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SUMMARY

A theoretical invegtigation has been made of
the possibility to apply the properties of elliptically
polarized waves for the attitude control of space vehi-
cles,

Three different ways of applying electroma~
gnetic radiation has been discusged »

The first one employes an antenna placed on
a space wvehicle , and radiating with circular polariza-
tion . A reaction torque turns out to be applied to the
vehicle

The second one makes use of the the torque
experienced by a receilving antenna , placed on the
vehicle , when a ground station radiates towards the
vehicle . The third one is based on the simultaneous and
tuned emission of radiation from an antenna located on
the vehicle and a ground antenna.

A comparison between the torque which can be
obtained and the torques necegsary to the control of the
attitude of a gpace vehicle in actual situations shows
that the firgt procedure can have pratical importance,
while the torques obtained by means of the second and

third procedures seemr to be too weak.
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LIST OF THE SYMBOLS

resulting momentum of a distribution of charges
electromaghetic field vectors

density'of electromegnetic energy
characteristic impedance of the free space
Poynting vector

angular frejuency of the waves

wavelength

torque acting on a radiating antenna

electric curyent

power railiatsd by an antenna

power abgorbed by a receiving antenna

power scattered Ly a recelving antenns

power radiated by a satellite's antenna

powef radiated by a ground antenna

gain of the ground antenns

power absorption (or scattering) cross sesction
of a half-wave antennsa

moment of inertia of a gpace vehicle about a
given axis

moments of inertia of a space vehicle about the

roll, pitch, yaw axes respectively

torques applied to a space vehicle about the roll
or pitch axes respectively, due to the gravitatico-
nal gradisnt

eccentricity of the orbit of an earth's satellite
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mean orbital angular velocity of the satellite
torque‘applied to a space vehilcle due to inertial
reactions

spin velocity of a spin stabilized space vehicle
torque applied to the wvehicle, which tends to slow
down the gpin velocity

golar radiation pressure

torque applied to a wvehicle due to solay redia-
tion pressure

control torque applied to a space vehicle

time necessary for a space vehicle to change its
attitude by an angle v, under the action of the

control torgue Tc

aerodynamic pressure
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INTRODUCTION

The control of the attitude of a epace vehicle is of
great lmportence in many cases . For instance high directivity
antennas can be uged on communications satellites only if the
gatellite, or the parts containing the antennas, can be suite-
bly oriented.

The case where the power to he uged by the wehicle
comes from solar cells, placed on paddles to be direected
towards the sun, or from golar thermal devices, which require
large mirrorsg *to concentrate light on sn zbeorher, ig snother
example of the mnecesgity of attitude contrel. In ftheze cases
the requested accuracy cen he of the order of one degree .
However in the case of some satellites for scientific Tresear-
ches the accurscy required is much higher . For example the
0.A.0. project provides that the gsatellite must keep its
attitude fixed in en inertial Lrame of refevence , within an
angle of a tenth of gecond of arc:

Two kinds of problems arise : the problem of usging
a suitable gensor in order to get information shout the étm
titude of the vehicle , and the problem of applying a torque
to the vehicle , in order to correect its attitude.

There sre a mumber of different sttitude sensors,
hased on the use of photoecells gengitive to vigible or
infrared light , of gyroscopes, of magnetomeiers, of tele-
gcopes capable of determining the direction of a ghtar with
a great accuracy . On can always find a device sufficiently

accurate for his purpose .



The attitude control can be effected by several
methods, which are generally divided into two classes,naumely
by pessive and active methods , In the first case the control
is obtained without an expense of power ., An example of this
case are the gpin stabilized satellites. A passive stabiliza-
tion can be also obtained by means of the actions of the gra-
vitational gradient on vehicles of elongated shape, or by means
of the earth's magnetic'field acting on magnetic bars located
in the vehicle .

The active methods consist in the application of
a torque to the vehicle with expense of gome power.

Many methods for applying a torque to a space vehi~
cle have been uged or proposed such as (x) : emigsion of gas
jets , controlled motion of indipendent parts of the wvehicle
(rotating wheels), plasma emigsions, excitation of currents in
coils interacting with the earth!s magnetic field , changes
of the mass distribution within the vehicle (effect of the
gravitational gradient), use of movable solar sails and
rudders.

The torques achievable with the different methods
mentioned turn out of different order of magnitude. Thus when

a quick maneuver of a vehicle is pecessary , the emission of

(*) see for instance Ref.1

72nm



gas jets is congidered to be the most suitable device,because
of the lsrge value of the torque obtainable. In other cases
however very weak torques are sufficient, for instance when
the attitude of a vehicle must be kept stable against the
action of small external forces.

The objeet of this research is a discussion of a
method based on the uge of elliptically polarized electroma—
gnetic waves., Such waves have the property to carry angular
momentum about the direction of propagation. )

This propexrty was first derived from theoretical
congsiderations by Sadowsky (2), Epstein (3); and Poynting (4).
Later it receilved experimental proof hy Beth (5).who uged
vigible light , and by Carrara (6).who uged microwaves.

Three different ways of employing electromagnetic
radiation for the attitude contrdl of a space vehicie will be
discussed in this repoxrt, and will form the subjects of the
first, second and third sections regpectively. The first
is an active method, the second s psssive method, the third

a mixed method.
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1 - REACTION TORQUE ON A RADIATING ANTENNA

1.1 - General remarks

In the present part of this report we will discuss the
possibility of employing the torque,experienced by an antenna
placed on a space vehicle,to control the attitude of the venicle.

Firat,a formula will be derived for the caleculation of
the flux of angular momentum through a sbhoiicél sﬁﬁface.This
formula will then be applied to the evaluation of the torques
acting on the antennas, In the sequel such torques will be indi-
cated as "electrohagnetic torques'’' .

Consider a radiating antenna,which for gimplicity will
be assumed to be a point source,located at P. It is possible for
the electromagnetic radiation iesued by the antenna to have an
angular momentum about P. This can happen when the radiation is
elliptically polarized. In this case it is evident that the an-

tenna must be subjected to a reaction torque.

1.2 - Flux of sngular momentum through & spherical surface

containing charges and currents .

Let V be a region of space in which charges and cur-
rents are present,and QdV the momentum of the charges contained
in a small volume dV. Let S be the Poynting vector and T the
Maxwell's tensor defined as :

T=ED+EB-UY



where E, H are the electric and magnetic field vectors, D, B
are the electric and magnetic induction vectors.WUis the

density of electromagnetic energy :
1
W =3 (BD+ HB)

and U is ‘the fundamental tensor of the Euclidean space,

whose components are :

=0 if ( _ 4 =
=0ifl#m , 0, =1ifl=m

o™

[N

Ulm = 1m i 1m

By taking into account the action of the field on the charges

and currents, it is possible to obtain the following rela-

tion (') :
6 _ o (s .
(1.2—1) -5%’ = - 6--_5 (Vé) + div ’T_

where v is the velocity of the electromagnetic waves in the
medium. For the angular wmomentum of the charges with respect

to a certain fixed point O, one obbains from (1,2-1):

(1.2-2) %% (QArx) = - %%(iﬁ%)" (div P)a r
v

where r denotes the radius vector of the point of interest with

respect to O.

(') see for instance:Ref.7 p.78



The total angular momentum of the charges will be

given by:

( 1.2- 3) T Q,\;’_ av o= - o ""w'-;z av + (dlv E)A r 4av
\ v N |

Since the following relation is valid for a dyadic u v

(see Appendix 1)

(1 2-4) [div (u z)}m = div[(yz-:) V= uAY

the last integral in (1.2-3) can be written as :

(1.2-5) (div T)axr av = | div [(EAQ) é}dv +
v '
+ div[(EAg) gﬂav + | (aivUUaz av
\'i v
If the region V is spherical with ity center at 0, it is
possible to demongtrate that the last term of Eq. (1.2-5)

is zero (gee Appendix 2). Thus, by applying the divergence

theorem, one has :



o / 0 §__Ar av
= 3 )

+ |(E.n) Daz a2 + |(H.n) Bar 41

b3 z

where n is the outward normal to the surface I containing V.
The expression:

[

B
= 55/9@-‘1"
v

is the resulting moment, with respect to 0, of the electroma-

B

gnetic forces applied to the charges in V.
If E, H, D, B are oscillating functions of constant

amplitude, the time average M of m is:

(1.2-7) E = 5 Be |(E%.n) Dar af + 3 Re | (H%n) Baz aZ

b b

where the asterisk % denotes the complex conjugate quantity.

The time average of



is in fact zero . Some situations can occur , in which M is

different from zero .

1.3-Torque on two crossed dipoles in guadrature

As a first simple example let us congider the case
in which the antenna is formed by two elementary dipo.ies ,
perpendicular to each other (Fig.1-1).The currents, assumed
to be uniform across both dipoles, have equal amplitudes. and
their phases differ by g .

The antenna is assumed to be placed in the vacuum,
far from other bodies . Thus the field of the antenna, in the
region congidered for the following calculations, can be agsu-

ned as being undisturbed by the presence of other Bodiea .

?‘Tpole 2 Yy

All elements of dipole 1 will be lsbelled by the
index 1, all elements of dipole 2, by the index 2. Dipole 1



ig assumed to be oriented along the z azxis (unit vector k) of
a rectangular coordinastes system, whose center ig placed at
the point O where the dipoles cross each other . Dipole 2
is oriented along the y axis (unit weetor j) -
The currents of the two dipoles will be represented
by
I, = Ieimt

(1.32-1)
iwt
2

I, = 11
2
where i is the lmaginary unit .
Let us congilder two systems of polar coordinstes:

0t Po1 voth with thelir originm at 0 and with

the polar axes aleng the z and y directions respectively (gee

Ty 0y, 40 and r, &

Fig.1-2).Let I represent a spherical surface with center st O
and radius v . The antenna radiates with circular polarization
in the direction x . The reaction torque applied to the antenna
can be evaluated, by means of (1.2~7) , by calculating the flux
of angular momenium through the surface I .

It is zeen at once that in this cage the expregsion :

3 Re b | (B )z d2

&
which appears in (1.2-7) vanishes, becenges the magnetic

field vector is tangent to the surface & . Thus (1.2-7) can de



Fig.1-2

Polar coordinates r, 91, 9y and r, 02, Qo

i 1017 i¢1 are the unit vectors of the reference system 1, and

102’ i¢2 are the unit vectors of the reference system 2.

- 10 -



written as @

1 wE
(1.3-2) W = 5 Ree |(E.pnjkAr d2

e

b
%
La

and the component of M along the x axXis is:

az

I

Re £ | (E"on) Brx.d

ol

(1.33) b8
)
If Eg and Er represent the transversal and radilal components

of B, and s denotes the common length of the dipoles, one has,

apart from terms of the order 1/&3,

By = EBpnt Bl
2 1s i(wb-kT)
(1.3-4) B, = 5= =3 cos@, e
T
_ . 2% Is i(wt-kr)
E1Q -4‘2 i sen@1 e

- 11 -



Bp = By B+ By i,
_ 12 Is i(wt-ke)
(1.3—5) EZI' = QE ;2 00802 e
_ Z1g i(wt-kr)
By = - 3 3gsend, e
Putting E = _121 + f‘.._z s one has:
* # = * %
(1.3-6) E.n = (E ¢+ Ej)en = E, +E,
besides :
(1.3-7) EAn = (B +Ejan = - B gL, =Tl
r = rn
Thus (1.3=3) becomes:
& # #
(1.3-8) ldx = - 5= Re (E1r + E2r)<E1O}~cp1 + EZO}WQ_)'E:r aZ

b)

From Fig.1=2 one has:

- 12 -



f
]

- sinq),]

(1.3=9)

I
|

- sincp2

Hence, with the substitution 4l = rde, (1.3-8) becomes:

*

* : .
et E2r)(E1an.ncp1 + E2031n¢2)d9

(1.3-10) U = -3-- Re (E

where the intezration is over the whole solid angle 4w,

By means of Eg.(1.3~4) and (1.3-5) one has:

2

e 2

o] 252
§

(~cos0,sin0, sing, + sin@, cosO sing,)dQ

2
Q

From Fig.1-2 one can find

cose, = sinq>,1sin01

C(1.3-12)

cosO1 = - 51n¢231n02

-13 -



Hence (1.3-11) becomes :

o /2 .
&% 2 2 2
(1e313) mx = m Is gin p dp 3‘.’&.11.30 ae =
0 o]
2

P o g3t :
R v S T w

It is seen that the components My and MV of ¥ are equal %o mero.
since their expressions, corresponding to the (1.3-13), are of
the form:

2xn /n

sing cosgp dwj gindo dae

0 /o

The power W radiated by the two dipoles is given by:

1 I%°
(1.3-14) W Wy W)= g b @

By comparison with (1.23-13) one obtains the relation between the

radiated power and the torcue epplied by reaction to the

antenna:
W

The torque X is directed along the normal to the plane of the

- 14 -



dipoles.

the antenna tends to rotate in a direction opposite
to that of the positive (or negative) charges at the end of
the dipole.

it is interesting to note that result (1.3-15) is
exactly the same as one would get in the case of a plane wave
with circul.er polarization , although in our case the polari-
zation is perfectly circular only in the x direction . The
apparent paradox can be explained by cornsidering that in our
case a non wvanishing contribution to angular momentum comes
from the radial component of E, which combined with the
tengential component of H, gives rise to a tangential momen-

tum .

1.4 - Torque acting on a turnstile antenna.

The calculation of the preceding section will now be
extended o the case of a turnstile antenna placed in the va«
cuum and far from other material bodies . The antenna is
congtituted oy two half-wave dipoles fed with currents of equal
amplitudes and in quadrature . The arms of the antenna are as-
sumed to We infinitely thin, and the currents to have a sinusoi-
dal distribution . With reference to Fig.l+~3 we will write:

- 15 -



~ _ dntenna 2
_/'\\

R ~
Lantennal ™

Fig.1-3

Reference systems x, ¥y 2§ Ty 01, 995 T 02, P for the
turnstile antenna, formed by the two half-wave antennas

1 and 2.
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I, =1 cos(kz)elwt

(1.4-1)
iwt 2%

12 = i I cos(ky)e o k= T
with a notation analoguos to that of the preceding sections.
Eq. (1.2-7) will be used for the evaluation of the torque
acting on the antenna.

The expressions of the electric fields are (1)

Ey = B2+ By
A% S i(wt-kr)
(1.4-2) ETr = 8;;2 Sln(-é 00801) e
=
. 12T cos(-écoso) ei(wt-kr)

16 * %7 TTTRIER, T

E.=E.n + E

2 2r— 20"02
- 22TA i(wt-kr)
(1.4-3) E2r -é;--z sin (-2 co 50,2)e

E _ -3l cos(,zcost) | ei(wt—kr)
2R ""Einb“'

(') See Ref.8, p.528

- 17 -



With:

E =B, +E

¥ * ®
I_B_.zx_-Eu'a-Ezr
Ean = B

+E i )r al

3 0 ™ .
(1.4-4) U= - 5 Re (Efr + E2r)(E103¢1 20~y 2

z

because the megnetic field vectors are tangential.
Substitution of (1.4-2) and (1.4-3) into (1.4-4) gives:

£ ZZIZA

_ o 1 ‘ T ) n
(1.4~5) M= —3;;2-—-Re ;zsin(écosOJ -1 sin(zcosO?) X
Z

. T 1
X i c03<?cos01) . cos(ﬁcosog)

- e pm———e bX
sIn@ 777 S sinU2 5¢2 a

or also:

- 18 -
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€ 2.2
021

1 sin(; cosoz) cos(g 00501) sin(g cosO1)°°§<-g cost) dZ
. . 1 ,

- 1 - - b vt
r? “p1 51n0,1 =92 s:mnz

By taking into sccount (1.3-9), with the substitution 4f = r2dQ

one obtains:

€ 2 2
(1.4"7) H = M.i = —9-—2 I A )(
x 32n

sincp1sin(;cosoz> cos(;cog01) simpzsin(;coaO’) cos(;cong o
T ' ' ‘ d

. ain® 1 8in 0

Q

where the integration is over the whole solid angle Q = 43.
By intx{oducing‘ (1¢3=12), Eq.(1.4~7T) becomes:

e 22 2 sing si.n(;l sing sinO)cos(;oosO)
(1.4-8) X_= .2.2 1° ‘ ‘ aQ
X 46m 8ind

which gives:

- 19 -



o T
ZA 2n J(%sin@) co.s(;coso) daQ

0

€ 2

]
16m

By using the following formula, whoge demonstration will be

given in Appendix 3 ,

n

(1.4=10) J1(El $inQ) cos(B cosP) ae

: cos<\’,a2 + B?')
0

from (1.4=9) one has (a = 8 = n/2):

.
J1G§ sinG)cos(z-; cosO) aQ = - % cos(g(é)f - % 0.605699
J
Hence eq.(1.4=9) becomes ;
eo‘z2 2 1 2.2
(1.4=11) M = S, I°A 0.605699 = p- = I° 0.605699

2n

By introducing the radiation resistance of a half-wave component,

- 20 -




given by (1)

(1.4=12) R = %‘. 2.43765

and the power radiated by the turnstile antenna, onc

obtains , recalling that W = IZR,

| A W
(1.4~13) M =0.99% -

The calculation of the torque applied to the antenna
has been performed algo in another way , namely. by taking
into account the mutual actions between the currents and the
charges on the four arms of the antenna. This second way is
longer and more complicated than the one described above, and
the calculations are shown in Appendix 4. Here only the results
are given, which were obtained by the use of some approximations.
The wvalue for Mx is
¥

Mx = *0.98 =

(*.) see for instance Ref.8 p.148 Eq.(16)

- 21 =



Though the result is not exact , this procedure may
be more convincing since it is a direct physical approach .
It is seen at once, by considering the mutual forces

between charges and currents, that the x and y components of M

)

are equal to zero .

1.5 = Application to the atiitude control of space vehicles.

Eq. (1,4-13) of the preceding section shows that the
reaction torque applied to a turnstile antenna;assumed %o be
igolated in the vacuum,; is proportional to the radiated power
and inversely proportional to the frequency . If a turnstile an~
tenna is placed on a vehicle, as shown in Fig.1-4, the whole

vehicle is submitted to & torque , when the antenna radisates.

Fig*'!"'q'

- 22 -



Let us see how this source of torque lends itself to
be applied to the control of the attitude 6f the vehicle.

First the value of the torque which can ve obtained , will be
congidered .

Eq.(1+4..13) was derived with the assumption that
the far field of wne turnstile antenna was undirsturbed by
the presepce of other bodies. If the gize of the vehicle is 80
small, in comparison with the antenna,that the far field of the
antenna is not greatly modified, the value of the torque‘can'be
assumed to be given by (1.4-13).

In order to obtain numerical values, one must know
the level of the electric power available on a space vehicle .

Up to now, solar cells or chemical batteries have
been used as power sources on space vehicles. In one case &
muclear thermo-electric generator hag been employed.

From the data reported in the literature , it seems
that the case in which the highegt level of power was used, is
that of the Courier (1960 v) 1 B : 225 watts were aﬁailable for
the transmission to ground stations. The power was supplied
by storage batteries , charged by a system of 19152 solar cells,
capable of a continuous power of 60 watts. '

For the Nimbus, the meteorological satellite which
was gscheduled for the end of 1962, the power available from
batteries, charged by solar cells, was planned to be 250 watts.

In the other cases reported in the literature, at
most some tens of. wAtts where uséd,

The forecast is that , in the. future , the electric

- 23



power necessary for space misgions will be much higher. A
communication satellite for broadcast service would need
approximately 1500 watts of power , 50 XW of power have
been indicated for a television transmitter (10) .

Snyder (11) indicates that tems of KW will be neces-
sary for Space Stationg ,hundreds of kW for manned satellites
of long life, and up to 20 MW in gome cases of big manned and
wanev=-rahle vehicles. '

Therefore éé%eral methods of producing electric
power sre under study, in addition to those which have been
already aspplied.

Solar cells could give power up to some ¥W, though
they are not-considered convenient for power higher than some
hundreds of watts.,

Solar thermoelectric and thermoionic system are being
studied, where a mirror concentrates solar energy on an ab -
sorber, in order to heat a junction of a thermocouple , or the
cathode of a thermoionic wvalve.

With these systems, it gseem possible to achieve power
levels up to 25 ¥XW, .

Solar energy can be algo employed to feed a turbo-
engine by means of mirrors concentrating the solar heat. This
system is indicated for power of some tens of kW. As an example
of the weight of these systems, one may mention a project,under
study at the Sunstrand Denver Corporation (12) , for a solar
turboelectric engine of 15 ¥W , having a weight of 820 1b .
It ig forseen that such a weight/power ratio of 55 1b/kW, can

- 24 -




be lowered to a value of 20 1b/kW, by improvement of the tech-
nigue .

Nuclear energy is considered sultable for producing
electrical power on a space vehicle. The satellite Transit IV A
used a source of power, congisting of a thermocouple, whose
hot junction was placed in a small reactor containing Pt 238.
This device delivered 2.7 watts and its weight was 2.1 Kg. .

Several systems based on nuclear energy are under
study. The availability of the three units: SNAP 10, SNAP 2,
SNAP 8 is expected for the years 1963-65. The three systems,
will provide 300 watts, 3000 wattg,35000 watts, respectively,
with weights of the units of 300, 600 and 1500 1b (13)

The availability of the system SNAP 50, delivering
300 xW, is forseen for the jear 1970 (14) .

From Eq.(1.4-13) it is seen that the torque, which

.

can be obtained by placing a turnstile antenna on a vehicle,
is proportional to the wavelenzth A . If a good electrical
efficiency is desired , an upper limit for A is set by the
dimensions of the antennas which can be placed on the vehicle.
The longest antenna placed on a gpace vehicle, up to now, is
the 150 ft. radio antenna of the Canadian satellite Alouet-

te (1%

tennas were much smaller , of the order of one meter.

+ Generally +the dimensions of the satellite an-

Table I , calculated by means of (1.4-13) , gives
the torques which can be obtained, with power up to some kW,
and antennas capable of radiating with wavelenghts up to
100 m.
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TABLE I - Values of the electromagnetic torques M

M = 5,3 WA, where N is given in ergs,W in kW,A in meters.
W (W) K (ergs)
A=5n A=10m A = 20m A=100m
0.1 | 2.65 5.3 10,6 53
1 26,5 53 106 530
5 132.5 265 : 530 2650

The torques requested for the attitude control of
the vehicle vary largely according to the type of wehicle,
the mission to be performed and the particular period of its
activity =

Firgt the principal causes , which can disturb the
attitude of a stabilized vehicle , will be considered .

The principal disturbing actions to be taken into
account are the following :

Gradient of the gravity
Inertial reaction forces
Barth's magnetic field
Solar radiation pressure
Neteorites impact
Atmospheric drag

Motion of internal parts
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These actions will be discussed one by one, in the

following sections.

1.6 ~ Gravitational gradient and inertial reaction torguesg

a) Gravitational gradient.

A torque ig exerted on a vehicle of non spherical
mags-symmetry in the proximity of bodies of great mass. This
action occurs when the axis of minimum moment of inertia of the
vehicle is not directed towards the center of gravity of the
attracting body. In the cage of an earth's satellite, this
gives rise to torques Gp and G about the pitch and roll axes (')

r
. 6
and their values are given by (1 )

G = } w2 AK  9in20Q
2 o0 P P

(1.6-1)

[}
]
[N T

w? AR §in20
(o} r r

where AKD, AKr are the differences hetween the moments of

(') Por earth centered references, gsnerally pitch axis indicates
the axis passing through the center of mass of the satellite and
normal to the orbital plane . The yaw axis in the axis directed
along the vertical direction.The roll axis is the axis normal

to the preceding iwo.
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inertia about the pitch or roll axes and the moment of inertia
about the vertical direction. Op and Or are the attitude de-
viation angles from the stable direction, in pitch or roll .
0w is the mean angular orbital velocity .

In the case 8 = © 45° and DR = MK = KK,
the expression G/AK = GP/AKP Gr/AKr has been evaluated, as
a function of the altitude . The results are reported in
Table II.

r

TABLE II - Gravitational torque G/AK
Altitude (km) G/AK (3/xg m2)
200 2.1 10~°
400 1.9 10°°
600 1.8 1078
1000 1.5 1076
2000 1 10‘6
3000 0.64 107°
4000 0.53 10-°
5000 0.36 10-°
10000 1.3 1077
15000 0.6 1077

The effect of the gradient of the gravity on an
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elongated vehicle can be employed as a means for stabilizing

the attitude (example: the Traac satellite) . In general it
represents a cause of disturbance for a stabilized satellite,

and must be neutralized . From TableII, it is seen that the
torque Lo be balanced can be of the same order of magnitude as
the torques obtained by means of emission of circularly polarized

radiation.

b) Inertial reaction torques.

In the studies on the attitude control of space
vehicles, the consideration of the particular reference sy-
gtem is of primary importance (1) . Por example an inertial
gystem is suitable for describing the attitude of space
agtrophysical observatories, while a geocentric system is ge-
nerally used for communications or meteorological satellites;

Let us suppose that a space vehicle must keep its
orientation fixed with respect to a non-inertial reference
frame . Then the equations, describing the motion of the
vehicle in this reference gystem , contain some terms, which
represent torques applied to the vehicle , due to inertial
reactions.

As an example of these inertial reaction torques,
let us consider a communications satellite , which must keep
an axis (e.g. the maximum directivity axis of an antenna) di-
rected towards the earth . In this case it is useful to con-
glder a rotating reference frame , with angular velocity equal
to the angular orbital velocity of the satellite. If the orbit
is elliptic , with eccentricity e, the inertial torque T,
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acting on the satellite is approximately given by,(1)
(1.6=2) T =2Ke ”2 ginw t = T sinw t
jY o 0 0 0

where Kp 1s the moment of inertia of the satellite , with
regspect to the pitch axis , W is the mean orbital angular
velocity.

The direction of the torque is normal to the plane
of the orbit.

We will evaluate T in some practical cases.

1.7 - Some exampleg:the gynchronous satellite, satellites

orbiting at other ultitudes

Let us ¢ongider a synchronous communications satel-
lite , orbiting with a period of 24 hours at a height of
~ 36000 km. From this height the earth is seen under an angle
of ~17° . It is therefore advisable to use a good directivity
antenna , directed towards the earth.

The torque T is equal to zero , when the orbit is
circular . In this case the desired attitude is maintained, if
the satellite has been placed in orbit with a spin velocity
=0, about the pitch axis .

However , when the orbit is elliptic, a torque must
be applied to the satellite to counterbalance the inertial
reaction torque .

Let us consider a parallelepiped satellite , with the
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geometrical situation described in Figd=5.1t is convenient that
the spin axis is the axis of maximum moment of inertia and that
+the axis of minimum moment of inertia is directed towards

the earth, so that the attitude is inherently stable «

5/

a3 [
/’ x
/
/
i / 4
L/
P -
/ ]
axis normal to the ’ ‘ '
* ‘ | «— axis which must stay directed
orbital plane (pitch . l towards the earth (yaw axis)

axisg)
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Table III gives the maximum walue T of the inertial tor-

que, calculated by means of (1+6~2). Several values of the eccentri-
city, of the size and weight of the satellite are considered.

TABLE III

Keximum torgues on the satellite of Fig.5, due to inertial reaction
force. The gides a, b, ¢ are given in m, the weight in kg, the tor-
que in J. The eccentricity is denoted by e.

alb| c | weight .Kb Torque To (J)

(m)l(o)(m) | (k&) |(kg w?)| e=10"3  e=10"?  oe1d™ 6=2,107"
11] 2 500 208 | 2.21 107 | 2.21 1078 | 2.21.1677 | 4.42 167"
1]1] 2| 1000 | 417 | 4.42 107° | 4.42.107% | 4.42.1077| 8.84 1077
111] 2 2000 634 8.84.107% | 8.84 10°0 | 8.84.107 | 1.76 1075
101 3 1000 834 | 8.84 1077 | 8.84 1078 8.84.1077| 1,76 107"

1 3 2000 1665 | 1.76 1078 1.76 1077 1.76.10'6 3.52 1078 |
2| 2|4 | 5000 | 833 |8.85 1070 |8.85 10~7| 8.85.1078| 1.77 105
20 2|4 | 6500 | 10800 | 1.15 1077 | 1.15 1078 | 1.15 107%| 2.3 10~7
2l 2|4 | 8000 | 13320 | 1.41 1077 | 1.41 1076} 1.41 1075 | 2.8 1075
2| 2[4 | 10000 | 16700 | 1.77 1077 }1.77 1078 | 1.77 107%| 3.54 1075
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If the axis of minimuwm moment of inertia mekes an
angle @ with the direction of the gravity , the action of the
gradient of the gravity results in a torque , applied to the
gatellite, which tends to lower @ . Thus if the inertial
torque tends to make the satellite deviate from its attitude,
a restoring torque G arises from the action of the gradient

of the gravity . Precisely &G is given by :

_ 3 2 .
(1.7=1) G = ~ 30 (KP—Ky)s:Ln2O

vhere Kb and Ky are the moments of inertia with respect to the
roll and yaw axes respectively (Fig.1=5).
If other disturbances can be neglected , and there

is no attitude control, the equation for O can be written as

oe 2 3 2

(1.7=2) Ki e = 2 Kb e W sinw ¥ - 3w, (K? - K&)sin20

where dots indicate derivations with respect to time. .

The amplitudes of the forced osclillations, calcula-
ted with the approximation sin20Q = 20 can be read in Table IV,
for the same satellites considered in Table III.
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TABLE IV - Amplitude of the oscillations of the satellite
of Fig.1-5 (see Eq.(1.7-2) and Table III .

a b c weight amplitude
(m) (m) (m) (kg) e = 1072 e = 107"

1 1 2 500 1° 251 14° 20°
1 1 2 1000 | 1° 25t 14° 201
1 1 2 2000 1° 25 14° 201
1 1 3 1000 45+ 8° 351
1 1 3 2000 451 8° 351
2 2 4 5000 1° 251 14° 20!
2 2 4 6500 1° 251 14° 20¢
2 2 4 8000 1° 251 14° 20
2 2 4 10000 1° 25 14° 20

Table IV shows that, when the eccentricity of the
orbit 1is not very small, it is necessary to provide the sa-
tellite with means for counteracting the natural oscillations.

R.P. Haviland (10) states that a synchronous broad-
cast satellite , weighing 500 1b , with a power demand of
1500 watts, ''is within the reach of present technique'' and
that ''a single 50 kW transmitter (weight = 10000 1b) can be
installed in a satellite in about 7 years'! .

By comparison of Table I and Table II it is seen
that the electromagnetic torques are sufficient to counter-

balance the natural torques on g satellite of this kind.
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The demping action would be accomplished practically,
by placing a turnstile antenna on the synchronous satellite,
with the axis of symmetry of the antenna normal to the plane
of the orbit (i.e. horizontal),and by making it radiate power
at a ratio depending sinusoidally on time. In order to obtain
with a reasonable expense of power , torgues sufficient to
overcome the disturbing torques indicated by (1.6-2) and ta -
ble ITII , a long-arms antenna should be used . This justifies,
in this case at least, the assumption, made in the compilation
of table I , that the satellite body does not much disturb the
field radiated by the antenna.

The device described above would allow control
about a single axis . The eguetorial position of the satelli-
te would suggest the possibility of obtaining control about
the other two axes , by simply placing a big permanent
nagnet (18) on the satellite . The magnet oriented North-South
(magnetio),might overcome the small disturbing torques about
the other axes.

So far the inertial reaction torques that a satel=-
lite must overcome , when it has to'keep its attitude fixed
with respect to a geocentric reference system, have been eva-
luated for the particular case of the synchronous satellite.

Table V gives the torques about the pitch axis ,
acting on satellites orbiting at other altitudes « The moment
of inertisa Kb about the pitch axis is assumed to be 100 Kg m2.
The table can be easily extended to other values of Ki since

the torque is proportional to Ki
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TABLE V -~ Value of To = 2Kew§ » for different altitudes h

and eccentricities e . To is given in Joules , h in km.

h T, (9)

(km) e = 1072 e = 107" e=2 107
500 2.4 107° 24 1077 4.8 1077
1000 2 1078 2 1077 4 1072
2000 | 1.4 1070 | 1.4 1072 2,8 107
5000 5.4 1077 5.4 107° 10.8 10°°

10000 1.8 1077 1.8 107° 3.6 10"6

When the orbit has a certain inclination with re-
gpect to the equator , torques about the roll and the yaw
axes can also arise in a geocentric reference system , due to
the regression of the orbit . A calculation (1) gshows that,
even for satellites of large moments of inertia, these torques
have values of a few ergs, at an altitude h = 1000 km, and fall
off as (R + h)3 , (R is the earth's radius).
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1.8 = Other U forces acting on the attitude of a

space Vehicle

a) Earth's magnetic field.

The earth's magnetic field can influence the
attitude of a space vehicle by different actions. It can
interact with currents induced in the moving body , with
currents in not well shielded circuits , with induced
magnetic moments and with permanent magnetic parts of the
vehicle.

As it generally occurs for all of the external
actiong, the values of the torques depend largely on the
particular situation coneidered .

One can have an idea of the order of magnitude of
the magnetic actions by considering some prectical cases.

The attitude of the satellite Tiros I was stabi-
lized by means of a rotation about the axis of meximum
moment of inertia . It was noticed that the direction of
this axis changed with time. This motion was explained (19)
by taking into accounf fhe interaétion of the magnetic
parts of the satellite with the earth's magnetic field .
The calculated magnetic moment, directed along the gpin
axis , was 896 ergs/G . At the altitudes of Tiros I the
magnetic field is about 0.4 G 5 thus the resulting va-
lues of the torque turn out to be of the order of hundreds
of ergs .

For the Explorer IV , the calculations’of G, Co-

lombo , based on the average diurnal variation of the an-
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gular momentum of the satellite , assum&nﬁu%gxgpum magnetic
torque of 300 ergs (20) . He also reports that the amount
of magnetic torgque predicted for the Orbital Astronomical
Obgervatory , is many hundred ergs.

These values of the magnetic torques seem high ,
when compared with the electromagnetic torques of Table I .

It must be observed however , that the magnitude of the earth's
magnetic field falls off with the third power of the distance
from the center of the earth . Thus, satellites at altitudes
higher than those of the Explorer IV (minimum altitude less
than 300 km.),of the Tiros I (altitude~700 km ) and of the
0.A.0. (altitude~800 km) , can be subjected to magnetic tor-
ques weaker than those reported above . Besides, the inter-
planetary magnetic field is very weak (') , and the magnetic
torques acting on vehicles travelling far from the earth and
other planets would also be very small.

An indirect action of the magnetic field on the
attitude of a satellite is also to be considered : a conducting
body rotating in a magnetic field is slowed down by the interac-~
tion of the magnetic field with the induced currents.

For this reason, spin stabilized satellites lcse

(') Due to emission of plasma clouds or of coronal gas from
the sun, the solar magnetié field is transported into the
interplanetary space,giving rise to - magnetic fields of
16'3-10—5 G in regions near the sun. Beyond the reach of the
s0lar corpuscolar streamla galactic field of the order of

10-5G is expected to prevail through outer space (21)
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rotation speed and consequently stability: of the spin axis.

A study of thig braking action on vehicles of simple
seomebrical shape has been made by Wilson,(zz) .

The slowing torque depends on'the electrical proper-
ties of the material constituting the satellite and on. its shape.
For gpherical or cylindrical satellites it is proportional to
the spin velocity . Such an effect was noted for the Vanguards I
and II and for the Tiros I .

The spin velocity W of the Vanguard I (satellite of
spherical shape , diameter = 16 cm), was found to vary with
time, according to the law (') :

. , '_8 ‘
w, = 2.72 exp[—5.03 10 (t—to)] r/s

vhere t 1is expressed in seconds, and to denotes the time at
which the satellite was placed in orbit.

The moment of inertia.I of the satellite was
6.9 1073 kg m®.

Hence the slowing torque C results to be

c = 3.48107'%_ 3/s

(The proportionality %o ws‘indicateSmthe.action of “the earth's

magnetic field).

(") The data for the Vénguard satellites is taken from Wilson's
paper (see Ref.22)



Thus , at the beginning of its life, the satellite
was submitted to a slowing torque of 9.5 10710 5.

: A more important case is the Vanguard II , a spheri-
cal satellite of 9,75 kg with a diameter of 0.51 m . A well
determined angular speed was important not only for the sta-
bilization but also for the better performance of the photogra-
phic apparatus.

Its spin velocity was found_to vary with the law

w, = 0.25 exp[5.62 10'7(t-t0)] r/s

The moment of inertia about the spin axis was
1.977 kg m® . Hence :

T

¢ = 0.3205 10 w, s

Then the initial slowing torque acting on the satellite was:
¢ = 81070 3
(0]

When an external torque is applied to a spinning
satellite , it gives risge to a brecession of the spin axis .
The magnitude of the precesgsion is proportional to the torque,
to the duration of dhe action , and inversely proportional to
the angular momentum of the satellite about the spin axis (23).
This latter quantity may be taken as an index of the stability
'of the satellite and in- the case of thg fwo Vanguards was
reduced to one half of its initial value within 160 and 50 days
regpectively . |
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Wilson's analysis shows that the slowing torgque and
the moment of inertia , for spherical bodies, are proportional
to the same power (the fifth) of the vehicle's radius . Thus
for satellites of larger dimensions but with similar distri-
bution of mass and materials , as the Vanguards, the time in
which the spin velocity, or the inherent stability , is reduced
to one half , is of the same order of magnitude (at the same
altitudes) .

The slowing down of the spin velocity was taken
into account in the post-launch performance of the Tiros
satellites.

The Tirys I (of cylindrical shape , diameter = 1.05 m,
weight 5 kg) .begen its working life with a spin velocity of
12 r/min . After 56 days this value was reduced to 9.4 r/min.
A pair of rockets , placed around the satellite, brought up
the rotation velocity to 12.85 r/min. Two other pairs of
rockets were necegsary during the life of the satellite.

If one assumes that also in this case ms varies
exponentially with time

W, =W oot
and takes into account the value 12.4 kg m2 of the moment of
inertia about the spin axis , one finds

7

¢c = 810" 3
o]

for the value of the initial torque.
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b) Solar radiation pressure.

The solar radiation pressure depends on the angle of
incidence of the radiation and on the reflectivity of the sur-
face of the vehicle. For complete reflection the pressure can

reach a value of 9 104

dyne/cm2 at the earth's distance from the
sun . For complete absorption , which is generally considered
a good approximation , at thisg distance , the sun pressure Ps

¢ dyne/cm2 .

reaches a value Ps=4.5 10"
In the case of complete absorption the torque Ts

which can result is the product of :

the area A presented to the sun,

the radiation pressure Ps

and the distance D between the center of presgsure of
the area A and the projection of the center of mass
of the vehicle on A.

With the above wvalue of Ps’

P =4.5.10"2 AD Joules

where A 1s in m2 , and D in m.
It is seen that for a nearly symmetrical vehicle the
perturbing action of the solar pressure on the attitude can have

very small values.
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¢) Heteorites impact.

The impact of a meteorite on a space vehicle can
cause an impulsive change of the angular momentum of the
vehicle . Whipple (24) gives the estimated distribution of
the magsses and the velocities of small meteorites near the
earth « He also gives the calculated mean number per day
of meteorites striking a 3 m diameter sphere , placed in the
space near the earth . This number is derived with the'assump—
tion of 50 °/0 shielding by the earth. ' '

Let us consider a spherical space vehicle of this size.
The second column of table VI gives the number of particles,of
masses in the range indicated in the first column, which strike
the vehicle per day . The values are derived from Whipple's
data , by neglecting the shielding effect of the earth.

The third column gives the angular momentum I,
absorbed by the vehicle when a complete unelastic impact and
a distance d = 1 m between the trajectory of the meteorite
and the center of mass of the vehicle are assumed » The rela-
tive velocity of the meteorite with respect to the vehicle
has been assumed to have the value of 80 km/s (near to the
estimated maximum) .

Por the mass of the meteorite we used the average

between the figures given in each row.
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TABLE VI - Data on meteorites impact (see text)

range of masses

number per

I=change of an-

day gular momentum
(gr) (J-sec/unit of 4)

0.25 = 9.95 107% 4.3 1077 14

9.95 107 2-3.96 1072 9.8 1072 4.8

3.96 1072158 1072 2.5 10~ 2.2

1.58 1072-6.28 10°> 6.2 10°4 9.1 107"
6.28 1073-2.5 1073 1.6 1073 3.5 107"
2.5 1073-9.95 107* 3.9 1073 1.4 107
9.95 10-%-3.96 1074 9.8 1073 4.8 1072
3,96 107 *_1.58 1074 2.5 1072 2.2 1072
1.58 107%_6.28 107° 6.2 1072 9.1 1073
6.28 1072-2.5 1072 1.6 102 3.5 1073

The table can be extended to other sizes of the

vehicle, by considering that the number of particles striking

a sphere is proportional to the square of the diameter.
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It is seen from table VI that, especially for satel-
lites of long life (') ,the probability of impact with meteo-
rites of congiderable mass cannot be excluded . The magnitude
of the change of angular momentum can be large . Thus an '
attitude control device ghould not ignore the effect of
meteorites impact , and should be able to exert . large torques,
egpecially if this perturbing éction has to be balanced in a
short time.

For example, let us consider a spherical vehicle,
with diameter = 1 m,which , initially, has its attitude fixed
with respect to an inertial reference frame.

Let us assume that a meteorite , having wmass = 7.‘\0_4
grams and travelling with a veloecity = 80 kun/s relative
to the vehicle , impinges onto +the vehicle . From table VI
it is seen that the average number of impacts with a similar
meteorite isg one svery 2-3 years, for a vehicle of diameter
= 1 m. Let us also agsume that the distance d between the
center of mass of the vehicle and the trajéctory of the me-
teorite ig 0.25 m , and that the impact is unelastic .

Then the vehicle , receiving an impulsive acceleration, begins
to rotate about an axis normal to the direction of the meteori-
te , with an angular velocity w = é , where K is the moment

of inertia about this axis . In this case , I = 1.2 10725 s
(see table VI column III) .

If a device must stop this motion before the attitu-
de deviation reaches a certain angle a, the control torque T,

assumed to be constant during the control action , must be :

2') For instance, it is assumed that an active communications
satellite would be economically convenient, only if its life
could be some yers long.
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a

Q
ol =
R

For the example discussed , table VII gives the
values of Tc, for several values of a and X . The table
also shows the tinme ts, necegsary to gtop the rotation of

the vehicle, with the indicated control torques .

TABLE VII ~ Values of To
K = 100 kg 0> K = 1000 kg n?
a Tc (3) ts (sec) Tc () ts (gec)
5° | 0.8 1072 1.5 10'3 0.8 10"5 1.5 104
1° ] 4.13 1072 | 2.9 10° 4.13 107 | 2.9 103
100 | 2.48 1074 | 1.93 103 | 2.48 1072 | 1.93 10*
10 | 2.48 1073 1.93 10° 2.48 10"'4 1.93 103

The table is easily extended to other values of
KegndT.

After the motion of the vehicle has been stopped,
the control device has to readjust the attitude of the

vehicle , by making it rotate of an angle a in the opposite
direction. To have an idea of the time tr necegsary to ob-

taining the rotation with a given controlling torque Tc, let

us congider the following procedure. The device exerts the
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torque ’.13C for a time to. Then, for an equel time, the device keeps
acting with the same but opposite torque. At the end of these two
phases the vehicle has accomplished a rotation a and has been

stopped. The angle a is given by:

T

1 "¢ 2
(1=ZK—17

r

where % = 2t « In Fig.1 .6 the angle o (measured in radisnts) ia plotted

o (mad)

—(\Tc =000 et’g) (T,;=100 o.'rs) (Te=10erg)
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101 14 1071 —_ -
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versus ., ( in seconds) for different values of K .
The three scales of the ordinate axis correspond to
r = 10° , T = 1072 , T = 1074 J.
c c c
0f course , during the sime tr’ the device must
exert a supplementary torque, in order to balance the actions

of other sources of disturbance.

d) Atmospheric drag.

The motion of a satellite in the earth atmosphere
gives rise to an aerodynamic pressure acting on the vehicle.
If the centers of pressure and of mass of the vehicle are not
in the same line with the direction of the orbital motion , a
torque results applied to the vehicle . The aerodynamic pressure
Pd on an orbiting vehicle varies very largely with the altitu-

de . Frye (25) indicates the following wvalues of Pd :

4

at an altitude of 130 ka Pd = 4.5 10 dyne/m2

at an altitude of 560 km .Pd = 1.4 10'3 dyne/m2

It is seen that the aerodynamic pressure can play
an important role with regard to the attitude of a vehicle,
at low altitudes. At high altitudes however the aerodynamic
torques can be neglected in comparison with other causes
affecting the attitude . For example it is to be recalled that

2
the solar radiation pressure is of the order of 4 - 8 dyne/m".

e) Motion of internal parts.

The motion of internal parts can influence the at-
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titude of a space vehicle.

For exanple the change of the position of a part of g
vehicle with regpect to the main hody , or the acceleration
of rotating parts, can induce a torque on the rest of the
vehicle through inertial reaction. -

Gyroscupic torques can arise when the attitude of a
vehicle, containing rotating parts , has to be changed (or must
stay fixed in a non inertial reference frame) .

To have some numerical examples , let us consider
the cases ¢ 1) a vehicle, whose only moving parts are the
electrical circuits switches , and 2) a vehicle containing
an electric turbo~engine .

In the first case one can see that the disturbing
actions induced by the the moving parts are very small. In
fact, let us consider 2 small mass m moving along an arc s ,
of radius r, about the center of mass of the mainbody .

The wvehicle , by reaction , will make a rotation
a in the opposite direction . If K is the moment of inertia

of the vehicle gbout the axis of rotation , a is given by:

For ingtance , if : gs=1em , m=1g |,
r=1m , X= 10 kg m2 , a turns out to be about 0,2 se-
conds of arc.
For the gecond case, let us consider a vehicle
carrying a turbo-electric generator , with a rotor having moment
of inertia Kp =1kgxn2 , Totating at 20.000 r/min .
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Let us suppose that the attitude of the wvehicle must
be changed with respect to an inertial reference frame: the
vehicle has to rotate about an axis meking an angle a with

the axis of the rotor. The angular velocity of this rotation

is W, . In this case a gyroscopic torque Tg results applied to the

vehicle.
T = w H gina
g v

vhere H is the magnitude of the angular momentum of the rotor

with respeet to its axis.

| If w, = 1073 gec™! (case of a body orbiting around
the earth at an altitude h = 1000 km, with an axis constantly

directed towards the earth), and a = 1°

equal to~ 641073 7.

The two ‘preceding examples shows that the motion of

’ Tg'turns out to be

internal parts can give rise to torques applied to a vehicle,
which vary in a very wide range, according to the particular
situation.

1.9 - Conclusions on the applicability of the electromagnetic

torques.

In gsections 1.6, 1.7 and 1.8 the order of ma-
gnitude of the torques applied to a space vehicle, due to
external forces or to .the motion of internal parts, were

discussed.
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In general the magnitudes of the disturbing actions
depend largely on the particular situation, namely'on the dimen-
giong of the wvehicle, on its distribution of masgses, dn its
shape, and on the characteristic of the missions to be‘accomp
plished. In particular, for an earth's satellite the magnitudes
of the forces effecting its attitudé vary much with the altitude
of the orbit.

Egpecially when the altitude is high enough, so that
the influence of the gravitational field,of the magnetic field
and of the atmosphere is not of great importance (see sec.1.6 a)
and 1.8 a),b)), the torques which can be obtained by means of
emission of circularly polarized radiation are sufficient for
balancing external forces; It seems therefore, that the elec-
tromagnetic torques can be employed for the control of the
attitude of a stabilized vehicle. One should take into parti-
cular account the posgibility of impact with the meteorites. As
shown in section 1.8 b), the impact with a meteorite of sub-
stantial mass can be considered a very rare event. However, in
some cases of long life vehicles, it may be necessary to fur-
nish the vehicle with a control device %o counteract this
occurrence. Sec.1.7 b) shows that relatively high changes.of
angular momentum of the vehicle can ensuc.nThe'torques to be

exerted by the controlling device depend on the tolerated at-
titude deviation a, and on the permitted length of the time tr
within which the control device must readjust the attitude.
The possibility of employing electromagnetic torques. in this case

depends on the values of a and t,., as well as on the powser and
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wavelength available.

In gection 1.7 the particular case of a gynchronous
gatellite was congidered, together with a possible scheme of
a gingle axis control. For a three axis control three turnstile
antennas should be placed on the satellite, each one control-
ling the attitude about a certain axis .

More simply, a threes axis control could be achieved
by means of a set of three half wave antennas, disposed ag in

Figure 1-T.Each of the three possible pairs of antennas, can

~

.
i

Fig.1-7 -~ .Antennas for a three axis control.
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form a turnstile antenna. Different frequencies could be used
for the three turnstile antennas, in order to permit an easy
separate feeding.

Other types of antennas could be considered. However
it is to be expected that in general the reaction torqueé ac~
ting on antennas radiating with circular polarization would be
proportional to the radiated power and to the wavelength. Thus
it seems that helical antennas or spiral antennas, whose di-
mensions should be of the order of the wavelength, in oxder to
have'a good electrical efficiency, would be more massive and
cumbersome than the simple turnstile antenna.

Fig.1=6 ghows in what limite & device, capable of
supplying weak torques, can be employed when the attitude of a
space vehicle must be changed. In fact it shows, for different
values of the torques availeble and of the moment of inertia
of the vehicle about the rotation axis, the time neoeséary to
obtain a given rotation a. 0f course, during the period of the
attitude correction, in addition to the torque necessary to
change the attitude of the vehicle, considered free from ex-
ternal actions, the device has to supply an amount of torque
sufficient to counteract the extermal actions, arising from

the various causes discussed in sections 1.6 and 1.8.

1.10 - The electromagnetic torque as a disturbing action.

The different sources of disturbing torques, listed

in sections 1.6 and 1.8, as well as other of minor importance,
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have been widely studied in the Literature. So far, the torques
which can arise due to the emission of circularly polarized
radiation seem not to have been consgidered.

The power transmitted by the antennas placed on the
satellites, launched up to now, was sufficiently low, so that
the torques arising in the case of circular polarization were
very weak.

As an example, let us congider the case of the satel-
lite Explorer VII, which carried a turnstile antenna radiating
600 mW at 20 Mc.

By applying Eq.(1.4-13) a torque ¥ =~ 5 10~
out to be applied to the satellite.

Explorer VII was stabilized Uy means of a rotation

2 J turns

about the axis normal to the plane of the turnstile antenna.
For a comparison with the electromagnetic torque one could con~
sider the torque T which was actually applisd to the satellite
about this axis. This can be derived from the slowing down of
the sgpin velocity.

By assuming an exponential decrease of the spin velo-

city wsz
-at

W = Ww._e

s
one has:

-0 W
T o =at
= ©

Where K is the moment of inertia. An approximate value of K is
obtained by assuming the satellite to be of spherical shapé,
with a homogeneous distribution of mass. Then, using the data
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derived from (26), one has:
K =~2.4 ¥g 0>

the initial spin velocity was 360 r/m. After 50 days it wag
reduced to 350 r/mx One obtains for Mo (initial torqpe):
7

M =~6 10"
o

J.

This is two orders of magnitude greater that the electromagnetic
torque.

In the future however high levels of power will be
necessary, especially for communications satellites (as indi~
cated in section 5).

It hag been pointed out (27) that for earth-space
communications: ''if we have to avoid serious Faraday fading
for a wide range of signal frequencies circular polarization
or special reception technique are both desiderable and neces—
sary.''.

In sections 1.6 and 1.8 it was shown that the torques
applied by reaction to a space vehicle, when circularly polari-
zed waves of high power are radiated, can be of the same order
of magnitude as the other disturbing torques applied to the
vehicle. Therefore in the prediction of the post-~launch perfor-
mance of a satellite with an antenna radiating circular pola-
rization, the action of the electromagnetic torgues on the
attitude of the vehicle will have to be taken into account.
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2 - TORQUE ON A RECEIVING ANTENNA

2.1 = Introduction

In the following sections a possible second way will
n3 digeussed of applying the properties of ellipbically pola-
rized electromasnetic waves, in order to sxert s torque on a
space vehicle , to control its attitude.

Let us consider the simple cage of eolliptically po-
larized radiation impinging on an antenna, placed in the free
goace and far from other material bodies « The angular momentun
transferred from the waves to the antenna per unit time (that
is the torque exerted by the radiation) will be evaluated.

The torque is equal and opposite to the outgoing flux of the
angular momentum of the radiation through the surface I of

a sphere (') , centered at the antenna . The flux will be
evaluated by teking into account both the incident and re-ra-
diated waves.

To get an idea of the order of magnitude of the tor-
gue which could be obtained in this way, let as congider a
turnstile antenna under the action of a plane circularly pola-
rized wave, propasating in a direction perpendicular to the

plane of the antenna « The antenna is assumed Lo be resonant

(") 508 56Ce1.2
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at the wavelength A of the incident wave . Each component
antenna hag a length = %, and its terminals are closed through
a reslistance R equal to the radiation resistance.

With reference to Fig.2-1, let the plane (x, y) be
the plane of the turnstile antenna, O the origin of the axes,
coincident with the center of the antenna. The iwo half-wave

conponent antennas lie on the x and y axes regpectively.

XY

Fig.2.1
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Here and in the sequel all elements of the y antenna:
will be labelled by the subscript 1, and all elements of the x
antenna by the subsecript 2.

Let the electric and magnetic fields of the incident
circularly polarizéd plane wave be given by:
ei(wt - kz)

(2.1-1) B =E_ (i+ ij)

(4-141) ei(wt - kz)

1
Here i denotes the imaginary unit, Z the characteristic impedan-
ce of the free space, and k = 2n/A the wave number.
The mean value MZ of the component on the z-axis of the

torque acting on the antenna is given by the expression ('):

(2.1=3) MZ = % Re [(Eag.g)(gﬁ.g) + (gng.g)(gx.gi]r az

b

vhere L represents a spherical surface with radius ¥ centered
at O. E, H, D and B are the field vectors; n is the outward

normal to I .

(') see sece1.2 BEg.(1.2-7)
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2.2 - Torque on a turngtile antenna under the action of a cir-

cularly polarized plane wave.

The incident wave gives rise to currents on the two
half-wave component antennas.If the branches of the antenna are

agssumed to be infinitely thin, the expressions of the currents

are:
(2.2-1) I,=1 elwtcos(kx)
(2.2-2) I1 = iIo elwtcos(ky)

The total electromagnetic field E, H is the sum of
the incident field plus the field re-radiated by the two dipo-
les. Thus

(2.2-3) E=E, + Ejgdgq * Bpplgp + B2 + Bpn

2e2- H=H + H_ 1 + H_ i
( 4) - ) Tp™p1 2¢-¢2

where n, 301, ;¢1 and n, LYYy ng

gpherical coordinate systems, having the polar axes on the x and

denote the unit vectors of two

vy axis respectively (see Fig.1-2),
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11
ZIo cos(é 00s01) .

= ilwt - kr)
(2.2-5) By = - 2mr —sEmk, T
ZI A .
_ . Tt i [w i(wt - kr)
(2.2-6) E1r = i é;;: 31n(2 cosOJ e
Io cos<g cosO1> i(wt - kr)
(202-7) H D = = - . e
19 2nr sind,
zI cosx(z-t cosgl .
(2.2-8)  E, =i 2.0 o2l gtlwt - kr)
20 onr 31n52
2T A .
_ o . [® i(wt - kr)
(2.2-9) E,. = 5;;2 s1n(? cos02> e
=
I cos( cosO,) .
(2.2-10) H, = 1 0 —2__""2)  i(ut - k)

29 2xxr sin®,

By substituting Eqs. (2.2-3) and (2.2-4) into

(2.1=3), one derives
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™~
i

ETr

= 0 : B . . ‘* % #
(2.2-11) M 3~ Re ;[(;0+E10£°1+E2°£°2)A§.g][§°.§+§1r+E2r}dz+
vy '
Po¥ e I T L +H,_ i *
+ -3~ Re ‘L§§0+H1W£W1+ 2¢g¢2)ag.g (H .n)al
z

Let us now evaluate the expression (2.2-11). From

Fig.2.1 the following relations can be derived:

(2.2-12) n

sinO1 cosp, k + sinQ@, sing, 1 + cosO1 Rl

(2.2-13) n

sinQ, cosg, X - 91n02 sing, j + cosd, i

2

Hence one haa, for the products appearing in Eg.(2.2-11),

(2.2=-14) dian.k cosl, = - sin02 sinq)2

(2.2-15) jan.k = ~ sind, sing, = - cosQ,

(2.2~16) i.n

51n01 sing, = 00502

(2.2-17) j

s
il

cosO1 Z - s1n02 31n¢2
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(2.2-18) (_i_‘p1r\ n)k = iy« k= cosd, cosp,
(2.2=19) (_i_q)al\g) k=i k= 00302 cosp,
(2.2=-20) ;m;\g.‘__ = sintp1
(2..2-21‘) ;02/\_1_1.}%; = sing,

By using Eq.(2.1-1) and (2.1-2) and teking into account
Eq_s.(202-14) to (202"17), one has:

(2.2-22) Re[(:E_oAg.lg) E:.g] = Ei Re{[(j._ + ij)anek(i - ij) .g} =

2 ; . .
= B, (cost sind, sing, - cosd, sind, sinq>1) =0

= =/ =0

Analogously: Rekf_lo;\ n.k) B*.Q_J =0

Eq.(2.2-11), by the help of Egs.(2.2-18) through (2.2-21), beco-

mes :
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{
x|
_ 9 . { o
(2.2-23) M = -3~ Re~ (E, oing, + Ezosimpz)go.g 4t +

&

\
= * . . F 3 {

+ [(Ea\g.g)(E1r + Ezr)di +\/(E1osmq>1 + Ezosn.ncpz)(E1r + Ezr)dtg+
] .
¥E bX

o w
-2 ' . T
+ -z Rel (chosO‘lcos«p1 + szcosozcos¢2, H .2 a

b

Let us consider the integral, appearing in Eq.(2.2-23):

2n § 14
- P P . 2 = N
- = ] Ok s " . Z = /\ [}
(2.2-24) A= |BEARE](E] + By )al = ¢ |dg, [[go,p_ g]E1rs1no1do1+

T o Yo
21[ rﬂ
2r y S
+T ,aq;zj/ [EAn.k]Ep, sino, a0,
o} 0

From (2.1-1), (2.2-14) and (2.2-15) one derives:

(2.2-25) Eank = E el(wt - krsin01c05¢1)[?

080, - 1 8inQ sinm,]
1 1 '1J
or:
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| el(mt - krsin02008¢2)

(2.2-26) EOAQ.E = EO - sin0291n¢2 -1 cosOZJ

The second term of the sum on the right side of (2.2-25)
is & symmetric function with respect to 01 = n/2. This function

multiplied by E rsinO1 gives rise to an antisymmetric funcfion,

whose integral‘lver 01 between O and ®x, in Eq.(2.2-24), vanishes.
The same result is obtained by considering the first term of the
sum on the right side of (2.2-26).

By substituting (2.2-25) and (2.2-26) into (2.2-24), by

taking into account (2.2-6) and (2.2-9), one obtains:

i 2n
. 0 0 . -ikr sinQ@ cosg
(2.2-27) A= -1 —mgmme——ee sin|5C080) 8ind cosl 40 [ e do

0 0
The integral over ¢ is equal to 2n‘Jo(kr sin@). Then

11
eEr e E ZI A

(2.2-28) --Z-Re A= _9__3__9_sin(kr) sin(gcosO) Jo(kr 8inQ) sin@ cosd dQ

0
With the substitution:
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0

(2.2-29) sin|, cosd| = (+1)? (= c0sd 2n+1
- 2 T2n31)T\2 |
0]

the integral in (2.2-28) becomes:

n

(2.2-30) sin(g cosO) Jo(kr 9inQ)sin® cosQ 40 =
n/2

2n+1r
} (-1)® fx : . 2n+2,,
= 2 i GErsot (’é) j Jo(kr51n0?31n0 cos L a6
0

This integral can be evaluated by using Sonine's first

formula (') and one derives:

(2.2-31)

Lo o /

EY e rE ZI A n 2n+1 n+1/2

2. Re A= -2-9_.°2 sin(kr)z (:-1-) _(1:) i r(n+3)J (k=)
2 1 I 50 T2n+1)T |2 (kr)B* 2 s

(") Ref.28 p.373
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When Xr-o (or rsA), one has:

———

TNt -"Jn+3/2(kr) - Jé Bin(kr)ggg{kr l (R0 nN?lg}

k(kr)n+T

Thus, when r »A,

[y

(2.2-32) -3~ Re 4,50

Hence this term can be eliminated from Eq.(2.2-23).
Let us now éonsider the third integral of Eq.(2.2-23),
that 1is

£ T
o= O . ) x #
(2.2-33) Mé 3 Re (E1Os:mq>1 + E2051nq>2)(E1r + Ear) az

b

This expresgsion represents the torque acting on the
antenna due to the re-radiated waves. By introducing the expres-

sions or the field, by considering the real part of the integrand

- 66 -




and with the help of Fq.(2.2~16) and (2.2-17) one obtains:

{

2.2 én e L
z°1 €, A cos(-écosQ) sin(-ésino sincp)

(2 2—34) M. F - —-1--6-—2--— simp d(P Sind
n

0 0

gind 4@

Apart from the sign, Eq.(2.2-34) is equal to Eq.(1.4=8),
(the different sign depends on the different relative phase of
the currents on the two half wave~dipoles in the two cases).

By uging, for the first term on the right side of
(2.2-23):

N
E T £ T

(2.2-35) -3~ Re &, = -3~ Re |(B, sing, + D, sing,)E.a aZ;

z

the same procedure as followed in deriving Bg.(2.2-27) from
(2.2-24) one has:

=
£ ' . ¢ \
(2.2~36) -%-Re A2= Re{~ ‘—-—-—- I E r2e -ikr cos(gcoso}sino ae y
s /
/\211 0
‘| elkI‘ 8inQ costpsinQC? an |
/
Vo _
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which gives:

'
£EYT

0 T . o {1
(2.2-37) -é_Re A2= -yzgﬁ;IOEo E cos(xr) J16kr ulno)cosxﬁcosc)do

0

Analogously the last term of the sum on the right side of (2.2-23):

g T B /

, o o] \ *

(2.2-38) -Q-Re A3 -E-Re, (H1¢coso1coa¢1+ H2¢coso2608@2)§0.3 az
It

becomes:?

n
b ( F B
(2.2-39) -%—ReAj‘“ ' - -%ig I E‘rze Aer cos<2c059>cos20 aQ b

0 0
" 0
r2m

i
o kr sinQ cosp cosp dp

v 0

vitich sives:
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44

e

FoT & IE r° sin
(2.2—40) -‘-,2~ReA3- - Eopo oE ¥ sin kr)

IS

':05(-20050) J1(kr sinO)c-oszo aQ

Finally, substitution of Eqs.(2.2-32),(2.2-34),(2.2=37) -and (2.2-40)
into (2.2~38), gives, for r>A,

‘i
: 1 n
o Lom = ' E - it -
(2.2-41) M, KZ + Eopolo oF kcos(kr) J1(kr s1nQ)cos<-2c:osO>d0
0
n
- r sin (k) [J1(kr sinO)cos(% eosO> cosze ao

0

The first integral on the right side of Eq.(2.2-41) can be
performed by using Eq.(1.4=10). One has ;

T

4 2 nz 2 2
(2.2-42) J1(kr 8ing) cos(écoso) A9 = - —-cos i + kr

kr
0

When ki) 1:2/ 4 -
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n
(2.2-43) J1(kr s;inO)cos:(’-‘2 cosO) a0 - - k?i" cos(kr)

0
For the second integral one can use the formula (see Appendix 5)?

ATE
2
(2.2-44) J1(a sinQ@)cos(p cosQ)cos @ a9 =

0

B écos<Jm)+ 2a Sgg<mz*‘“2) 24 sin(m

a + [32 (a2 + [3-2)-37E
from which one has:
)]
(2.2-45) J1(kr sinO)cos(-EcosO)cos‘?O ao =
5 .

" 2 . 2
2 2 2 2 cos( Tz‘ + kzrz) sin( ; + kzrz)
L - 2kr

=-E;cos Z--0-1cr + 2kr B

2 . \3/<
g— + k2r2 (; + kzrz)
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When kr))ua/-t. Bq.(2+2-45) becomes:

x
(2.2~46) J1(kr siw)cos(; coso)coazc S '§'2 sin (kr)
kr
0

Substitution of (2.2-43) and (2.2~46) into (2.2-41), gives,
(for rx»A):

"p. €
00
(2.2-47) Kz = Ké + 2 --%= IOE

k ]

It 1s to be noted that the integrals of Eg.(2.2-41) can be per-
formed in an approximate way, by substituting

PP s

This amounts to the same as substituting the radiation pattern
of the elementary dipole in place of the:radiation pattern of
the half wave antenna.
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The resulting integrals

¥4
(2.2-48) E =fJ1(kr 81n0)sin20 a0
i
0

n
2 2
(2.2-49) P = J1(kr sinQ)cos @ sin @ 40

0

can be performed by using Sonine's first formulae ('), obtaining;

(2.2-50) B = Eg 3 1/a0)

2

When r)>A, one has:

Jyz(kr) > 7\/;122_5 cos(kr)

2
3y pptier) » -J;E—; a1n (icr)

(2.2-52)

(") Ref.28 p.373 _12 -



Substitution of (2.2-52) into (2.2-50) and (2.2-51)
shows that the approximate cxpressions (2.2-50) and (2.2-51)
of the integrals appearing in (2.2-41), have values which, for
large v, tend to the values of the exact expressions (2.2-43)
and (2.2-46).

2.3 = Evaluation of MZ.

Let us evaluate mz by means of Eq.(2.2~47).
The expression Io can be obtained by considering the

mean Poynting vecter S of the incident wave, whose magnitude is:

(2.3¢1) S = 4

The energy Wa abgsorbed by a single component antenna is

given by

[ SR /)]
|

ol

S
o r

(203—2) W = A

where A is the absorption cross section of a single component

antenna.
By considering the resistance in series between the
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terminals of the antenna, which was assumed to be equal to the

radiation registance R, one has
(203"3) W =

From (2.3-2) and (2.3-3) one obtains:

2 eopo Wa z
(2- 3"4) ———2—-- IOEO = 4 ;]’;‘2 @

Since ('):

(2.3-5) " AR = 2/k

Eq.(2.3-4) becomes:

For the term.M; appearing in (2.2-47), one has, from Eq.(2.2-34)

(') see Ref.8 p.500
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and Bq.(1.4=13):

W
ey
(2.3-7) = - -I 0.9939

where wr.is the power re-radiated by the turnstile antenna. Since
the antenna 1s resonant, the scattered power is equal to the ab-

sorbed power. Then Wr ='2Wa, hence

wa wa wa
(2.}-8) Mz = 4 a-— - 109878 G— = 2,0122 a—

From (2.3-2) one has:

(2.3-9) 2 Wa = A S
and (2.38) becomes:

_AS
(2.3-10) u = =% 1,0061

S/w represents the flux per unit time of the angular momentum

of the circularly polarizéd plane wave across the unit area nor-
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mal to the direction of propagation (').

BEq.(2.3-10) gives a simple relation between the torgue
acting on the antenna and the flux of the angular momentum of
the incident waves. Here A is the abgorption cross section of
a sing;e component antenna.

' Let us now consider the case of circularly polarized
plane waves lmpinging on a half-wave dipole antenna, that is
on one only of the two components of the turnstile antenns.

In this case one obviously has:

(2.3-11) M =0

because in this case the antenna re-radiates linearly polarized

waves.

Thus i 1is:
Z

Ve 1 ow
(2.3-12) K =218 = a _ AS

z ) W
X w

ag can be seen by putting E, = O in the formulas of the prece-

ding sections. :

Eq.(2.3-12) shows that the torque acting on a single
half-wave antenna is almost exactly the same as the torque acting
on a turnstile éntenna. This is due to the fact that the turn-

gstile antenna, re-radiates circularly polarized waves, hence

(5) gsee for instance Ref.29
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angular momentum.

2.4 - The case of the elementary dipoles.

Let wus now suppose that the antenna is constituted
by two elementary dipoles at right angles and in quadrature.
The incident field is given by (2.1-1) and (2.1=2) .

The currents of the two dipoles are of the type:

(2.4-1) I =1 e %3

(2.4-2) I,=411 e

Where I0 depends on the incident field, and on the absorption N
coefficient. The dipoles are assumed to be tuned at the wave~
length of the incident radiation.

The electromagnetic field radiated by the two dipoles

is given by
IsZ .
0 i(wt - kr)
(2.4-3) Eo == 55 © sind,
I sZ ‘
(2.4-4) E, =1 -9-2 ei(mt - kr) cos@,
nr

-7 -



(=

(2.4-5) Hy, = - ;;E.ei(“t - kr)sin01

(2.4-6) Eyp =1 ;;;f ei(wt - kr)sincz

(2.4-7) E, = fgfz el(mt kr)cosoz
2nr

(2.4-8) By =i ;;; AU kr)sinoz

where s denotes the common length of the dipoles.
By introducing these expressions into (2.2-11) and following

step by step the procedure described in section 2, one obtains

exactly:
K (108)2
- ! = o — e
and
veopo
- ' —————
(2.4-10) Mz = Mz + " IsEo

Begides, recalling that for the dipole one has:
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(2.4—11) A= Bn
2
(2.4.12) R = ;’-‘ Z 5'72
, A
one derives from (2.3-11)
| 2
{3 A
(2.4-13) Ig = __22_
s

(2.4-14) ™

Finally, by expressing Eo in terms of Wa from Eq.(2.311), and
using (2.4-13), one derives

(2.4-15) -

(2.4-16) M o= A
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In this case the coefficient appearing in the rela-
tion between the torque acting on the crossed dipoles antenna,
the abgorption cross section A and the flux of the angular
“momentum is exactly 1. With the aid of con51derations similar
to those made at the end of the precedlmg sectlon, 1t is posa'
gible to show that the same torque acts on a single elementary

dipole.

2.5 - Numerical values and conclusions.

Let 2 transmitting station be located on the ground,
and radiate a power P, towards a space vehicle. The space
vehicle is assumed to carry a half-wave antennea tuned at the
wavelength A. A torque results to be applied to the vehicle.
The order of magnitude of the torque which can be obtained
in this way, will now be discussed.

Let G be the gain of the radiating antenna, h the
distance from the vehicle to the station.

The Poyniing vector at the vehicle ig given by

PG
(2.5-1) S = -—=3

4xh

°

Let wus assume that the receiving antenna is placed
in a plane normal to the direction of the wave. By substituting
(2.5-1) into (2.3-12) and recalling that A = 0.13 A2 for the
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half-wave antenna, one obtains:

3
(?:5—2) A 5,9313ur£g%§r...A e

8r h'c

For h = 1000 km, A = 30 m and G = 100 (which corresponds to a

parabolic antenna of diameter D ~300 m), Eq.(2.5-2) gives:

K= 1.39 10'17J/W

In this case a power of 1010 W should be radiated, to obtain a
torque of the order of magnitude of 1 erg.
If h = 100 ku, A = 30 m and G = 100, Eq.(2.5~2) gives:

M=1.5 10 25Mm

and a power of 108w should be rediated, to obtain a torque of

1 erg. These simple examples ghow that this way of employing
circular polarized waves to control the attitude of spaée vehi-
cles,is not of pratical  interest. It seems therefore wnmeces-
sary to examine different situations (for instance the general’
case in which the vehicle's antenna is not in the plane of the
incident wave) or to consider the effects of the attenuation by
the atmosphere, of Faraday rotation, or qther‘paxticular que~ '

gtions.
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3 - RADIATING ANTENNA UNDER THE ACTION OF AN EXTERNAL FIELD.

3.1 - Introduction

A third way of applying a torque to a space vehicle,
by means of electromagnetic radiation will be discussed.

Let a ground antenna radiate linearly polarized waves
towards a satellite. Let the satellite antenna, on its turn ra-
diate linearly polarized waves. Denote by "the angle between
the direction of polarization of the incident wave and the
direction of the satellite antenna.

The combination of the fields radiated by the ground
antenna and by the satellite gives rise to elliptically pola-
rired radiation. The degree of polarization at any given point
will depend on the phage difference between the two components,
on the relative amplitude, and ong”.

Let us examine the case of a thin half-wave dipole
antenna in the free space, on which the distribution of current

ig given as:e

(3.1-1) I= Io cos k1§eiw1t

where k1 = %E, and.%is the distance from the midpoint.
1

A plane electromagnetic wave is assumed to impinge

on the antenna. A reference uystem centered at the center O
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of the antenna (Fig.3.1), is chosen, in such a way that the

Tield vectors of the plane wave are given by:

(3.1-2)

Hes|
1

_ Eo el(wu - kz + @)i

.
b

39 ei(mt - kz + @)i

(3.1-3)

1w
!

B

dt |

Tig. 3.1
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The force F acting on the element qf of the antenna
is obtained by summing the forces acting on the elementary charge
o q? where ¢ denotes the linear charge density, and on the current
element I df ..

.
T+ Ik 3f

]
ol
2¢}
[}
— e,
D

(3.1-4) gdg

The torque acting on the antenna is

L

1

(3.1=5) M=o4Re F af
== 3 T/ i

A\ 2%

=L

where n is a vnit vector, directed along the antenna and L = A4,

By introducing BEq.(3.1-4) into (3.1=5) one derives:

- -

(3.1-6) K =g Re [ E_“ny(l«fhafdf

3.2 - Evaluation of the torgue acting on the antenna.

-The torque M, given by Eq.(3,1-6» is evaluated, recalling .
that:

(3.2-1) I=1In
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&
and that by the equation of continuity dI/d)"' = - 8p/0%, One
derives, by using Eg.(3.1-1):

1 iw1t
- {3.2-2). . P == I sin('.c&)e

Further one has:
(3.2-3) n = cosf k + sinp cosa 1 + sinf sina jJ
vhere (see Fig.3.1) B is the angle between the antenna and the z
axls and « the angle between the projection of the antenna on the
x ¥ plane and the x axis.

Substitution of (3.1=-2), (3.2-2), (3.2-3), (3.1-1),
(3.2-1) and (3.1-3) into Eq.(3.1-6) gives:

I
(3.2-4) K = -12 Red(~ cosP j + sinp sina 5)(— i 39 EO)Y

ik1'§° cosp

§ef -

..,fsinﬁ gina cosp k + sinzﬁ cosa sina i + (sinzp sinza-‘l)j]x

if;(w.l - w)t + q)] /:in<k f)e
1

£ e

v=L

L
% I E% el[(m1 AR cos(k1§:) eikicospfdj-

-L
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By ingpection of (3.2-4) it is apparent that, if
w1 # wy M is an oscillating function whose time average

vanishes. Therefore we will suppose Wy = W

Por the integral

) :
Jk .
{3.2-5) /5111(1-:1§)e-L 1 OOSB?d} = ;

V1L

appearing in Eg.(3.2-4), one obtaing after somc claboration

T }
(3.2-5) 5= “"'“7”1“‘"““5 PR 533!3\00-'5[3 + 2cos ,/ncosﬁ cos 6:.-1'_1
CU»)I’ -1 ¢ / \2 cos B - 1 1
- J
Similerly.fox:-. U
AT .
/ ik, £cosp
. ‘ + ) t
(3.2=7) i cos(kﬁ)e dj = 1__2
J—L ’
one obtalins
r . i
(3.2-8) T = compiomee m sin/ECOSE> + 4 cos | Jooss __SOEE___
2 \ 2 j
COS{3—1, 3093_1;
- 3

By substituting (3.2-5) and (3.2-7) into Eq.(3.2-4),
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"f'bx,fakiné the real part, one derives

L. QIOEO ' 2 ‘
. (3.2_9) . M= ——=p= sing 18in"g cosa sina T i +
: 2w

?(31n B sin a - 1) T = cosp é]i

+!_sina. sinf cosf T + sinf sina SJE

ﬁhere T and S depend only on a and f and are given by Eqs.(3.2-6)
When § = g, the antennea lies in the plane of E and B.

~ In this case one has:

(3.2510) 3=2 T=0

, Tahd‘ﬁhéltorque becomes

o cIoE
7 (3.2-11) M= —3-2 sing sina k
. | o )

>_Whé§_¢,- a = x/2 one has:
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cl B
(3.2-12) B=-po k
W

In the case B = O one has

ot 20 A E PRSI VB CABON 4 B Fa o hise he o sk e s aen b sev retes s iaetpe et dneawn A%eMIniSdMPYNEAMEWABAS e 1 s s

=% =R
(3.2-13) S = ry T = 7

and M is given by

nchEo
(3.2-14) B =~ -5 sing j
4w

3.3 - Numerical examples and conclusions

If the ground antenna emits power Wg; with a gain

G, one has:

(303"1) E =

where h denotes the distance between the ground antenna and .
the satellite.

If Ws indicates the power radiated by the satellite's

antenna (which is assumed to be tuned at the wavelength A) and

R the radiation resigtanée, oné has:
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e s

2wg
(3.3-2) I, =%

Let us suppose now that the phase of +the satellite antenna
“ig locked to that of theé impinging wave with ¢ = m/2 and‘that-a=ﬁ=g.
Thus Eg.(3.2-12) becomes

c t
(3- 3"3) ;\_li = —-—2- n; ---—-:’-rR-—...

If the ground antenna ig assumed to be parabolic with
diameter D and with uniform illumination (thus G = n2D2/A2),
Eq.(3.3~3) becomes:

(303—4) M=

From (3.3-4) one can obtailn the order of masnitude of the value
which the ‘torque can reach.

Let us assume:

D=100m A=30m W =100KkN, ¥ =10W, Tf: b = 300 kn:
&

9

H= 3.4 107 J.
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It seoms therefore that this third way of applying
Jlectromagsnetic radiation, to control the attituds of a space
vzhiiele, cennot nave practical importancc, sincc the torque

ig

ts oo small. On the other hand, the appearcnce of the powers

N

sl nificantly improvin: the situation, even with higher powers.
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CONGLUSTON

In this report the poseibility has been discussed of
applying elliptically polarized radiation to the attitude con-
trol of a sgpace vehicle.

In order to zet a criterion to assess the effectivencss
the different methods and procedures, an analysis and =
Jiscugsion have been made of the different factors which may di-
gvarbd the orientation of the vehicle during actuwal £licht.
Typical orders of masnituds have been given for the torques due
$0 all these physical factorsg.

In the first section an active procedure has been
discussed. The space vehicle sends out elliptically polarized
rodiation and is acted uwpon by a reaction torque. In particular,
the case of a trensmitting turnstile antenna has been analysed
in detall. A simple relation was found between the reaction tor-
auz, the radiated power and the frequency.

The power levels available on space vehicles are
ropidly incresging year after year. Reasonable forecasts can be
made about the power which will become available in the nesr or
even far future. A comparison between the torgues obtainable
with such powers and the torgues dwe to external or internal
physical factors which may disturb the orientation is not at all
discouraging. It seems therefore advisable to keep in mind the
possibility of this device of attitude control in future de-
signg, especially where a continuous and small action is %o be

anticipated for very long periods c¢f time.
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As a by-product of this investigation, we point out
the neceggsity for the future designer of taking into account
the torque produced by the emisgsion of ellipticdlly polarigzed
radiation, which may'be undesired and represent a cause of
disturbance for the maintainance of a given orientation.

In the second section the paszsive method has been
invegticated, where a ground gtation transmits circularly po-
lairiged radiation, which is received by the vehicle. A relation
has been given between the resulting torque and the relevant
parameters, namely the power of the ground station, the gain
of the transmitting antenna and the absorption cross section
of the receiving antenna. The forgues obtainable turn out to
be extremely weak. '

Finally, in the third section a mixed procedure has
been iuvestigated. A ground sgtation transmits linearly polari-
zzd radiation, which at the receiving end is utilised to control
the frequency and the phasge of the linearly polarized radiation
emitted by the space vehicle. Both fields, that emitted by the
ground station and that emitted by the space vehicle, combine
to give gn elliptically polarizad field. The torque generated
in this way, by assuming reasonable values for the powers:
turns out again to be extremely small, though somewhat better
than in the previous case.

In conclusgion, it gecems that the active device de-
gceribed in the first section is both the simplest and the
most effective, and the only one to present a practical inte-

rest.
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APPENDIX 1

In gsection 1.2 the following relation has been used:

1

%
(wrpvi- uv

) .
(at-1) fdiv (wv)] = = aiv
4

where (u ¥v) is a dyadic. In order to demostrate Eq.(A1-1), let

us apply the followin. fowaula ()
(a1-2) div (u v) = u div ¥ + (grad u).y
By epplyinz (A1-2) to (the two parts cf) (A1-1), one has:

(4 div v)'r +{kgrad g).i}:g = ‘urr)div v +lgrad (gﬁg)].z -

I£
1<

By introducins rectangular coordinates x, y, z (unit vectors =

= i1, iz, ;3), one has:

(grad u).v = 0y i, eV + ou 1,7 4+ Su iev
grad )oY = 53 %It gy =203 * 5z 2378
thus:
0
kgrad u).v]/r = 1,V 95,«r + L,ev 52 /T 4 L,eY g2/'r
L =Tl = 17— ux = =2 = 0y -3

e Pt A i s s e A W4 Ak

(') Ref .7 p.26
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Besides:

~ a(u.‘fg) o(urz) 0(urr).
crad(u z) = -~g_==i, + S T PR e
hences
. ) 0(urr). a(urr) (usz).
(A1-4) [;rad(u r{].v —=Fz= kg X + .=l i,.¥ + -5 ”i3‘~ =
= v[a-/ T+ U== |+
—;1'.—!6—\ h== AR REEE]
By making use of (A1-3) and (A1-4), Eq.(A1-1) becomes:
}_ﬂ \ Or \ or |

but r is the distance from the origin of the reference systenm,
thens

6:_;__1 a;_i 6£=i
3x =1 ? 0y <=2 ' 0z =3

and the term in the parenthesis in (A1-5) becomes:

vuri, + vupri, + vuri, = ury
= =1 y== z=' =3 =

2

and (A1-5), hence (A1-1) is verified.
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APPENDIX 2

It is to be demonstrated that:

. (div /U)rz aV = O
by
when V is a spherical volume centered at O (see p.5 for the no-

tations).The integral can be written:

N o |{E.D + H.B . [E.D+H3B .
—Z - div [(r-— -2-=--) ék' T _j;kJ av - Lt }-k'&k av =
K .

=Z E:E.;-E_'E(_i_k,l_«);k.g az
‘g

vwhere L is the boundary surface of the volume V, and n the outer
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normal. The last expression vanishes because:

APPENDIX 3

In order to perform the integration appearing in

Eq.(1.4=10) let ug consider the power series development of J1(a 9inQ)

(A3~1) J1(a 5inQ) =%Tm” RO E

One has

v

(A3-2) J1(a g9inQ) cos(p cosP)de =

,a-2m+1 1

= o
=173 2m+ 1
= 2 sin“™'g cos(p cosQ)al =
0

mn m,{m+l)]
0

o2 (- \em+1
j;.(-1)m(%} /pyim&1/2)
Tm |

Ta+1) Jm+1/2(B>QQ/

=y
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By putting m + 1 = s, one obtaing
~ 3
x e }_ Sa)f]
(A3~3) J1(a ginQ) cos(p cosQ)dd = ~ 1?%9 ;1__53_-_
-9 H

0

et/ (B)

By using Glaisher's formula (') and observing that J 1/2(g}= 0,

one derives

W

PRERTEEES -

(A3-4) J1(a gin@)ros(B cosQ)dl = - §~cos<JB2 + az

APPENDIX 4

Electromagnetic torgue on o turnstile antenna, evaluated by means

of the mutual actions hetween charges and currents.

The current distributions on the two half-wave antennas
constituting the turnstile of Fig.A4-1 are denoted by:

b 2
ontenr: 2]
N
o
dz, ‘:‘: Q(n z.2)
grfennzd |, 9w R
p(OﬂJ‘-O) y
&
x
Fig.A4-1

(1) see Ref.28 p.140 Eg.(3) 97



. iwt
iy = IO cos(ky1\ e

I

(Ad-1)
. s iwt 2n
i,=1 IO cos(kzz) e k= y-

The ddistributions of charges are:

-1 iwt
Py = 3™ Iosin(ky1) e

(4d-2) 1 1wt
w
Py = 3 Iosin(kﬂz) e

Here and in the sequel the convention for the indexes 1 and 2
is the same as egtablished on section 1.3. In (A4-1) and (A4-2)

y1 and z, repregent the distances of two points, of the antenna 1

and of tﬁe antenna 2 respectively, from the origin O of a system
of rectangular coordinates. The two antennas cross each >ther at O.
i, J, k represent the unit vectors of the reference system. The
time average 4F of the force acting on the element dzz ¢f antenns
2 at Q é(0,0,zz), due Yo the distributions of charges and current

on antenna 1 is:

[
(44-3) 4B = 3 Rejpp(Q) E}(Q) + 1,(Q) £3}(Q) a2,

fae

where E,(Q) and B,(Q) denote the electric vector and the magnetic
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induction vector, produced at Q by the charges and currents on
civhenns 1.

Let A, and ?q represent the vector and scalar potentials,

1
Jie to antenna 1. One has, at a point M = (x, ¥y, 2):
A4
( Adwd) A = A4 =3 Eo eimt ijiyj) ikr a
- I Y E ¥4
- A4
A4
- p. (¥ .
_ 1 iwt 1°71) -ikr |
(44-5) 91 = e °© mmmpe @ 4y
- A4
Waere:

2 2 2
r=x"+ (y - y1) + Z

The field wvectors at Q are:

E,(Q) = - grady e, - 1o 4,(Q)

B,(Q) = curl 4

Q= .

Since Q is located on the z sxig:
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andz:

A4

0 I im-/ i e_ikix2+(y_y1)2+22
3 (91 = e z;{g-e i 3 Iosj-n(ky1 Smanmzzan or e s dy1 =
0 2 2 .
x +(y - y,l) +

A4 :
—

. -1iX 02 2 2
~ikfr o
= ..,..1.._... e ._.6_9 sin(ky1 ) e 1 [’ +(y y1) +2 1 _.;_:.-._g.._‘. .........

== 137,
L P2 2 2
[ x +(y—y1) +3

v—-A/4

At Q, =ince x and y are equal to zero:

A M4

-iI [2 2
0 cp) Cp— sin(ky,)e e Iy * 2y {1 - “.__._.1. ------ dy
1/Qq 1 : o o2 1
[~ M4 \ (*mz;)

The function to be integrated is o0dd with respect to y = O,therefore

0
(A4-8) (5?1) =0
\ % Q
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Thug:

(34
(44-9) | B.(Q) = - 1\55- .
and:

(A4-10)

Og
§1(Q) = ”{6?1) - iw é‘.t‘(Q)
\ Q

Hence Eq.(A4-3) becomes:
1 %9,\* = o4, 3
(44-11) 4F = zRef - p(q 6;7"0 4+ 200,(Q)A7(Q)-1,(Q)kni 57— . Az =
‘ 0.\ N
1 1 . . 1
= - zRe pz(Q)c-i-)Q - 1“92(Q)AT(Q)+12('5'Z“)Q 4 dz,

. 9
where CPEREPY Ug" A1 are evaluated at Q.

One has: A4
1 9, * Is 5 gin (kr) .
(A4=12) - ERe polsz-] = ’81;5‘:2 sin(kzz)‘ 37 sin(ky1) == - dy1
° - A/4

~ 101 -~



2 A4

( 3 1 ; % Ho¥%o . gin(kr)
(A4--13) 3 Re(lwp2A1) = - Bz~ 91n(kz2) cos(ky1) —mm2==sdy
-A/4
ard s
(A4~-14)
L ix o A4
1 Re 1 6A1 = pOIO (’l ) 0 (k )Sin(kr) a
" RC togp T -yt 08K,/ 53 COS\EYq ) ==pm——= 4y
- A4
Thus Eq.(A4-11) becomes:
/A/4
' B A .
_ "o L2} . 0 . gin(kr)
(A4-15) daF = g- I 51n(kzz) 37 | s1n(ky1)——§~—~- ay, -
/- A/
r/4
gin(kr) .
- k sin(kz,) | cos(ky,)-=z=-== dy, +
/- M4
vz N
0 ' in(kr
+ cos(kz2) 33 COS(ky1)E-§£~-2 dy,|d 4z,
- A4 -

Let us now consider an element dy1 of antenna 1, placed at the
point Pz(O0, ¥q0 0). The force dF' acting on dyqs due to the

charges and currents on the antenna 2 is:
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(M=16)  gB' = 5 Rl p, (D)ES(®) + i,(run_::‘;(r)]m

where notations analogous to those of Eq.(44-~3) have been used:

One has:
E(P) = - grad, 9, - iwa,(P)
@2(P) = curl A,
where: A4
m . i(z.) .
_ _ 0 lwt 272 ikr
Mty = agpm g o LR e
- M4
N4
Y2 © Fae T %2
~ M4

The following relations can be derived, analogous to
Egs.(A4-6) through (A4-10):

0A2
(A4-19) IxL ” 0
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(A4-20) ka’_‘-.}p =0
[\
©,°
(A4~21 (220 _ o
A4 ) \\ay '_/}P
Hence -
/6A23
(A4-22) 22‘(1’) = \3'5,"}}? x
0(92\
(A4-23) E(P) = —|p;51 k- 1wd,(P)k
) ;;P

Eq.(A4-13) becomes:

(A4-24) i s

aF' = & Rel -p_ (P) S (®)AR(P)k + i, (P) ~=2) 4nila
- ° 3 I P17 b 5 = 8 Rk Ak Oy, 1 Ve =

—

1 L 'FacP 2" ) # aAZ;'E
=- 3 Re,p1(P)\6§_-)P - 1wp, (P)AS(P) + 1,(P) 5 p k dy,
L )

E—

Further one has:.:

(A4-25) /% )* g2 a ]/A/4 -
1 2 o -y8in(kr
~ 3 Re p1(P) |55~ > = 5———-2 ain(ky1 )65 r‘} Sin(kz?)--i—"" az,
\ RE _C ) ;
° L M4
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T % _ Ifmp By gin(kr)
(A4=26) Re 1wp1(P)A2(P) = ~8—~—31n(ky1) s1n(kz2)-——§—-- dz,,
- A4
1 OAQ‘X "poIf 0 ' Ve gin(kr)
(A4-27) - zRe 11(P) 35 A = ~8~—-cos(ky1)~- cos(kzz)-—;——-—dzz
- N4

Let the points P an Q be chosen at equal distances apart
from the center of the antenna.

By comparing Eq.(A44-25) with Eq.(A4-12), Eg.(A4=-26) with
Eg.(A4=13), Eq.(A4-27) with Eg.(A4-14), and taking into account
Egqs.(A4-11) and (A4-24), one has:

aR.j =~ @Bk

Fiz.A4~-2 shows the directions of the forces acting on the

]
2
1
dZ :Jt——’
T
i dil {
O L1 1 Nl
qu. Y
p
Fiz.A4=2
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elements dy1 and dz2, and indicates that the moments of the
two forces with regpect to 0, are of the same sign.
The integral in (A4-15) will be performed by means

. . X . gin kr
of a series approximation of the function ~-E-~—:

------ =k = % k3r2 + 1,k5r4

The function snd its derivatives with respect to y and z,

calculated at point Q, are then approximnted as:

{ ! \ 2
sin 1 1.3 2 2} i 2\ 5
(A4-28) {_Ef_ln’ff) =k -2 k°lyS + )-» ¥y + 2 )k
A R S A 171 2
0 szinkrhp _ 1.3 51, !
(A4"'29) (65 '—f-—-}o = - k }1 - 3-— k \Jz + y1Z2/

By substituting (A4-28), (A4-29) and (A4-30) into (Ad4-15)

and performing the integrations, one obtalins

2.2 [,
R T 2 2.
(A4-31) dF.j = =———— 3/ 2 cos(kz) + 13 k2 gin(kz) -
4meoc ?

<

- %% z cos(kz) = EEESEEl 0.635

- 106 -




Eq.(A4-31) gives the distribution of the force acting
on antenna 2, due to antenna 1. Eq.(A4=31) will now be used to
gvaluate the resulting moment,E\of the distribution of force,
with respect to the center of the antenna.

This moment is:

A4
I =} d_E_‘."ZQE

Loa/s

And one obtains the result:

(A4-32) T=1.9 108 A 12 i (M Jouleg, A meters, I Amperes)

The torgue U acting on the turnstile antenna is twice

the value indicated by Eq.(A4-32); therefore:

2
M= 3.8 1070 A‘.[2:i__='71.6 5_1_

By introducing the radiation resistance R = 73,12 ohm, of the

hglf-wave antenna, one obtains:

L
- i

M= 0.98 -3

where W is the power radiated by the turnstile antenna.
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This approximate result is to be ccmpared with the

0]

zact result given on p. 21.

The difference is practically negligible.

APPENDIX 5

By following the procedure of Appendix 3, one has,

for the second integral on right side of (2.2-41),
W
(A5-1) -J1(a sinQ)cosz(p coso)coszo o =

¥o

) 2m+1 pm
(_1)mkg> f 2m+1 " 2 i
= in Q cos(B cos@)'1 - gin"® =

- w (m+1) \3: 5 jao
Y Y 3“")“’2)2”1 (wr¥/2)
TTE Y éﬁ} ""Z)m & Jm+3/2(p)(?) =

A
= - -cos( a2+[32) - \en “4;“'5-;-— (8) Ty (8



Recalling Lommelts formula ('), (A5-1) becomes

T
(A5-2) J1(a gin®)cos(B 0030)00920 a0 =

0

=\ g ”a2+[3§)
- -Ecos ({azwzj- {Q‘E a _2,{2_5_,. ; =

L}

C

. =3\
((\2 2\ cos{ a2+132) 2a sin('a2+\32?
osiya +B

A OV

Rin

a +p3

(') see Ref.28 p.140 Eg.(1)
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circular polarization. A reaction torque turns
out to be applied o the vehicle. The second
one makeg use of the forgue experienced by a re-—
celving antenns placed on the vehizle, when a
ground station radiates towards the vehicle.
The third one is based on the simultaneous and
tuned emission of radiation from an antenna
located on the vehicle and a “round anténna. A
comparigon between the torgues which can be ob-
tained and the torgues necsssary to the control
of the attitude of a space vehicle in actual
gituations shows that the first procsdure can
have practical importance, whiles the torques
obtained by mceans of the second and third pro-
cedures secm to be too weak.
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