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MODELLING OF ORBITAL PERTURBATIONS DUE TO RADIATION PRESSURE FOR HIGH EARTH

SATELLITES
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ABSTRACT sure for s/c of complex shape. For a large class

The force model of radiation pressure is discussed
for spacecraft of complex shape and structure. By
general perturbations techniques, orbital effects
in semimajor axis and in longitude are computed
and divided in long and short-periodic ones.Long-
periodic effects are excluded for constant-attitu-
de s/c. Even for ‘satellites with an Earth pointing
antenna, for low inclination and eccentricity and
for good antenna pointing, long-periodic perturba-
tions in semimajor axis are small. However there
are longitude perturbations of secular character.
As an example the perturbations on the orbit of
ESA SIRIO 2 satellite are computed. We conclude
that an accurate orbit determination is possible
for high (e.g. geosynchronous) satellites if orbit
and attitude are carefully chosen.

Keywords:Radiation Pressure, Gauss'Perturbation
Equations, Geosynchronous Orbit, High Gain
Antenna.

1. INTRODUCTION

The main limitation to an accurate determination
of satellite orbits (e.g. for geophysical purposes)
is the poor modelling of non-gravitational pertur-
bations (unless drag-free probes are used). For
high orbiting satellites (e.g. geosynchronous) the
dominant non-gravitational perturbation is the
solar radiation pressure. Therefore a good model
of the orbital perturbations due to radiation pres-
sure is needed; but this is difficult for two rea-
sons:

- the net acceleration results from the complex
interaction between the sunlight and all the s/c
surfaces (and also the power system);

- a small relative error in the force modelling
can result in a big relative error in the orbital
perturbations, because of the large secular effects
produced by some components of the force.

1.2. Purpose of this paper

This paper introduces new analytical tools to eva-
luate the perturbative effects of radiation pres-

of satellites, including most TLC satellites, this
approach shows that many effects are negligible so
that significant directions can be given to model
radiation pressure perturbations within a given
accuracy.

In this paper the perturbative analysis refers
only to semimajor axis and longitude. The behav-
iour of eccentricity and inclination is better
known (see e.g. [1]); anyway we will discuss the
effects on inclination and eccentricity in a suc-
cessive paper.

2. MODELLING OF RADIATION PRESSURE ACCELERATION

2.1 Radiation Pressure on an elementary surface

For each elementary surface dS the incident sun-
light is absorbed, reflected and diffused with
probabilities-respectively- a,p,8. If we assume
that the absorbed light is not reemitted, and that
the diffusion lobe is perfectly spherical {Lambert
law), the resulting force on dS is:

dF = - % |cos¢|[(1-p}§+2(~% +p cos PAldS (1)

where ¢ is the solar flux, c the velocity of the
light, ¢y the angle between the normal fi to dS and
the sun direction 8. The absolute value takes into
account the case of a surface that can be lightned
on both sides.

This formula is also approximate because the real
materials do not behave like a linear combination
of a black-body, a perfect mirror and a Lambert
diffuser , but the coefficients a,p,§ depend on
the angle ¢ .

2.2 Effects of the thermal state and the power
system

The absorbed radiation is reirradiated in a highly
anisotropic way due to the anisotropy of shape,
surface temperature and emissivity . In particular,
the surface temperature is very difficult to model,
since it depends not only on the absorbed sunlight,
but also on the internal heat sources and on the
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thermal properties of the whole s/c. This effect
gives a relative contribution to the radiation
pressure acceleration of the order of all | where
AT is a typical surface temperature diff&ence,and
in most cases it is not negligible.

Another indirect effect of solar radiation, that is
not negligible, is the spacecraft recoil due to
radiowaves transmission towards the Earth. Since
most satellites do use for this purpose a large
fraction of their power supply, the relative contri-
bution to radiation pressure acceleration is of the
order of the efficiency of the solar cells system.

Big thermal changes, with complex transients, are
produced in the s/c by Earth eclipses of the sun-
light. Moreover the effect of eclipses is very com-
plex also for spherical satellites [2] , and is
difficult to model in an accurate way because of
penumbra effects [3] . Therefore there is no hope
of modelling rad. pr. effects in the orbits in which
eclipses do occur. In the case of a high satellite
there are long orbital arcs without eclipses (e.g.
arcs of about 140 days for a geosynchronous satel-
lite), and we restrict our analysis to these arcs.

2.3 Force model for a complex spacecraft

On the basis of the previous considerations we mo-
del the radiation pressure orbital perturbations
for a s/c consisting of an axially symmetric body
plus an Earth-pointing antenna (Fig.1).

Figure 1. Spacecraft Schematization

If the spacecraft is spin-stabilized, the body irre-
gularities are, in most cases, averaged out; the
antenna is supposed to be despun. In these hypoth-
eses the total acceleration is:

mis =[A+E(V) ]§+BﬁS+F[v)ﬁA+Dé (2)

where m_ is the s/c mass, fi_ the spin (or symmetry)
axis direction,fi, the normai to the antenna, € the
transmission direction, v the true anomaly of the
s/c. A and B are functions of the sun position only;
if the s/c has a shape not too complex, they are
slowly varying with time and have order of magni-
tude E‘?L _Tg.tﬁslm . D is a slowly varying

transmission flux,whose order of magnitude is
w/cmg (w is the transmitted power) and E, F

depend both from the sun and the

satellite position in a complex way. Starting from
the formula (15), we will also assume that the
antenna is flat, so that E and F can be calculated
in an explicit way. The anisotropic thermal emis-
sion can be included in the B term if the s/c is
spinning or its thermal properties are symmetric
enough.

In the following analytical treatment the essential
hypothesis is the constant attitude, i.e. fig con-
stant (or very slowly varying) in the inertial
frame.

The main simplification consists in neglecting the
mutual shadowing between body and antenna (and
also the multiple reflections etc...). On the con-
trary the symmetry of the s/c body is not a very
critical hypothesis, as will be remarked in 53.
The effect of Eart's albedo is not considered
either; this produces a small error for high sa-
tellites (e.g. for geosynchronous s/c the ratio
between Earth's albedo and direct radiation from
the Sun is about 0.01).

3. GENERAL PERTURBATIONS APPROACH

3.1 Gauss general perturbations equations

We use the Gauss equations to compute the perturba-
tions in the satellite orbital elements a, e, i,
2, w,A (A= Q+wtM is the mean longitude, M the
mean anomaly). As an example, the Gauss equation
for the semimajor axis a is:

e [T+e(S sin v+T cos v)] (3)

dt 5 ﬁ_ez

S, T and W are the components of the perturbing
acceleration in the orthonormal moving frame defi-
ned by the unit vectors &g, "?, &, (&g from the
center of the Earth towards the s/c, &p normal to
& in the orbital plane, &, normal to the orbital
plane. n is the mean motion.

S, T and W are easily computed from (2) if the
unit vectors 3, fig, fiy and & are expressed in the
&g, &r, &, frame. For the r.p. force on the body
we use:

A cos v+B sin v n cos(z-v)
8§ =B cos v-A sin v ﬁs n sin(z-v) (4)
¢ Vi-n?

where n is the sine of the angle between fig and
€, since usually the rotation axis of a spin sta-
bilized s/c is in the N-S direction, n is of the
same order of magnitude as sin i.

3.2 Long-periodperturbations in semimajor axis

To understand the relevance of the perturbations,
the first step is to evaluate the long-period or
secular perturbations in semimajor axis.

For the s/c body, we will show that only short
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periodic perturbations are present. In this case
(only A, B terms):

S = A(A cos v+B sin v)+nB cos(z-v)

(6)
T = A(B cos v-A sin v)+nB sin(z-v)
hence:
Byles 8 =A(B cos v-A sin v)+Bn sin(z-v)+
2 dt %

+e(AB+nB sin z)

To evaluate the long-periodic or secular term con-
tained in the equation (7), the classical develop-
ments of sin v, cos v in D'Alembert series can be
used:

cos v = cosM- e + e cos' ZM+...

(8)

sin v = sinM+ e sin 2 M+ .....

By substituting the developments (8) in the (7),
and averaging over one orbital period of the sa-
tellite, we obtain:

Pa
!Edmo ©)

hence no secular or long period (~1 year) perturba-
tions are present.

This result is in fact a particular case of a more
general theorem stating that for any constant
attitude s/c, not necessarily spin stabilized, at
the first order in the perturbation, the semimajor
axis does not undergo any secular or long-period
variation due to direct solar radiation (supposing
no eclipses), but only variations with periods of
the order of the orbital period (announced in [4] ;
the proof will appear elsewhere).

4. DEVELOPMENT IN SMALL ORBIT AND ATTITUDE PAPA-
METERS

4.1 Gauss equations linearized in e, i

For a satellite with small inclination and eccen-
tricity, the perturbative equations can be written
neglecting all the terms containing eZ, iZ or ie.
For a we obtain:

da
dt

[T+e(S sin M+T cos M)] (10)

8l

For the mean longitude ) , we must remember that
its time derivative is not the mean motion n,
because of the perturbations in 2 , w and in
the mean anomaly at epoch. Therefore we put:

1=/ndt+£=p+a (11)

where the perturbing components affecting the se-
mimajor axis give rise to changes in p , the others
in € . Always neglecting quadratic terms, the
perturbative equation for e is:

de 1

3 - 50 [2Te sinM-(4+5e cosM) S1+ s
.3 sin(w+M) W
2na
while for p we have simply:
dzp 3 n da
—_—=-= = = (13)
dtz 2 a dt

4.2 Antenna pointing parameters

To compute the perturbing acceleration components
S, T, W coming from the antenna (E,F terms) and
from the radiowaves emission (D terms) we need
the expressions of fiy, & in the Gauss reference

frame &g, éI" &,
If we assume that the antenna is spinning around
the axis fig in such a way to beam the radiowaves
towards the Earth, with an error £ in the east-
west direction, then also an error (of the order
of n) in the north-south direction results. Ne-
glecting higher-order terms in n, £ we have:
-1

é=]-¢ (14)

-ncos(z-v)

If the antenna is an high-gain one, both n and £
must be small, say of the order of 1 degree = 1/57.

= anfenna normal to orbital
misallignement plane

v=True anomaly

= 180°

Towards the pericester

| M swall = e S=wefomr
Figure 2. Gauss frame and antenna pointing
angles

To compute the effects of direct r.p. on the an-
tenna we assume that it is a portion of plane (of
any shape), inclined by an angle o with respect to
fig. To reflect the radiowaves coming from the s/c
body in the & direction,fiy must lie in the &,

fig plane:

cos g+ncos(z-v)sino
ﬁA= E cos o+nsin(z-v)sin o (15)
sin 0- ncos(z-v)cos o

If the antenna is not flat, but it is axially sym-
metric around the axis ﬁA’ formulas (2), (14),(15)
still hold. Anyway the following analysis is based
on the hypothesis that the antenma is flat.
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4.3 Linearization in the small parameters

If the orbital small parameters e, i and the atti-
tude small parameters n, £ are such that quadra-
tic terms can be neglected, also the mixed terms
en, in, ef£, if will be negligible. Therefore the
full expression of the perturbative equations (10),
(12), (13) as a function of the parameters A, B,

D, E, F of (2) is simplified.

For the semimajor axis we have:

&

55 = [AVEQDI(Bcos M-Asin M)+
+ N[B+F(M)sin oglsin(z-M)+E[F(M)cos o -D]+
+ e[F(M)cos g -D] sin M+eAB cos 2M- A sin ZM)+

+ tﬂ:F1 (M)cos o +eE1 (M) (Bcos M-A sin M)

(=]

t (16)

where E, F; are defined by the developments F(v)=
=FM)+eFy (M) +...,E(v)=E(M)+eE; (M) +...

As we know, the A, B terms are only of periodic
character. Therefore the most important long-period
effect is produced by the only E term not contai-

ning the small parameters. Since we assumed a flat
antenna, its contribution is

E(v) = R' cosy + R'"|cosy| a7

where the two terms take into account the possibi-
lity of different optical properties and /or tempe-
ratures between the two faces and R'*R" is of
order of magnitude R= & Area antenna apd is
slowly changing (i.e.with theS sun). cosy is given,
for n=£=0, by

cos Y =<ﬁA,§:~=( Acos v+Bsin v)coso+Csino (18)

To compute the long-period effect produced by the
main E term, we average over one revolution:

27
I“/ EM) (B cosM—AsinM)dM=R'11+R" (19)

IZ
The integrals I;,I; are recognized to be zero by
putting

A=Scosf;B =S sing (20)
so that they become of the form:
m
Ilac f[acos{e—M)+B]sin[S—MJd(B—l\-D
I, /’"|a cos (8-M)+8 | sin(8-M)d (8-M)

(21

and 1,=1,=0 because they are integrals of odd func-
tions.

Therefore even taking into account the despun an-
tenna, the secular or long periodic effects in
semimajor axis contain the small parameters n,f or
e. The conclusions coming from (16) are summarized
in table 1.

TABLE 1

Perturbations in semimajor axis a

ORDER 1 e i n 3
Long-periodic ay. 9 @ 9 O Ays
or secular

Antenna O 2Rye 0 2Ryn 2Ryg

Body 2A 2De 0 2Bh O
2Rn ZRg

Body O Ae 0 0 0

Orbital period
Antenna 2R 2Re

1/2 orbital

PXIOd eia R ORe 0O R RE

All the entries of table 1 are orders of magnitude
of Aa, to be divided by nZ. y is the number of

s/c orbits in 1 year, and shows the relative weight
of the long-period (annual) effects. The entries
containing D are of secular character; their ampli-
tude grows to the indicated value in about 60 days.
The higher armonics are present, but their orders
of magnitude are smaller or equal to those indica-
ted (e.g. the semiannual term and the 3M, 4M etc.
terms).

The effects in longitude of mean motion perturba-
tions can be computed from table 1 and the formula:

alp = - % Aa for terms with orbital period
B (22)
arp = - 3 yba for annual terms.

For the € component of longitude the linearized
perturbative equation is:
2na id‘-?c— =4D-4F (M)cos o -4E(M) (A cos M+B sin M)-
-4A(A cos M +B sin M)+
1 11 ; :
+ -2~AAe- iy Ae(A sin 2M+B sin 2M)-
-4B cos(z-M)n+5De cos M+ (23)

+i sin(wM) {AC+B}+

+ first order E or F terms.

In this case, secular or long-periodic terms do
occur, both because of transmission and because

of direct radiation pressure on the antenna (D, E,
F terms in the first line of (23)); the E, F terms
give effects of order of magnitude R, that can be
computed in an explicit way by evaluating integrals
similar to those of (19),but containing even(and not
odd ) functions. The first order antenna terms are
all estimated as order - of - magnitude by ZR, as
in the case of a. The results are summarized in
table 2.
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TABLE 2

Perturbations in the element €

ORDER 1 e i n £

Teng-periodic Body | 2Dy|Aye/4 0 2Byn| O
Antenna | ZRy| ZRye ZRyi |2ZRyn| ZRyE

Orbital peri odicBOdy 2A | 5De/2 |i(AC+B)22Bn 0

Antenna | 2R | 2Re 2Ri |2Rn | 2Rg

1/2 orbital Body| O | 11Ae/8 0 0 0

perdod Antenna R | Re Ri Rn RE

5. EXAMPLE: THE SIRIO-2Z SATELLITE

To give an idea of the orders of magnitude of the
effects listed in tables 1 and 2, and to show an
example of accuracy analysis, we will analyse the
r.p. perturbations on the geosynchronous satellite
SIRIO-2, to be launched by ESA late this year.

Sirio-2 consists of a s/c body quite axially symme-
tric and spin-stabilized, with the spin axis slawly
precessing around the north-south direction (with
a precession amplitude smaller than 0.5 degrees),
plus an high-gain flat antenna, despun and incli-
ned 45 degrees with respect to the spin axis. Its
orbital eccentricity and inclination are specified
at small values, e<0.001 and i<1 degree. Hence n
will always be <1/40 and £ is supposed to be small,
say <1/60.

The orders of magnitude of r.p. acceleration are,in
m/sec?:

A=2x10"0

8 9 -9

B=10 =~ R=5x10 ~ D=10 = .

Table 3 summarize the effects on semimajor axis;
n means negligible (<0.1 m); the first and second
term in any case refer to the A, B, D and to the
E, F terms respectively.

TABLE 3

Perturbative effects on SIRIO-2 semimzjor axis

;meters}

i e i n €
Long-periodic) .5 | 040.7| 040 | 0+15.5 2.4+12
or secular
Diurnal 7.5 1.7 | ~#~ | 0% | ~4~ | Obe~
1/2 day o~ &
period 0058 Ll i i -

The main effects on longitude will therefore came
from long-periodic aAp : by (22) the n, £ terms
can be of the order of 5 kilometers. But also some
of the aAe long-periodic terms are significant.
Table 4 summarized the aAe perturbations (here
~ means < 1m).

TABLE 4

Perturbative effects on SIRIO-2: aAe (meters)

ORDER 1 e i no <
Long-periodic 1404700 | ~+~ 0+12 | 35+17| 0+12
or secular
Diurnal ToBHLLT | wtims [ wios | wigns] D
1/2 day ~4~ | ~kn | 04~ | O+~ O+~
period

An accuracy analysis can be performed on the hypo-
theses that the r.p. force is modelled, both for
the body and the antenna, with a 10% uncertainity,
that n is well known and £ is poorly known.

In these hypotheses, for a and p the long-periodic
£ terms is the most difficult to treat and a better
antenna pointing is needed to achieve an accuracy
of 1-2 meters in a, 0.5-1 Km in longitude.(Since
the antenna despin motor is not likely to mantain
E constant, it is enough to have a smaller average
value of &£). If this better pointing is achieved,
the most important long-period terms in longitude
became the n term in p and the main term in €;
then a good r.p. model for the antenna becomes
very useful. On the contrary, modelling accurately
the r.p. on the s/c body is not very important.

Because of the geometry of the range measurements
to a geosynchronous s/c, the longitude uncertaini-
ty produces a distance uncertainity 1 order of
magnitude smaller. We conclude that the uncertai-
nity in the r.p. effects will produce a range un-
certainity of the order of tenths of meters, much
bigger than the laser ranging errors, still small
enough for the planned geophysical use of the
SIRIO-2/LASSO mission.

6. CONCLUSIONS

It is not true that the next generation of satelli-
te geodesy and geophysics experiments will use
only drag-free or cannon-ball s/c .

Also s/c with complex shape and structure, inclu-
ding many TLC satellites, can be used for high
accuracy tracking experiments, provided that:

- high orbits with low e, i are chosen;
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- the problems of r.p. modelling are taken into
account in the design of the antennas and of
their pointing system;

- the optical coefficients a,p,8 of the external
surface of the s/c are known before launch with
a reasonable accuracy;

- the manoeuvre arcs are long enough to allow the
decoupling of the long-and short-periodic pertur-
bations in the data analysis. -

On the contrary, a complex shape of the s/c body is

not a big problem if it is spin-stabilized.
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