J
—EL-g = 13.;1 - fq (20)

The determination of the maximum moment to be applied by the servo motor, which
moves the control rocket, is again determined by the relation
) 108J. 8

2 ’
TB

(2D

where the maximum error §, 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 ko, k‘, k_l, and M. are determined directly from
Eqs. (20) and (21) without resorting to any averaging process.

In the discussion thus far, it is assumed that the overall servosystem 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 contrel 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 5;1' Siz' 3;:» and Si‘ of each
motor. If My, M, and M, represent the necessary control moments in pitch, yaw,

10
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and roll, then the output signals of the first pitch, yaw, and roll amplifiers
8p, By, and &, are given by the relations

Mp = 2Trpé,
My = 2Trpd, (22)
My = 4TrREB

PLANE

ROCKET
MOTOR
- )

AW
PLANE
ROGKET
MoTOR VIEW LOOKING
FORWARD

CONTROL MOTOR ARRANGEMENT.

AND DEFLECTION SIGN CONVENTION
FIG. 4

These moment equations are based on the assumption that two motors deflected
through an angle of 8, produce a moment ¥, two motors deflected through an angle
8y produce a moment ¥y, and four motors deflected through an angle of 8, produce a

moment Mp. In the actual system these moments are produced simultaneously in ac-
cordance with the following relations:

Mp = Trp(3,, + 8.0

My = Trp(s,, +8,)) (23)

My =Trp(8, =8; +8;, ~8,) .

13 14 3

The above equations do not in themselves give a unique solution for 3., 3.,
8{3' and 8.‘,Aand it is necessary to make the additional assumption that ﬁalf of
the roll moment is produced by each pair of rocket motors, so that

TET IR ST (2)
11
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By combining Egs. (22), (23), and (24) it can be shown that

&.. =38

it Y R
8‘.2 = 8‘, - SR

= - (25)
8;‘: " SY 38

5“ =SP *55

Thus, the output of the first control amplifiers in pitch, yaw, and roll are
proportional to 8p, 8,, and 8;. These are combined in accordance with Eq. (25},
and the four resul‘;ing signals 8;.1, 80t 5‘.3, and 3“ 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,
€;, ¥;, and ¢ is fed into the respective error sensing devices, together with the
actual attitude of the missile 6, Y, and ¢,. The error sensing devices produce
signals proportional to the errors in pitch, yaw, and roll, &, ¥, 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 toproduce each of these control moments
separately. The deflection signals 8p, 8y, and & are fed into a deflection com-
puter, which operates in accordance with Egs. (25), and produces four signals 8;‘1
8:3» 85, and O, 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 3 _,
LI 8,4, and 8“, by the error sensing devices to give the position errors of the
four control rockets. The error signals are converted by the motor control ampli-

¥

fiers into signals s,, s,, s, and 5. which are proportional to the required
moments on the four servo motors. These signals cause deflections Su, 8“, 5“,

and 3, , of the four control motors, which are fed back to the four error sensing
devices to complete the auxiliary servo loop, so that the four control motors take
up the desired positions 8., 8., 8., and 3;,. The four deflections of the
control motors exert four vector moments M,, M, M,, and M_, on the vehicle. The
components of M, and M, about the pitch axis produce the desired correcting moment
Mp, while their components about the roll axis produce a moment %Mp. Similarly,
the components of #, and ¥, about the yaw axis produce the moment My, while their
components about the roll axis produce an additional moment of XMz. The resulting
position of the vehicle in pitch, yaw, and roll, 8,, ¥,, and ¢,, is fed back to the
pitch, yaw, and roll error sensing devices so that when the vehicle attains the
desired attitude specified by 8y, y;, and ¢;, 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. (58a) 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

d?y
M——=T6 +2T5, , (26)
dt® ° P

where the two terms on the right side of the equation represent the lateral forces
exerted by a deflection & of the main jet and a deflection 55 of the two control
rockets.

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

dy T, f T [
——= [ Gar+— [ 54t . 27)
dt M ™ f o {

o

Since both & and 3, 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 be verified by substituting the appropriate
time variations of € and 8p in the lateral velocity expression.

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

T - 2 c [ 5.d (28)
-—— Gdt +— t . 8
w [ few [ [

In this case it turns out that the second integrals do not vanish, so that
after a correction process the rocket is displaced laterally from its programmed
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 g values during
separation might cause appreciable attitude errors to develop. This cen be seen
from the following derivation of the angular motion during separation:

2 .
d %:% = M, = oq¥a (29)

where *a” is a proportionality constant in the relation between aerodynamic moment
and angle of attack. The solution of the equation gives

%
V”
a=a cosh(aq ) t (30)

which shows that the angle of attack at time 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

i

a

.015 (For Mach Number 5.5)
g = 150 lbs/sq ft

V¥ = 657 cau ft

2

J* = 56,800 slug ft
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 i %° from the horizontal.
With existing gyro systems, the drift of the free gyros can be made less than %°
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 Orbital 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.

B. Orbital Control

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 swall 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, 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’s magnetic field, then the desired attitude control for the orbit is achieved.

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 the 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 detectors gives an unambiguous determination of the
pitch and yaw angles of the vehicle. The system is discussed more fully in the
section on eguipment.

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’s
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

é:{{,:é:o
9=¢=¢:0 .

Any deviations from the equilibrium condition are indicated by the detection
devices discussed above, and from their readings the instantanecus angular momentum
of the vehicle sz"_x 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 Jr&p, then
the total angular momentum in the moving reference system is given by

J,@, + Jp@p = const .

It is desired to reduce &, to zero, and this can be accomplished by changing
the resultant angular velocity of the flywheel system by an amount A’EF such that
Jp &gy = J, B, .

The change results in a reaction on the vehicle of an amount "’F’v so that the
total angular momentum of the vehicle is

while the angular momentum of the flywheel system is

JFwF + ‘%M_F = J‘w! + JF r = const .

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
angnlar momentum.

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 previocusly, combines
the desired heading and roll orientation 6, Y;, ¢; with the actual heading and roll
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position § , ¢, ¢, to give the vehicle attitude errors &, ¥, ¢. These errors
are fed into a 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 reference frame, or rotates
with an angular velocity equal to the orbital angular velocity as referred to an
inertial frame.

& oty
\
|
ERROR A
U84 sensive |22V coupuren [ S | FUYVHEEL [0S | i
DEVICE ase, | SYSTEM B,

8, % & * DESIRED PITCH,YAW & ROLL ANGLES
8, ¥, 4, *ACTUAL PITGH, YAW & ROLL ANGLES
8¢ ¢ “ERROR IN PITCH,YAW B ROLL ANGLES
W, « VECTOR ANGULAR VELOCITY OF FLYWHEEL SYSTEM
fmwdu, ® ANGULAR YELOCITY 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 II.

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 section,
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
unit, a free gyro should be 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 potentiometer 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 126° 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 POTENTIOMETER B
[ g 2
FREE ey ié
GYRO PROGRAM pis 23 2ZERO ADJUST 3
POTENTIOMETER S
EME Cf?? 1 |EME 2
. ﬁ
g
_ O™ RoLL
Hgggoe ERROR
SIGNAL SIGNAL
PITCH ERROR SENSING DEVICE ROLL ERROR SENSING DEVICE
Fig. 7 FiG. 8

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
investigation 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 dé?o/dt. d¢-°/dt and d&j/ofdt. These signals would be combined with the
programmed rate signals d6./dt, d¢,/dt and dyf;/dt, to produce the error rate signals
d8/dt, d¢p/dt, and dy/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 E;, the output voltage Eo is given by the relation

R TR P (31)
= A — e .dt
E =AE Ko Tt K i
or in operator form
E ={(K +K’ +-K'—1 E. {32)
s o xp p LI

where Ao is the amplification factor of the amplifier and K, K, and )'(__1 are the
system parameters determined in Egs. (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! +Cp)E; , (33)
while circuit B has a response
." .
E” =[c" +-2-}E" . (34)
o ©° p 13
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(A) (8)
DERIVATIVE NETWORK INTEGRAL NETWORK

FIG. 9

If these two circuits are incorporated in the amplifier, in cascade, then the output
is of the form '

o cc
: : " 1 - 1n i Toli o 1
E“ = (Co + Cxp) Co +—P— E, = (C°C° + Clcl) + C'OClp + , E‘. ’ (35)

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

A, =K, =CClr LY

A K
o 1 =K' = C“Cl (36)
K 1 o 1

AK_ ,

_._.._.._.K LN K"l = COC;' "

o

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
¢ L
. C. + Clp

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 investigate whether, for the desired amount of derivative
control, the resulting time lagbecomes greater than 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

C" Cll

P
E)= e (38)
+-——
1+

By making C;’ 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.

1f, 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 sighal to ¢ircuit B in the manner deseribed
above, the desired response of 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
, and S , and combines them in such a way as to produce the four outputs

g and S £ 8S,..

The motor error sensing devices are simply a matter of connecting the input
deflection signal 8, and the actual motor deflection signal 3 in such a way that
the difference signal 8 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 #] 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 ¥l 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 §,, 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 mlong the potentiometer so that the output
voltage is proportional to the angle, 3,,+ between the instantaneous position of
the shaft 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.
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2 @ SHAFT
l VALVE J
ASSEMBLY
S i powy
‘l i ] k CONTROL MOYTOR
54 ERROR
ACTUATOR PO ;'lo;:‘“LR
HYDRAULIC SERVO MOTOR MOTOR POSITION ERROR SENSING DEVICE

Fig 10 Fig. 1!

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 reapect to the flight
path direction instead of the programmed position of the vehicle axis.

Orbital Control Equipment

The pitch and yaw error sensing device is based on the molecular beam principle,
that if a stream of gas is incident on an orifice leading into a closed chamber,
then the pressure 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 & on the front of the chamber
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with an orifice of area A and a volume ¥, then it can be shown that the variation

in chamber pressure is given by

(11 <6< -»1I> ,
2 2

and the time constant for the pressure buildup is given by

v [ 2o’ %
T = | —
P A RuT
Pop. v

P s CHAMBER PRESSURE

¥ = CHAMBER YOLUME

# = AIR DENSITY IN CHAMBER

#, » EXTERNAL ATMOSPHERIC PRESSURE
p, * EXTERNAL AIR DENSITY

v * ORGITAL VELOCITY OF SATELLITE
8 » ATTITUDE ANGLE OF SATELLITE

MOLECULAR BEAM ERROR SENSING DEVICE
Fig. 12

(39)

(40)

An evaluation of these two relations for the following normal orbit conditions

v = 7.62 % 10% cm/sec

P, = 2.31 X 107 gms/cm®
R =8.31 x 107 ergs/mol

=~
L}

1940°K

M = 24 gms/mol

-]
u

1.17 x 10°7 mm Hg
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gives

P=1.17>x10"7 (1 + 23.2 cos &) mm Hg (41)

sec * (42)

(cm®)
= 3. x <0
Ty 3.06 x 10 1 (o)

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

PC = Po +APcos(l27'— 9) (0<@<m

= Po (—7T<5 < O)
(43)
Py =P, (0<6<m
= P_ - APcos <§+ e) €< 6 < 0)
where
(2R T\%
AP = vp_ W ‘ (4)

HEADING

VELOGITY
< OF SATELLITE

LOCATION OF MOLECULAR BEAM DETECTORS
FiG. I3
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If the signals from the two detectors are proportional to the chamber pressures,
then the two signals are given by

fid
Ec = kP, =M’o + kAP cos(?-&) (0O<8<m)
= kP, : (< 6<0)
- (45)
EB =kPy ,=kP° -k OP cos(g’*’@) < 8 <0)
=kP° (O< 9(7{) -

1f these two signals are combined to give their difference, the net signal becomes

EC —‘EB = +kAPcos(‘§- "'9) (O< 8 <m

(46)
=+§Apcog(~§-+a)(..w<9<o) )
which reduces to a single expression
EC —Eg = kOP sin 8 . ' 47

This expression gives unambiguous attitude indications for values of & between
+ 7/2. Thus, it is necessary to include some mechanism which makes this detector
inoperative when the pressure in detector Areduces to P . In this way the detector
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.operating 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 roll attitude error during the orbit. Even if this zero adjustment
is made only once per orbital peried, 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
design 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. Adiscussion 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, and 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 pesition is adjusted 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 stable
throughout the trajectory despite the variation of such quantities as moment of
inertia of the vehicle, position of center of gravity, aerodymamic 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 zero; 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 regerd to the
wolecular beam detection device for pitch and yaw, the magnetic roll detection
device, and the computer which converts these error signals into velocity increments

for the flywheel system.
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APPENDIX 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 wech-
anism upon which its selection was based.

TRANSIENT RESPONSE OF SERVOMECHANISMS

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

6 - 6i - 90' (48)
M,
SERVO MOTOR
9. ERROR 8 CONTROL. AMPLIFIER L g
—wd  SENSING K., AND 102D %
DEVICE Glp) oK, +Kp + ¥ ' Hip)= 'J—.r_;?;
%
8, = INPUT SIGNAL
9, * OUTPUT SIGNAL
& = ERROR SIGNAL
M. = CONTROL MOMENT
M, * EXTERNAL MOMENT
G(') = CONTROL OPERATOR
”(P) * CONTROLLED SYSTEM OPERATOR

BLOCK DIAGRAM OF A SERVOMEGHANISM
F16. 14

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

t

do
M, = KB +K, ;17+K_,j9dt . (49)
(-4

29



February 1, 1947

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

&6,  dg,
J—2+f-d—t=uc+uoa (50)
dt

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

a6, dg; &6 do '
Ctf— = J—;+U+Kua?+&e+nijrwt+%' (51)
dt
o

J

For convenience the following parameters are introduced:

K
w, = —‘-]‘1
I S
YT evKT
f+E,
= 52
4 Ve (52)
S = _’iza J
KO KO
M
% T
0
Substitution of these quantities gives
dga- dei d26 do 2 3 2
d—; t2yw, gr = T tRlendrt ot So fadt vau - (5
t

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

p(e* + 27,p)B; = (5 + 27wyp)B;(0) - 6,(0) +6(0) + Suh67 (0) -
+

ps +2§a_)np2 +(u:p+ Sw:
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(p* + 2Le,p)6(0) ~ puna,
+ . 2 2 " ’ {54 cont’d)
p +2 (,wnp + ap +'Scu”

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:

Tnitial conditions

t = g
6:;(0) = ¢
6:(0 = 0
6 = ¢

6 (0 =
60 = 0

Input function

Gi(t} = 0 t<0
= ¢ t>0
.é.,; = 3_"_
P
External moment '
a,(t) = 0
a, = 0

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

2
- pm+ 2Ly
6 = il X - (55)

ps + 2§wnp2 + wip + Sa)i

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

t = ¢
6,00 = 0
6,(0 = 0
6 =0
60 = 0
610 = o .
Input function
6,(t) = 0
8. =0 .

External moment

a.o(t) =0 t< 0

ao = ao t>0
_ a
a, = -0

P

Substitution of these quantities gives the relation

o.uq
T = - . (56)
lp3 +2§cgnp2 +aﬁp -O-Sm:I

Egs. (55) and (56) give the Laplace transform of the error angle for the two cases
considered. In order to obtain a solution of & as a function of time, it is neces-
sary to obtain the roots of the cubic in the denominator and im 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

c:

S =

o3 =

and all of the roots of the cubic are then equal to w,/ 3 . Under these conditions,
the inverse Laplace transformation gives the following solution for the error angle
after a step input.
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wﬂ
— ez T ‘/—
3 1
6 = ge /3 (1 +g w,t -~3-w:t2>' (57)
Similarly, the solution in the case of a suddenly applied external moment becomes
@,
M -t
g = —'2'3' t2e V¥ - (58)

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

T ’ (59)

wn pend 6 V’_s_ . (60)
T
Thus, the two error expressions become
—e t AY
6 = ¢e '1+6.,.—“36(:;') (57a)
M TQ t X =8
6 = -‘%}‘ (‘,;') e 7T, (582)

In future work it will be useful to have an expresasion for the control moment required
from the servo motor in performing its control function. This can be obtained by
substituting Eqs. (59a) and (58a) in Eq. (49). In making the substitution, it is
assumed that the viscous friction is zero so that

{ = K +f = K, = 3
2V, 2VK, 2

With this assumption, the control moment expressions become:

Step Function Input

L 2
108 Jp ~° t t
M, =—— . '[12(:’;) -107+ 1] (61)
-

Suddenly Applied External Moment

- Y 2 et
M, = M, 8?)-127+1 e T-1 (62)
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Plots of the two transient responses of Egs. (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 Egs. {61) and (62) it can be. shown that the maximum moments required from
the motor are given by

. = 108 J¢ (6la)
2
o

M, = 1.206 M, . (620)

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

M, 7 ’
6, = - .0075—971; (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

8 = -.249¢. « (64)

The above discussion gives the characteristic responses of the servo system in terms
of the time constant 7, the moment of inertia J, the initial input amplitude ¢, and
the external moment Ho. It is also necessary to specify the constants K, K!’ and
K_; 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 {

4J J
K, = = 108 —
& *
= 4 J . = _‘L -
K, —-f = BZ-f (65)
k. = 8J = 206J
1 8 3
T T

STABILITY OF SERVOMECHANISMS

In the preceding discussion of the transient response of the servo system, no
consideration is givep to the problem of whether the response is stable. While the
particular numerical case which is considered 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 stability? or from Nyquist’s criterion®. Both of these methods are discussed
below,

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

ftp) = P° + 20w, P* +ef p+Say (66)

For references see page 46

34



S€

~01%
' t
24 ey
e(m r') = ? 1 v
o
ap—— 9 T SRROR &NGL‘E
e J = MOMENT OF INERTIA
4 M= EXTERNAL MOMENT
::/ T = RESPONSE TIME
- 010 1= TIME
o]
[~
z
4
@x
1]
x
3
[
o
©-005
:’ '~
(o]
W
4
0
0

0.3 L, 10
REDUCED TIME ()

RESPONSE OF INTEGRAL SERVOMEGCHANISM
TO SUDDEN EXTERNAL MOMENT
FiG. 16

n

i

$

L
- e
L A [we% -36':7,]

§ = ERROR ANGLE

¢ = STEP INPUT AMPLITUDE
v ¢ RESPONSE TIME

L= TIME

o

ERROR ANGLE RaTio (£

/

REDUCED TIME (-

TRANSIENT RESPONSE
OF INTEGRAL SERVOMECHANISM

10
)

FIG, 15

LY61I ‘T Aupnuqay




9¢

10 -15
M7t % t t : L
osap "4 ST['_'°7+'2?!] Mo g87 [ln%—k%ﬂ]—l
o
M= CONTROL MOMENT .
— L e et M, * CONTROL MOMENT
“ e $ = AMPLITUDE OF STEP INPUT ° .
;IS T * RESPONSE TIME > T 1 TESFONSE TIME
<= t=TIME ' #2
05 o -le P ——
[ =
= <
P 3 4
[=}
x -
z
g 5
< g
8 0 2 -0
D e ——— . 05
2 =
(&
3 S
z
ot os A s o 05 0 5
REDUCED TIME (%) REDUCED TIME (-3)
CONTROL MOMENT DURING TRANSIENT CONTROL MOMENT DURING CORRECTION
RESPONSE OF INTEGRAL SERVOMECHANISM FOR SUDDEN EXTERNAL MOMENT
FIG. 17 FIG. 18

L¥er ‘1t Ravmnuqay




February 1, 1947

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 % which reduce the amplitude of the transient to
zero at time t =@,

Routh shows that if a cubic is of the form

A +B* +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

BC> AD . (67)

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

£ >0
w, > 0 (68)
S > 0
and
2L > S. (69)

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

V3
{ =—>0
2
V3
S = —>
9 0
wn>0

and condition (69) is also satisfied since

V3
2¢ = V3 > 9—'—'8.

The above is in agreement with the resulting transient responses obtained in 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 mot
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

6 = 9,: - 90
M, = G(p)6 (70)
90 = H(p)M,

By eliminating & and ¥, from these equations the following relation between 6;
and § is obtained

- G
b = T cmhEr i )

d
where p is the operator ;.

For a sinuscidal input p is replaced by jw so that

6 o
Zo . _ _ GljeH(w)
8, %) = T3 Gljw)i(ja) (72)

The relation is the complex frequency response of the system, and if for a frequency ay
GljenH(jwy) = -1, ‘ (13)

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

Nyquiast’s criterion makes use of the above property of the transfer function
G(jw)H(jw) in the following way. The transfer fumction 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. (73), if the curve passes through the point -1, the system undergoes a
sustained oscillation with zero input.

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

K.
Gp) = K, +Kp +=5*

(74)
1

b

H(p)
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Thus, the transfer function becomes

K.,
K, +K;p *—P—

n

G(p)H(p)

Jp® + fp

2 2 ]
ey + 28w,p” +Saw,
G(p)H(p) s ' (75)
p(p” +2ywp)

il

where

§ = L~y .

By letting p = jw and rationalirzing the resulting equation the transfer function

N o M e )
Gl ] 2 leee

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

2
2y —[s-— zs(;,“-";)] =9,

(76)

@n

B =

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

@] .
@ o]
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or
238 >
S-2y ~ 1
28 +y) 2 S
20 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 { =v 3/2 and S =V 3/9. However, in order to plot
the transfer function, it is also necessary to indicate how much of { is due to
frictional damping () and how much is due to derivative control (3).

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

In the first case

_v3
S——g—

V3
= 5
8§ =0
_ V3
Y - T2

. (17)
_v3
S = 9
v3
2
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A
2
y =0
and the transfer function is
2
o)
, , 1 . V'3 o
Gliwf(jw) = -— +j g ——— . (78)
w

)

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 { of v 3/2.

. 2t 8/3 1
(A} B{jwiH(jw} = ~ X +3}"'1 5 XOEE3)
. . ] 3 1-9 .
{B} G{j¥IH{jw}=* ~ a + § ~5 **’;,—-
x = M.
o

n
w = APPLIED FREQUENCY
o, » UNDAMPED NATURAL FREQUENCY
+5
B,
{-1,j0)
T - 0\\\.1— ;‘L’ o
// .
A"-/,

A. FRICTIONAL DAMPING
8. DERIVATIVE CONTROL DAMPING

NYQUIST DIAGRAMS
FOR INTEGRAL SERVOMECHANISM
FI1G. 19
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SUMMARY

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

1.
2.
3.
4.
5.

Mament of Inertis (J} of the moving system
Viscous Friction (f) of the moving system
Desired Time Constant (7} of the system
Maximum Error Angle (%} to be controlled
Maximum External Moment (M,) to be controlled

From these quantities it is possible by use of Eqs. (6la), (62a), and (65) to specify
the following system parameters

1.
2.
3.
4.

Mexioum Control Moment (M)
Error Control Constant (K,)
Derivative Control Constant (K,)
Integral Control Constant (K.,)

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 v 3/2 and v 3/9.
Instead, these values are taken as average throughout the time of operationm, 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 1I1

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 method of maintaining the satellite rocket in a
given orientation relative to its flight path, during the coasting 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 orbit”.

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
satellite’.

c. For minimum power requiremﬁgts for the telemetering system, satellite
mounted directional antennas are used .

d. It will be of advantage to lmow 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 aerodynamicsl.

B. ORBIT ATTITUDE CONTROL

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

“Written by J.0, 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.]1 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
sbout 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 most favorable from a weight viewpoint, as well 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 et rest relative to the satellite rocket. These flywheels are mounted in
the satellite mutually at right angles, each being capable of rotation ebout one axis
only relative to the satellite.

This system requires a computer capable of solving continuously the following
problem. Given: a required change of momentum of the satellite in a given direction.
In addition the instaritanecus 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.
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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
, refers to initial conditions
2 refers to final conditions

I, i moment of inertia
Q, @ = angular velocity
P = power
t, 7 = time

Angular momentum

Initial = IQ.
Intermediate = IQ+iw = I,
Final = taw = I.
Energy
Initial =—;-Inf '
. g | l.,. _ 1 2
Intermediate = EIQ"‘ tqgwi = 5 I," +Pt
1 1
Final =Jiw =FI0"+PT .
Then

&

]
e
P

and
2 2
P 1 1 (1
hp = horsepower = &5 = 9 x 55j x% [1('{) 'I]
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 momentum change is to be
accomplished in 10 minutes. (I/i = 1750 and i = 0.2 slug ft?, are typical
values.)
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2

1 1 2m 1 2
2*%*@?Wﬁdxﬁommm-m

i

2.15 x 1072 (612,000)
1.3 x 10°° 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 overcome 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, serodynamic 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 system 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 sbsorbed 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 orbit? produces on the order of 300 watts continuously, a non-continuous drain of
the order required here is not objectionable.
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D(1)

D(3)
D(2)

D(2)

Those agencies not on the initial distribution may obtain reports

on a loan basis by writing to:

Attn: TSEON-2, Wright Field, Dayton, Ohio.

Commanding General, Air Materiel Command,
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A (1),

Guided Missiles Committes

Joint Research & Development Board
BNew War Departiment Building
wWashington, D.C:

Commanding Oenersl {4 Coples)

Army Air Forces

Washington 38, D.C.

Attention: AC/AS-4, DRE-3, Pentagon

Commanding General (385 Copies)
Air Materie)l Command

Wright Ficld, Dayton, Chio
Attention: TSEON~3

Commanding GSeneral

Alr University

Maxvell Field, Alsbams

Attention: Alr University Library

Chief of the Pureau of Aeronauntios (8 Copies)
Kavy Departmsat
Washington 885,

Attentiont TD-&

B.C.

Chiel of ths Burean
Navy Department
Washington 26,

Attention: Ne-9

of Ordnance (4 Copies)

b.C.

Chief of the Pureau of Ships (3 Copies)
Navy Depsriment

Washingiton 885, Db.C.

Attsntion: Code 833

Chief, Guided Missiles Braneh
Yechnical Command
Ragewood Arsenal, Karyland

Commanding General

Proving Oround Command

Exlin Field, Florids

Attn: First Experimental Guided Missiles aroup

GOVERNMENT AGENCIES

Commanding Officer (3 Copiloe)

office of Naval Research Branch Office
618 Kission BtC,
San Francisco, Californias
Commanding Officer

U.8. Xaval Air Missile Tost Center
Point Mugu, Californias

Commanding Officer
U.8. Naval Ordnance Test Station
Inyokern, California

Commanding Officer
Alamogordo Army Alr Base
Alamogordo, Nevw Mexioo

Direcior, Nativnal Advisory Committes
for Aeronautics (4 Copiles).

1500 New Hanpshire Avenue, X.W.

Washingtoa, D.C.

Attention: Mr. C.H, Helms

Director, Naval Researeh Ladborstory (3 Coples)

Anacostfa Station

Washington, B.C.

Library of Congress (3 Copies)
Technical Informsation Sestion
Washington %8, Db.C.

Attention: Mr. 3. Hesld

Orfice of the Chisf of Ordnance

Ordnsnce Research & Developmeut Divisisn
Rocke t Dramoch
Pentagon
Washington 28, 5.C.

Chief of Kavsl Operations
Navy Department
Washington 385, D.C.
Attention: Op-07

C. PRIME CONTRACTORS

COGNIZANTY
CORTRACTOR TRANSMITTED VIA AGRECY
Applied Physice ladoratory Development Contracs Officer BUOUD
Sohns Hopkins University Applied Physies Ladharstory
Silver Spring, Merylsnd Johns Hopkins University
Attns DPr. Dwight E. Gray 8631 Georgis Avenue
{3 copies) Bilver Spring, Maryland
Bell Alrcraft Corporation puresu of Aeronautice Rep. AA¥Y
Nisgars Falle, New York Cornell Aeronsutical lab. BUARR
Attn: Nr. R. H. Stanley Box B0 & PUORD
Mr. B. Hamlin Buffale, New York
Bell Telephons Laboratories oap DEPT
Hurray Eill, New Jorsey
Attn: Dr. W. A. NMaclatr
Bendix Avistion Corporation AAT &
fpecisal Producis Development, BOORD

Eaat Tsterboro, New Jersey
Attn: Ur. Harmer 8Solvidge
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C. PRIME CONTRACTORS (Cont'd)

CONTRACTOR

Boeing Aircraft Company
Beattle 14, Washington
Attnt Nr. R. B« N=lson

Consolidated-Vulteo Alrcraft Corp.
Lone Star ladoratory
Dalugerfield, Texas

Attn: Mr. J. E. Arnold

Consolidated~-Yultee Aircraft Corp.
Downey, California
Attnt Mr. W. M. Robinson

Cornell Aeronauticsl lab.
Buffalo, New York
Attm: MWr. W. M. Duke

Curtise~Wright Corp.
Columbus, Ohioc
Atin: Mr. Bruce Raton

Douglss itreraft Co.

Bl Segundo Branoh

Kl Segundo, Californis
Attn: Mr. E. B. Heinemann

Douglas Alrcraft Co.

3000 Ocean Park Boulevard

8anta Monicsa, California

Kttn: Mr. A+ E. Baymond (1}
Mr. B. ¥F. Burton (1)

Bastman Kodak Co.

.Navy Ordnance Division
Rochester, Nev York

Attn: Dr. Eerdert Trotter

Fairohild Engine & Atlrplane Corp.
NEPA Division
P.0. Box 418
Gak Ridge, Tenn.
Attn: Mr. A. Kalitinsky,
Chief Engineer

Fairchild Engins & Airplane Corp-
Pllotless Plane Division
Farmingdals, long Island, ¥.Y.
Attn: HMr. J. A. Slonis

The Franklin Institute

Laborstories for Ressarch and
Development

Philadelphis, Pa.

Attn: Mr. R. H. McClarren

General Rlestrie Co.
Project Hermes
Schensctady, New York
Attn: Nr. C. K. Bauer

Gsnsral Electric Co,
Federal & Narine
Comme Potal Division
Schenectady, New York
Attn: Mr, A. L. Ruiz

General Rlectric Co.

Aviation Divieton

Scheneotady, New York

Aktn: Mr. 8. A. SBchuler, Jr.
Mr. Phillip Classe

TRANSMITTED VIA

Development Contract Officer
Consolidated~Yultee

Aircraft Corp.

Daingerfield, Texss

Represontative~in-Charge, BUAER
Consolidated-Yultes Alreraft Corp.
Yultee Fiela

Downey, Californis

Development Contract Officer
Cornell Aeronauticsal Lad.
Buffalo, New York

Bureau of Aerconsutics Rep.
Curtise~-¥Wright Coryporation
Columbus 18, Ohtie

Bureau of Aeronautice Rep.
Douglas Atrcraft Co.
El1 Segundo, California

Naval Inspector of Ordnance
Navy Ordnance Division
Esetman Kodak Co.

50 West Main Btreet
Rochester 4, New York

Representative~in-Charge
Fairehild Engine & Adrplane Corp.
Pilotless Plane Division
Farmingdale, Lonx Island, X.Y.

Commanding Officer
Naval Adroraft Modifisstion Untt
Johnsvilie, Pennsylvanis

Development Contract Offloer
General Blscirie Co.
Schenectady, New York

COGNYZANT
AGENCY

ALY

BUORD

Aay
BUAER
& BUORD

BUORD
& BUAER

BUARR
& BUORD

BUAER

ALY
ORD DEPT

BUORD’

BUAER

BUAER

ORD DERPT

BUGRD
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C. PRIME CONTRACTORS (Cont’d)

CONTRACTOR

Glenn L. -Martin Co.
Baltimore, MNMaryland
Attn: Mr. X. M. Voorhies

Glenn L. WMartin Company
Baltimore 3, Noryland
Attnt Mr. W. B. Bergen

Globe Corp.

Adreraft pivision
Joliet, Illinois

Attn:  NMr, J. A. Wesgle

Goodyear Adrcraft Corp.
Akron, Ohio
Attn: Dr. Carl Arnstein

Goodyear Alrcraft
Plant*n*

Akron 17, Obhie

Attn: Mr. A. J. Poterson

Grumman Afrcraft
Kngineearing Corp.
Bethpage, Long Island, N.Y.

Attn: Mr. William T. Schvendler

Nughes Adreraft Co.
Culver City, California
Attn: Mr. D. H. Bvans

Jet Propulsion lLaboratory
Califopnia Institute of
Technelogy (3 copies)

Keklex Corp.
Now York, New York

M. W, Xellogg Co.

Foot of pemforth Avenue
Jersey City 3, N.J.

Dr. 0. N. Messerly

Chairmen, MIY, OMC (2 copiea)

Project Msteor Offioe

Massschusstis Institute of
Yeshnology

Candridge, Ness.

Attn: Dr. N. G. Btever

MeDonnell Alreraft Corp.
St. Louis, Missouri
Attn: Nr. W. P. Nontgomery

North Americen Aviation Inc.
Los Angeles, California
Atin: Dr. Wa. Bollay

Northrop Afrevaft Inc.
Nawthorne, California

Princeton Univsrsity
Physice Department
Princeton, New Jersey
Attnt Dr. John A. Wheeler
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TBANEMITTED VIA COGRIZART
AGENCY
Ruresu of Aeronsutics Rep. BUAER
Glenn L. Martin Co.
paltimore, 3, Maryland
AAF
Inspeotor of Naval Materisl BUABRR
141 W. Jackson Blvd.
Chicago 4, Illinois
Buresu of Aeronautics Rep. BUAER
1310 Mamsillon Road
Akronm 1%, Ohio
AAPF
Burean of Aeronsutics Rep. BUAER
Orumman Afrcraft Engr. Corp.
Be thpage, L.I1., N.Y.
AAF
Officer-in-Charge ORD DEPY
Ordnance Research &
pavelopment Division
gub-office (Rooket)
California Institute of Technology
ranadeons 4, Californis
I[nspector of Neval Materisl BUORD
90 Church Street
New York 7, N.Y.
AAF
BUORD
Kavy Ordnance Resident BUORD &
Technioal Lisison Officer AAF
Massachusetts Institute of Technology
Room 30.C-1353
Cambridge 39, Macs.
Burvau of Aeronsutics Rep. AAF &
MeDonnell Alrsraft Corp. BUAER
#.0. Box 616
8t. Louls 31, Miseouri
Buresu of Aeronautios AAF
Resident Representative BUORD
Nunioipal Afrport & BUARR
Los Angeles 483, Calir.
AArF
Devslopment Contrsct Officer BUORD

Princeton University
Princeton, New Jeresy



C. PRIME CONTRACTORS (Cont’'d)

CONTRACTOR

Princeton University (3 coples)
Princeton, New Jersey
Attn: Project BQUID

Radio Corporation of America
Victor Divieion

Camden, New Jersey

Attn: Mr. 7. T. Eaton

Radioplane Corporation
Metropolitam Airport
Van Nays, California

Raytheon Manufacturing Co.
Waltham, Massachusetts
Attu: Mre. H. L. Thomae

Reevss Instrument Corp.
318 E. Plgt Bireet
New York 28, N.Y.

Republis Avistion Corp.
Military Contract Dept.
Parmxingdale, L.1., N.Y,
Attn: Dr. Willisam O'Donnell

Ryan Aeronautiocal Co.
Lindberg Field

Ban Diego 13, Caljifornia
Attn: Hr. B. T. Salmon

8. W. Marshall Co.
Shoreham Building
Washington, D. C.

Sperry Oyroscope Coe, Inc.
great Neck, L.I., N.Y.

United Aircraft Corp.
Chance Vought Airoraft Div.
Stratford, Conn.

Attn: Mr. P. 8. Baker

United Alrecraft Corp.
Ressarch Department
Bast Hartford, Connmn.
Attn: Mr. John G6. Lee

University of Michigan
AeTonsutical Research Center
Willow Hun Airport
Ipsilanti, Michigan
Attn: Mr. R. P. May

Pr. A. M. Kusthe

University of Southern California
Kaval Research Project,

College of Enginsering

los Angeles, Californis

Atta: Dr. R. T. DeVault

Iniversity of Texas
Defense Ressarch lab.
Aus tin, Texas

Attn: Dr. €. P. Boner

¥illys~Overland Motors, Inc.
Maywood, Calffornia
Attn: Mr. Joe Talley

TRAXBMITTED VIA

Commanding Offfcer

Branch Office

afrfice of Naval Reesarch
90 Chursh Street ~ Rm 1118
New York 7, hew York

Bursau of Asronsutice Rep.
Lockheod Airoraft Corp.
aA888 Morth Hollywood Way
Burbank, California

Inapector of Naval Materisl
Park Sguare Building
Boston 16, Mass.

Inepector of Naval Material
80 cChurch 8¢t.
New York 7, N.Y.

Inspector of Naval Material
401 water Street
Baltimore 3, Maryland

Inapector of Naval Material
90 Church Bireet
New York 7, N.¥X.

Bureau of Asronsutics Rep.
United Adreraft Corp.
Chance Vought Adroraft Div.
Stratford 1, Conn,

Buresau of Aeronautics Hep.
United Afrcraft Corp.

Prati & Whitney Adreraft Div.
Zagt Bartford 8, Coonn.

Bureau of pAeronsutics Rep.
18 South Raymond Street
Pasadens, Cslifornis

Devslopment Contract Offiosr
800 East 24th Strest
Austin 13, Texas

Representative~-in~-Charge, BUAER

Consolidated-VYultes Aireraft Corp.

Downsy, Californis

COGNIZANY
AUENCY

BUAER

ALY &
BUORD

BUAER

AAF &
BUARR

BUAER

AAF

AAF

BUARR

BUAER

ORD DEPT

BUARR

BUORD

AaF

BUAER

BUORD

BUAER




D.
(1)

COXTRACTOR

Xew Mexico Behool of Mines
Ressarch & Development Div.
Albuquerque, New Mexico

Nev Mexico Bchool of Agri-~
eulture & Mechanic Arts
State College, New Mexico
Attn: Dr. George Gardmer

New York University
Applied Mathematice Center
¥aw York, New York
Atitn: Mr. Richard Courant

Office of the Chief of Qrdnance
Ordnance Resesrch & Development
Division

Resesrch & Materiale Branch
Ballistics Sectiion

Pentagon

Washington 35, D.C.

Polytechnie Institute gf Brooklyn
Brooklyn, ¥ew York
Attn: Mr. R.P. Harrington

University of Minnesota
Minneapolis, Minnesota
Attn: Dr. Akerman

Asraojst Engineering Corp.
Axwmas, California
Attn: X.F. Mundt

Marquardt Airoeraft Co.
Venice, Californie
Attat DPr« R. E. Margquardt

Belmont Readioc Corporation
5931 west Dilcokens Avenuae
Chicago 39, lllinois

Atta: MNr. Harsld C. Nattes

Bandix Aviation Corp.
Eclipee-Ploneesr Divielon
Teterboro, New Jersey
Attn: Mr. R. C. Sylvander

Bandixz Aviation Corp.
Pacifio Division, SBFD West
North Hollywood, Calif.

Bendix Aviation Radio Division
East Jopps Hoad

Baltimore 4, Maryland

Attn: Mr. J. W. HSsmmond

Buehler and Company

%2607 Roward Bireet
Chicago 28, Illimnois
Attn: Mr. Jack M. Roehn

Commanding General
Army Alr Forces
Pentagon

wWashington 38, D.C.
Attnt AC/AS-4, DRE-3F
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COMPONENT CONTRACTORS
ARRODYNAMICS & BALLISTICS

TRANSMITTRD VIA

Development Contract Officer
New Mexico Bchoosl of Mines
Albuguergue, New Mexico

Development Contract Qfficer
New Msxico Bchool of Mines
Albuquerque, New Mexico

Inspector of Xaval Material
90 Chureh Street
New York 7, New York

Inapector of Naval Material
90 Church Streest
New York 7, New York

Inspector of Naval Materisl
Pedersl Bldg.
Milwaukee 3, Wis.

Buresau of Aeronsutics Rep.
18 South Raymond Street
Pasadena, California

Bureaun of Aeronautics Rep.
13 Bouth Raymond Street
Pasadena, Californis

———————

(2) GUIDANCE & CONTROL

Buresu of Aeronautics
Resident Representative
Bendix Aviation Corp.
Tetsrboro, New Jursey

Development Contract Gfficer
Bendix Aviation Corp.

11600 Sherman Way

Nor th Hollyvood, California

COGNIZANT
AGENCY

BUORD

BUORD

BUARR

ORD DEPY

BUAER

BUORD

BUAER

BUARR

ALY

BUAER

BUORD

AAR

AAF

AAF




D. COMPONENT CONTRACTORS {Cont’d)

CONTRACTOR

Consolidated-Vultee Alrcraft
Corporstion

San Diego, Californis

Atta: Mr. C. J. Breitwieser

Cornell University
Ithacs, New York
Attn: MNr. Willisam €. Ballard, Jr.

Director, U.8. Navy Electronics
lAaborstory,
San Disgo, Californis

Rleetiro-Mechanical Research
Ridge Field, Connecticut
Attn: Mr. Charles B. Aiken

Farpsworth Television and Rsdio Co.
Fort Wayne, Indians
Attn: ¥r. Jy D: Schantz

Federal Telephone and Radio Corp.
200 jNt. Plesasant Avenme

Rewark 4, New Jersey

Attn: Nr. E. N. Wendell

Galwin Manufacturing Corp.
4548 Augusts Blvd.

Chicage 8, Illinois

Attn: MNr. G. R. MacDonald

Ge. M« Gilapnnini end Co., [nc.
283 west Colorsdo 8¢t.
Passdens, Cslifornia

gilfillan Corp.

181051849 Venice Blva.
Los Angeles 6, Californis
Attn: JNr. 0. K. Niles

Hillyer Engimeering Co.
Hew York, New York
Attn: Mr. Curtiss Hillyer

Kearfott Enginesring Co.
New York, Neaw York
Attn: Mr. W. A. Resichel

Lear Intorporated

130 Tona Avenue, N.W.
Grand Repids 2, Michigan
Attn: Mr. R.M,» Mook

Mamufacturers Machine & Tool Co.

320 wsshington Street

¥t. Veranon, N.Y.

Attn: Mr. L+ Kenneth Mayer,
Comptroller

NMinnespolis-Honeywell Mfgr. Co.

2763 Fourth Avenue

Minneapolis B8, Ninnesota

Attn: Mr., W. J. McGoldricek,
Yice-President

Ohto State University

Research Foundation

Columbus, Ohio

Attn: Mr. Thomas K. Davis,
Staf?f Assistant

{2) GUIDANCE & COKTROL
TRANSMITTIED VIA

Bureau of Aervonsutics
Representative,
Consolidated~-Vultee Adreraft Corp.
San Diego, Californis

DCO, Applied Physics ladoratory
Johuns Nopkins University

8821 Jeorgia Avenue,

Silver Bpring, Maryland

Buresu of Asronautics Rep.
18 South Rsymond Bt.
Pasadens, Cslifornis

Inspector of Naval Materisl)
80 Church Btreet
New York 7, Xew York

Inspector of Naval Materia)
00 Churech Straet
New York T, New York

COCNEZANTY
AGEXCY

BUAER

AAr

KAYY

AAr

BUOARD

AAF

AAF

BUAER

ALY

BUAER

BUAER

AAF

AAF

AAF
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D. COMPONENT CONTHACTORS (Cont'd)

CONTRACTOR

Haller, Rsymond & Brawn

P.0. Box 342

State College, Pennaylvanias
Attn: Dr. R. C. Raymond, Pres.

Office of Chiel Signal Officer
Engineering & Technical Services,
Engineering Division

Pentagon

Washington 28, D.C.

Raytron, Inc.
200 E. Washington Avenue
Jackson, Miahigan

Attn: Mr. John K. QGelrer, Vice-Pres.

L. N. Schwein Engineering Co.

8736 Washington Blivd.

Los Angeles 16, Cslifornis

Attn: L.M. Sochwein, Oeneral Partner

Senior Naval Liajson (fficer

UsB. Naval Electronic Lisison Offfce
S8ignal Corps, Engineering Laborsatory
Fort Monmouth, New Jersey

SBervo Corporation of America
Huntington, L:I., Nsw York

gquare D Co.

Kollsman Instrement Division
Elmhurzt, New York

Attn: Nr. ¥. E. Carbonara

Stromberg-Carlson Company
Roohester, New York
Attn: Mr. L.L. Spencer, Vice-Pres.

Submarine Signal Company
Boston, Wasesschusetts
Attn: WMr. BEdgser Horton

Bummers (Gyrosoope Co.

13100 Colorado Avenue

Santa Monica, Californis
Attn: Nr. Tom Bummers, Jr.

8ylvania Klsctirio Produots Inc.
Flushing, Long Islend, N.Y.
Attn: Dr. Robert Bowie

University of Illinois
Urbana, Xllinois
Attn: Nr. H. B. Cunningham, Beo.

University of Pennsylvanis
Noore Bchool of Electrical Engr.
Philsdelphia, Pa.

University of Pittsburgh
Pittavtmrgh, Pennsylvania
Attnt Mr. E. A. Holbrook, Dean

Universtty of Virginia
Physice Department
Charlottesville, Virginias
Attn: Dr. J. W. Beans
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{2) GUIDANCE & CONTROL

TRARSMITTED VIA

Inspector of Naval Naterial
90 Church Btreet
New York 7, Nevw Ybrk

Buaressn of Aeronsutics Rep.
90 Church Street
New York 7, New York

Development Contract Offjicer
Massachusstts Institute of Technology
Cambridge 39, Massachusetts

Inspestor of Naval Material
90 Churoh Btrest
New York 7, New York

Commanding Officer
Naval Atfrcraft Nodifieation Unit

Johnsville, Pa.

Development Contraot Officer
University of virginie
Charlotteeville, Virginia

COONLIZANTY
AGENCY

AAF

ORD DEPT

AAF

AAF

WAVY

BUAER

BUARR

AAF

‘BUORD

BUORD

AAF

BUAER

AAF

BUORD



D. COMPONENT CONTRACTORS (Cont'd)}

{3} GUIDANCE & CONTAOL
CONTRACTOR TRAXSMITTED VIA

Washington University
Resesrch Foundation

8138 Porsythe Blvd,,
Clayton 5, Missouri
Attnt Dr. R G. Hpencer

Wes tinghouse Xlectric Corp.

Hpriagfield, Masssachusetts

Attng J.E.B. Hars, Vice-Pres.
{Daytos Office)

Director of Specialty
Products Development
Whippany Radio laboratory

Whippany, X.J.
Attnr Mr. M.E, Cook

Zeanith Radio Corporation

Chicago, Illinots

Attnz Mugh Robertson,
Executive Vice-Pres.

{3) PROPULBION

Aerojet Enginsering Corp. Puresu of Asromautiocs Rep.
Azuss, Californis 15 South Raymond Street
Attn: X.F. Hundt Pasadena, Calitorais

Avmour Research Foundation
Technieal Center,

Chicago 18, Xllinois

Attn: Mr. W. A. Casler

Arthur D. Little, Ine.
30 Memorial Drive,
Cambridge, Mass.

Attn: NMr. Helge Holst

Battelle Memorial Institute
805 Zing Avenue

Columbus 1, Ohio

Atta: Br. B. D. Thomas

Bendix Aviation Corp. Development Contract Officer
Peaoific Division, SPD West Bendix Aviation Corp.
N. Bollywood, Calsf. . 11800 Shaerman Way

N. Nollywaod, Cslif.

Bendix Products Divisioa
Bendix Aviation Corporstion
401 Bendix Drive

South Bend 20, Iadiana
Attn:  Mr. Frank C. Mock

Conmanding Gensral
Army Air Forcea
Pentagon

Washington 38, D.C.
Attnt AC/AB-4 DRE-3E

Cenmanding Qeneral

Air Materiesl Cemmand

Wright Field Dayton, Ohio

Attn:  TESEPP-4D(3) TBEPP-4A (1)
TBEPP-BA (1) TSEPP-BC(1)
T8O0RE- (1)

Conmmnding Qfficer
Picatinny Arsensl

Dover, New Jsrsey

Atta: TYechnical Division

COOXIZANY
AGXNCY

AAF

AAF

ORD DEPT

AAF

BUARR

ORD DEPT

ORD DEPY

AAF &

BUARR

BUORD

AAP
BUORD

AAF

ORD DEPT
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D. COMPONENT CONTRACTORS (Cont'd)

CONTRACTOR

Commanding Officer
Watertovn Arssnsl

Watertovn 72, Masssachusetis.
Atitnt Laborstory.

Continental Aviation and Engr. Corp.
Detroit, Michigan

Curtiss-Wright Corporation
Propeller Diviaion
Caldwell, New Jeraey

Attst Mr. C. W. Chilleson

Experiment, Incorporated
Richmond, Virginis
Attny Dr. J. W. Mullem, I

Fairehild Airplane & Engine Co.
Ranger Afroraft Engines-pDiv.
Farmingdale, L.I., New York

guneral Motors Corporation
Allieon Division
Indianapolis, Indiana
Attnt Mr. Ronald Hazen

6. M. O\Aannini & Co., Inoc.,
RA8 W. Coloradc St.
Passdona, Californis

Bercules Powider Co-
Port Even, N.Y.

Marquardt Adrcraft Company
Venice, Csliformia
Attay Dr. R. E. Margmardt

Menssco Mamufacturing Co.
808 E. dan Fernando Blvd.
Burhank, California.
Attnt Robert R. NMiller
Exes. Vice~Pres.

New York University
Applied Mathematice Center
¥aw York, New York
Attm: Dr. Richard Courant

Office of Chisf of Ordnance
Ordnance Research & Development Div.
Rocket Branch

Pentagon,

Washington 35, D.C.

Polyteochnic Institute of Brooklyn
Brooklyn, Nev York
Attn: Mr. R.P. Harrington

Purdue University
Lafayette, Indiana
Attn: MNMr. G. 8. Meikel

Resction Motors, Inc.

Lake Denmark
pover, New Jarsey
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{2) PROPULSION

TRAXSNITTED VIA

Buresun of Aeronautios Rep.
11111 Franch Road
Detroit 8, Michigsn

Development Contraot Officer
P.0. Box 1T
Richmond 8, Virginias

Bureau of Aeronsutics Rep.
Bethpage, L,X., N.¥Y.

Bureau of Aeronsutics Rep.
Genera) Motors Corporation
Allison Divieion
Indisnapolis, Indiana

Inepector of Naval Material
90 Churah Htreet
Xew York 7, New York

Bureau of Aeronautics Rep.
15 South Raymond Street
Passdons, Califormia

fnspector of Naval Material
80 Church Street
New York 7, Mew York

Inspesctor of Naval Materisl
90 Church Street
New York 7, Nsw York

Inspsctor of Kaval Materis)
141 W. Jeckeon Blvd.
Chicago 4, Illinole

Buresu of Aeronautics
Resident Representstive
Resction Motors, Inec.
Neval Ammunition Depot
Lake Denmark, Dover, N.J.

COGNIZANTY
AGENCY

ORD DEPT

BUAER &
AAF

ALY

BUORD

BUAER

BUAER

AAF

BUORD

ALY
BUAER

AAF

BUARR

ORD DEPT

BUAER

BUAER




D. COMPONENT CONTRACTORS (Cont’'d)

CONTRACTOR

Renssslaer Polytechnio Institute

Troy, New York

Attn: JXnstructor of Naval 8Sefence

Bolar Aircraft Company
San Diego 13, California
Attn: Dr. M.A. Willianmaon

Standard 011 Company
Esso Labhoratories
Elizabeth, New Jersey

Univorsity of virginia
Physaiecs Department
Charlottesville, Virginias
Atitn: Dr. J. W. Beams

University of Wisconsin
Madison, Wisoonsin
Attnr Dr. J.0. Hirschfelder

Westinghouse Rlectric Co.
Essington, Pennsylvania

Wright Aeronautical Corp.
¥oodridge, New Jersey

Bethleham Steel Corp.
Shipbuilding Division
Quiney 68, Mass.
Attn: Mr. B. Pox

(3) PROPULS ION

TRANSHMITTED V1A

Development Contract officer
Stendard 01l Company

Esso laboratories, Box 343
Elizabeth, New Jersey

Development Contract Officer
University of Virginis
Charlottesville, Virginis

Inspector of Naval
Ksterial,

141 W, Jeackson Plvd.
Chicago 4, Illinois

Buresu of Aeronsutios
Resident Representative
Westinghouse Bleotric Corp.
Essington, Pennsylvanis

Buresau of Aeronautics Rep.
¥right Aeronsutical Corp.
Woodridge, New Jersey

BSupervisor of ghipbuilding,
Guinoy, Hass.

COGNIZAXRT
AQENCY

BUORD

ORD DEPT

BUORD

BUORD

BYORD

- BUAERR

BUAERR

BUAEK
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