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ABSTRACT

An overview of the investigations carried out at INPE in the field of autonomous orbit control systems
is presented and discussed. The first work consisted of an investigation on the feasibility of an
autonomous control concept of the orbit longitude phase drift (ALy), carried out in cooperation with
the French Space Agency (CNES) in 1995. The use of a French navigator, called DIODE, was
considered in order to provide the required real time orbit estimates. It computes estimates of the
satellite position and velocity components, by processing the Doppler measurements generated by an
on-board DORIS system receiver. Thereafter, the research work was directed to the investigation on
the use of the GPS (Global Positioning System) instead of DIODE. At first, only the direct use of the
coarse GPS navigation (geometric) solution was considered. In order to improve the results a GPS
simplified navigator was further developed. The addition of such navigator to the autonomous orbit
control significantly reduced the variation range of AL,. Samples of the results obtained in each phase
of the performed investigation are presented and commented.

INTRODUCTION

With the advent of the modern positioning systems, like GPS and DORIS (Putney and al, 1992; Nouel
et al, 1993) for instance, reliable and accurate autonomous navigation means are being more and more
developed and explored. The generated on-board availability of continuous and accurate knowledge
of the satellite orbit, makes feasible the idea of increasing the autonomy of orbit control processes.
Particularly attractive is the case of having autonomous control of the longitude phase drift, AL, for
phased earth observation satellites, in order to assure the repeatability of the orbit ground track, since,
for this kind of mission, this is the parameter that requires the higher corrective maneuver rate.

The first INPE’s work related to autonomous orbit control took place in 1995, when a study on the
feasibility of an autonomous control concept of ALy was performed, in cooperation with the French
Space Agency (CNES) (Orlando and Micheau, 1996). Real and simulated orbit estimates from
DIODE navigator (Berthias and al, 1993; Tournier and al, 1999) were, then, considered. Three
versions of autonomous orbit control procedures have been studied. The first one computes the orbit
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correction amplitudes with help of a simplified parabolic model for the longitude drift time evolution,
whose parameters are estimated in real time. The second one always applies orbit corrections with a
constant amplitude, independently of the current conditions in terms of navigation error magnitude
and solar activity. Finally, in the third version, the corrections amplitude are taken as a function of the

current solar activity conditions, inferred from estimates of ALo. The feasibility of improving the

autonomous orbit control performance by reducing the oscillations in the observations of AL, caused
by the geopotential tesseral harmonics (Orlando and al, 1997) was also analyzed.

Thereafter, following a world wide trend, the study was directed to the investigation on the use of the
GPS (Global Positioning System) instead of DIODE (Orlando and Kuga, 1999). At first, the direct use
of the coarse GPS navigation (geometric) solution was considered (Gill, 1997; Hart and al, 1997).
This GPS solution presents which are several orders of magnitude greater than the ones presented by
DIODE. Concluding this analysis, an study of the influence of the maximal allowable maneuver
application rate was performed (Orlando and Kuga, 2000).

The next step consisted of the development of a simplified GPS navigator, in order to improve the
accuracy of the GPS geometrical navigation solution. It consists of a Kalman filtering process, which
uses the position components of the GPS navigation solution as observations, and incorporates a
procedure for automatic treatment of observation biases. Its inclusion to the autonomous orbit control
procedure [Galski and al, 2002] do not added a significant computational burden to the overall
process, but allowed to obtain a significant reduction in the variation range of ALy.

The autonomous control concept is described in the next section. Thereafter the main aspects of the
preliminary study performed by INPE regarding this subject are presented and commented. After that,
the performed feasibility analysis of directly applying the GPS navigation solution in the autonomous
orbit control, is summarized. Following this, a new section presents and discusses the relevant results
related to the development of the above mentioned simplified GPS navigator, and its application to
autonomous orbit control. Finally, some comments and conclusions are presented in a final section.

AUTONOMOUS CONTROL PROCEDURE
General Description

The general block diagram of the autonomous control system is presented in Fig. 1.

* Control Range
Observations || Maneuver N Maneuver Orbit X, X
Smoothing and Determination Application Simulation .
Compression — ¥
. Raw < - Navigation .
( Preprocessing ) | o Observations| Autonomous Orbit Svstem Z,Z
Estimates y

Fig. 1. Block Diagram for the autonomous orbit control system

The first task is the computation of raw observations of AL, and AL from the orbit estimates issued
by the navigator. The following equations are used in this task (Orlando,1999):

AL, =a, [4Q+—2¢

(N + P/Q )] )
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It is assumed constant solar flux during the time interval between the application of two successive
orbit correction maneuvers, which implies in having constant da/dt (a being the orbit semi-major axis)
during this interval. Under this assumption, the time evolution curve of AL, is almost parabolic, and
(calling At = t-tp) can be modeled by:

ALo(t)=ALy(tg)+ AL o(tg) At+ AL o (tg) AF/2 (4)
From this equation, the first time derivative of ALg, AL (t), can be written as:
ﬂo(l): ﬂo(l‘()) + ALy (to) At (5)

The computed raw observations of ALo(t) are preprocessed in real time, in order to achieve data
smoothing by curve fitting, validation and redundancy reduction. The preprocessed values are used as

N N
observation, by a Kaman filtering process which provides real time estimates of AL o(t) and AL o(ty),
k=1, 2, ... Estimates of the remaining coefficient, of Equation 4 (AL(tx)) are computed from:

k-1 k-1
Alo (t)=[ Y pALo(t)+ peALo(t) ] /(Y pi+py) (6)
i=0 i=0

where po, pi1,... px are weighting factors.

A A o
The estimates Eo(tk), AL o(ty) and AL o(ty) are used by the block “Maneuver Determination and
Computation” to determine the need of maneuvers and to compute the required correction amplitudes.
In order to test the autonomous control procedure, the control loop is closed with help of a realistic
orbit simulator, from whose outputs the navigator orbit estimates are simulated.

Determination of Maneuver Needs

The following three versions of the autonomous control procedure have been studied:

a - Variable Amplitude Corrections

b - Constant Amplitude Corrections.

¢ - Adaptive Amplitude Corrections.
Both procedures consider the same process of determining the need of maneuver applications. Due to
orbital decay the satellite ground track drifts Eastward. One semi-major axis increment is assumed to
be needed to correct the time evolution of ALy each time the two conditions below are both satisfied:

AN
N L °
AL O(tk) > ALosup - l’l.G(tk), and AL ()(Zk) > AL Osup + np. O'p(l‘k), (7)
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where ALgg,, and ALo gy, are previously chosen control limit values; o(tx) and o,(ty) are the standard
AN

deviations of AL ((t) and AL o(t) and n and n, are two previously chosen real numbers.

Variable Amplitude Corrections

This version computes each orbit correction so as to cause a change in the sense of Ly(t) in such a way
that the minimum value to be attained, considering the parabolic model of Equation 4, will be equal
the previously chosen lower limit of control. In order to maximize the time interval between the
execution of two successive maneuvers, only positive semi-major axis correction is allowed to be
applied. The Fig. 2 illustrates the procedure used for computing the corrections amplitude:

AL, 4+ 7 -
rLO(‘han) ’__,—” ALOS“p
AL ol L=
P8 rYSHEy FRSN— &

/ tma;ﬂ L
o
ALOC(t:rnan) T ———TTT el

Fig.2. Maneuver calculation

This figure shows the almost parabolic time evolution curve of ALy. It is supposed that at the instant
t = tman the application of one semi major axis increment maneuver is verified to be needed. This

maneuver shall be calculated such that it causes a change in the value of AL, so that the minimal
value to be attained by AL, be equal to a previously chosen inferior limit of control, as illustrated in
Fig.2. This strategy implies in the maximization of the time interval between two successive

maneuvers. The predicted evolution of AL after any maneuver execution can be written as:
VAN

EO(t/tman) = EO(tman/tman) + Z()c(AtrJ;rmn)Atnmn + % EO(tman/tman) Atrznan (8)

where: A_LOC(t;an) is the wanted value for Zo just after the maneuver application and Aty = t-tman.
A

Calculating the value of A_LOC(t,Z(m) so that the minimum value to be attained by A_Lo(t/tman) be equal to
a pre-specified inferior control limit, ALy, One obtain:

A
AL oc = \/2- AL o (tman )-[ ALo(tman )= AL oy ] ©)

This implies, of course, that AL, be positive (natural Eastwards longitude drift). For phased

heliosynchronous orbits one can write the differential equation relating the longitude phase drift to the
orbit semi-major axis and inclination as (Micheau, 1995):

3

.. da  da i
ALot) = (—2¢ 1+ gr = (2 4 (10)
di P dt
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If one takes the approximation /+¢ =7 and considering that at CBERSI like altitudes the atmospheric
drag is the dominant perturbing force over the satellite orbit, one can neglect the dependence of AL
on the orbit inclination. Under this assumption the equation 10 can be written as:

;—2 37[ ae da 11
) =———=
o) == (an
te
da
Supposing that the value of ; is constant during the time interval involved between two successive
t

maneuvers, one can easily arrive at the following equation for computing the tangential velocity

increments to be imposed to the orbit, in order to correct the time evolution of ALy:
VAN AN

o Ty VL ALoc— AL o (tyygn/t man ) 12)
6nr. ,
where V is the absolute value of the satellite speed. This equation is utilized to compute Avr by the
variable amplitude corrections version of autonomous orbit control procedure. Whenever one orbit
correction is applied to the satellite, the coefficient estimation procedure, mentioned above, is
automatically re-initialized in order to avoid filter divergence.

Constant Amplitude Corrections

The Constant Amplitude Corrections version does not perform any computation of orbit correction
amplitude. It has always the same value, independently of the current conditions in terms of
navigation error magnitude and solar activity. Each time the conditions given by Equations 7 are both

satisfied one semi-major axis increment with constant amplitude, are applied to correct the time
A

evolution of AL. This strategy may be interesting if AL (t) is no more considered as constant, i.e. for
higher altitudes (when di/dt becomes significant), or for strong variations of atmospheric drag (da/dt
not constant).

The correction amplitude must be chosen small enough so that the minimum value reached by AL, be
greater than the inferior control limit, even in periods of minimal solar activity. On the other hand, the
maximal allowed orbit correction rate must be great enough in order that the control action can
produce an inversion in the AL, time derivative when under important solar activity level. If one wants
to reduce the control limits, maintaining however similar performance characteristics, under any solar
activity condition, then it will be necessary to reduce the correction amplitude for the constant
corrections and, in addition, to increase the maximal allowed rate of its application. Depending on the
desired control range, getting a satisfactory performance of this kind of procedure can imply having
prohibitively small amplitudes of correction and/or prohibitively high correction application rates.

Adaptive Amplitude Corrections

In order to try to avoid the above mentioned problems which can occur with the Constant Correction
Amplitude version, the introduction of an improvement on it was considered: This basically consists
in always applying a previously chosen value of the corrections amplitude, while the solar activity
remains inside an fixed range. When the solar activity goes outside this range, then a new constant
value is considered for the corrections amplitude, but only while the solar activity remains inside to
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another adjacent range, and so on. In other words, each correction amplitude is automatically chosen
as a function of the current conditions in terms of solar activity. For this purpose solar activity is
divided in several variation ranges, and one single value of orbit correction amplitude is previously
associated to each one of these ranges. When the application of an orbit correction is verified to be
needed, the control procedure autonomously selects the correction amplitude which corresponds to the
current solar activity condition. The problem imposed to the application of this approach is that the
instantaneous values of the solar flux are not available on-board of the satellite. Fortunately, its
magnitude can, however, be inferred from the estimates of the second time derivative of ALy, that is,

AL (t), which is naturally computed by the autonomous control procedure, with help of the before
mentioned Kalman filtering procedure. Actually, in the performed analysis, only three discrete values
of semi major axis corrections were considered is the current analysis, that is:

VAN
Aa= Alm if AL (teg /ti)) < L1 m/s®, (13)
AN
Aa= A2m if LI m/s> <AL (te; ftey) < L2 m/s>, (14)
AN
Aa= A3m if AL (teg /ti) > L2 m/s”, (15)
VAN

where: A1, A2 and A3 are the chosen correction amplitudes, and L1 and L2 are limit values of AL .

PRELIMINARY STUDIES

In the preliminary studies, both real and simulated from a DIODE like navigator were used to perform
the tests on the autonomous control concept. The orbit estimates was simulated at a rate of 1 set each
10 seconds, with rms errors of 10m in the position and 0.001 m/s in the velocity components of the
state vector. The performance of the proposed autonomous control was analyzed over a simulation
period of about one year, considering worst conditions in terms of solar activity variation, as it can be
seen by Fig. 3. The solar flux 11-year cycle has been shortened into one year simulation, with a very
high maximum (360 in flux units), and kept the 27-day cycle oscillations due to solar rotation.
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Fig. 3. Solar Flux

The Fig.4 shows the best preliminary results which have been obtained for the Variable Amplitude
Corrections version of the autonomous orbit control procedure, when no tesseral effect correction is
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applied. DIODE like estimates were simulated with standard deviation of 30m in the position
components of the orbit state vector, and 0.01m/s in the velocity ones. One can see from Fig. 4 that
the longitude phase drift remained inside a restrict range of about -200 to 400m. This result was very
promising, since for SPOT2 and SPOT3, as instance, this parameter should nominally be maintained
inside the range of + 3000 m, and inside £ 10000 m, for CBERSI.
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Fig. 4. AL vs time : Variable Amplitude Corrections

The Fig. 5 shows the best result obtained when the constant amplitude corrections was considered. In
this case Aa has been taken equal to 8m. One can observe that the curve of AL, presents an increasing
trend, when the solar activity is high. On the other hand, under low solar activity negative deviations
occurred. This means that, with the considered maximal maneuver rate (1 correction per orbit) the
correction amplitude is not large enough to reduce the error, when under strong solar activity. On the
other hand, when solar activity is weak, the chosen correction amplitude shows to be excessively
large.
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Fig. 5. AL vs time: Constant Amplitude Corrections

This situation should be avoided by the use of the adaptive amplitude corrections procedure which
consists of an improved version of the previous one. The Fig. 6 presents the results obtained when this
procedure version was applied to the same test case above. Comparing the curves of Fig 6 and Fig. 5
one observes, besides a reduction in the AL, variation, the absence of the above mentioned problems
presented by the constant amplitude corrections version.
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Fig. 6. AL, vs time: Adaptive Amplitude Corrections

Further, the influence in the observations of AL, of correction for the effects of the geopotential
tesseral harmonics on the orbit inclination was analyzed. A revised issue of the Ustinov's theory for
near circular orbits, taken tesseral terms up to Ju4, was considered (Eckstein and Hechler, 1970) in a
simplified form, by assuming the approximations: sin(i)= 1 (i = 90°) and Ti/Ts, <<I. After the tesseral
effects correction, the curve of AL, remained restricted to a reduced variation range of about £200 m

USE OF THE GPS NAVIGATION SOLUTION

Thereafter, following a world wide trend, the study was directed to the use of the GPS (Global
Positioning System) instead of DIODE. At first, the aim of the study was the analysis of the feasibility
of straightforward application of the GPS coarse navigation solution in the autonomous orbit control
process. This GPS solution is several order of magnitude less accurate than the ones issued by
DIODE. Typical root mean square errors of the coarse GPS estimates were of 100m in position and
Im/s in velocity, before Selective Availability was turned off. Added to such random errors these
estimates showed systematic variations with values of the order of 100m and duration of about 1 to 15
minutes. They occur due to the changes of the set of GPS satellites which are visible to the on-board
GPS receiver. Each GPS satellite has its own systematic error and, each time a satellite goes out of the
GPS receiver antenna coverage region, or a new satellite enters in this region, the systematic error is
prone to change its value. The GPS coarse navigation solution was simulated by the addition of a
gaussian white noise to the orbit state vector components. The Fig. 7 presents the results obtained by
the application of the constant amplitude corrections version of the autonomouscontrol procedure.
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Fig. 7. AL vs time: Constant Amplitude Corrections (GPS)
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One can see that, as expected, the control range is increased when the GPS navigation solution
replaces the more accurate DIODE like orbit estimates. Anyway, the control procedure successfully
maintains the values of AL under control during all simulated interval (about 1 year), even under the
very severe solar flux conditions considered in the simulation. This enlarged control range (of about -
1000m to 1700m, as seen by Fig. 7) was, however, satisfactory, since the nominal variation range of
ALy specified for, for some existing phased Earth observation satellites, are larger than it (10,000m in
the case of CBERSI, for instance). These results 5 are a little better than the ones that have been
obtained, in the same case, with the application of the procedure version of variable correction
amplitudes. As the constant amplitude corrections version does not computes the amplitude of
correction, it does not face the risk of computing values of correction which are excessively large or
small. The orbit corrections have always the same amplitude but, depending on the current conditions
in terms of solar activity, the correction applications rate are automatically increased or decreased.
Due to this feature, this version of the autonomous orbit control procedure presents higher robustness
characteristics than the variable amplitude corrections one.

Analysis of the Maximal Allowable Maneuver Application Rate

The results presented in previous sections considered a very high sampling rate of the GPS orbit
estimates: 1 estimate set every 10 seconds. In addition, a very high maximal allowable application rate
of one semi-major axis correction per orbit period was assumed. Due to this, a further analysis of the
influence of the maximal allowable maneuver application rate on the performance of the autonomous
control procedure has been developed. This analysis has been carried out considering the application
of the procedure version which considers adaptive corrections amplitude. Actually, such version was
the one that presented the best performance among all the ones analyzed in previous studies. The
same worst case conditions, in terms of solar activity assumed in the previous investigations, have
been considered. The obtained results showed the feasibility of imposing limits to the orbit correction
rate to a minimal value of, at least, one per day, as seen by the Fig. 8. Emphasis shall be given on the
fact that this result was attained by considering the simulation of the autonomously generated coarse
GPS navigation solution, instead of a more accurate system. The rate of generation of these estimates
could be reduced from 1 estimates set each 10 seconds to one set each minute. The work can, yet, be
complemented in future investigation in order to find the lower limit values of both the navigator
estimates generation and maneuver application rates.
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The Fig. 9 shows superimposed on the same graphics, the curves of the estimated second derivative of
A A

ALy (AL) and of the simulated solar flux as functions of time. The curve of AL (t), as one can
observe from the figure, follows the shape of the average solar flux time variation, since it directly

depends on the solar activity. One can see that the before mentioned inference of the level of the solar
A

activity from the AL (t) estimates, in which the autonomous control procedure of adaptive discrete
corrections amplitude is based, presented a effectively adequate characteristics to perform this task.
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Fig. 9: Estimated Second Derivative of AL, and Simulated Solar flux

USE OF A SIMPLIFIED GPS NAVIGATOR

Complementing the studies, the use of a simplified GPS navigator, in order to supply the needed
autonomous orbit observations (instead of the direct use of the GPS navigation solution) has been
analyzed. Orbit simulation of the China-Brazil Earth Resources Satellite was used for this analysis.
The idea behind using a simplified navigator was to allow the computation of improved orbit
estimates from the position coordinates of the GPS (geometric) navigation solution, without adding a
significant computational burden to the autonomous orbit control procedure. The bias in these
coordinates, modeled as stochastic processes, were added the orbit dynamic equations. The Extended
Kalman Filter was then applied to this increased dimension system, in order to estimate the
observation bias components together with the orbit state vector. The main feature of this process is to
automatically compensate for the effect of observation bias on the computed orbit state estimates.

In the propagation phase of the Kalman filter it was used a simplified orbit model that just includes
the development of force due to the geopotencial, considering spherical harmonics only until the zonal
coefficient J,. In vector form the considered orbit dynamic model was the following:

X(1) = flx(v), 1] + G(1) o(1) (16)

where: x(2)=/x1(t) x2(t) x3(t) x4(t) x5(t) x6(z) ]* is the orbit state vector; composed by the position
(x1, x2, x3) and velocity (x4, x5, x6) components; / . ]’ means the transpose of the related vector or
matrix; f/x(?), ¢t/ is a 6™ dimension vector of non-linear functions of the orbital state; G(z) is a
continuous 6x3 matrix; e(?) is a 3" dimension vector which represents the uncertainties in the
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knowledge of the forces acting on the satellite. It was assumed to be composed of gaussian white
noise, with zero mean and matrix of spectral power density Q(?). The G(¢) matrix is of the form:

G = [0 Ins]" (17)

Only the position coordinates of the coarse solution supplied by GPS receivers was used as
observations for the Kalman filtering process, disregarding the less accurate velocity coordinates. The
observation vector in the instant #.; was modeled as:

V(i) = H X(tir)) + e(tir) + Vit (18)

where H = [ Iz 033 ], e(ti+) is a 3" dimension vector of the observation bias; W) 1s 3rd
dimension vector of random errors, assumed to be gaussian white noise with zero mean and
covariance matrix given by the 3x3 matrix R(%- ).

The bias of the GPS observations (on position components of the GPS coarse navigation solution), as
commented previously, change their values whenever changes the set of GPS satellites which are used
by the GPS receiver. They stay constant for periods between 1 to 15 minutes. Whenever a GPS
satellite leaves or enters the receiver visibility region, a change in the bias values occurs. To take into
account these observation bias variations, the following modeling was considered for the bias vector:

o) = () (19)

where @,(?) 1s a 3™ dimension vector, which represents the uncertainty in the adopted observation bias
model. It is supposed that @,(?) follows a Gaussian distribution with zero mean and covariance matrix
given by the 3x3 matrix Q,,. The initial value e(zg) is considered as a vector of gaussian random
variables, with mean e (t0) and covariance matrix P,(ty), where é (t9) and P,(t) are a priori estimates.
It was assumed that W) is non-correlated with @,(2) and e (7).

By defining the following augmented system state vector:

xa(t) =[x(1) e®)]’, (20)
and having in mind Equation 16, it follows that:
Xu(t) = fa[xa(?), t] + Ga(t) (1), (21)
G 0
where: fafxa(t), 1] = [falxa(), ] 051" @a() =[0() @u®)]";and G4 = "
03x3 I3x3

Considering the definition of x4(?), given by Equation 20 then, the Equation 18 can be put in the form:
Ykt+1) = Hq x4 (tir) + V(B (22)

where: Hy = [ I3 033 I3:; ]. Considering the above definitions the error covariance matrix of the
augmented state estimates and of dynamic system modeling takes the form:

Q3x3 03x3 P6x6 06x3
04= [0 0 s Pa=1g9 p (23)
3x3 e 3x6 e
3x3 3x3

Applying the extended Kalman filter to the augmented system just defined, and accounting for the
adopted assumptions, one has:

e Time Update Phase:
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k+1
Raltii/ty) = Xalti/ty) + J;/k Ffalxa(t), t] dt (24)
Pultesi/ty) = @4 teilti; X a(ti/t)] . Pa(tilty) . @[ i/t % a(te/t)] + Ta(ty) . Qu(ty) . T4 () (25)

where:

k+1 A ¢ 0
Iy(n) = ‘[tlk Pa[terr, 7] Ga(9) dr,  and @y [/, X a(tlt)] = {06)66 IM} (20)
3x6 3x3

e Measurement Update Phase:
X A(tir 1/tev1)= X a(tis /) + K[ ter; X a(tie 1/t)]{ Y1) - Ha X a(tir1/10)} (27)
Pytivi/tivr) = {1 - K[ tie1; X a(tic1/ty)] - Ha } . Paltisi/t) (28)

where

K[ o1 % a(tis1/10)] = Pa(tei/t) . Ha™. {Ha. Pa(tess/t) . Ha' + R(te) ! (29)

Since the observation biases are estimated together with the satellite orbit state, their effects on the
orbit estimates are automatically compensated for, improving, in this way, the estimates accuracy.

The simplified GPS navigator presented very satisfactory results in the performed simulation tests. It
attained the prescribed objective of significantly improving the orbit estimates corresponding to the
coarse GPS navigation solution. The existing systematic error in the position and velocity components
of the GPS coarse solution was reduced by a factor of, respectively, the order of 60% and 85%. In
addition, the developed autonomous navigator showed to have good robustness characteristic. In all
performed long term simulations the Kalman filtering process did not present any divergence
problem. It can, in this way, be concluded that the estimator re-initialization process (that was applied
after each abrupt variation of the observation biases, that happens after each change of the set of
visible GPS satellites) was very efficient in the task of avoiding filter divergence.

Further, the inclusion of the develop simplified navigator to the autonomous orbit control process was
analyzed. Similarly to the previous studies, this analysis covered a period of about one-year, under
unrealistically worse case conditions in terms of solar activity variation. Realistic (moderated) and
critical conditions in terms of solar activities, shown in Fig. 10, were considered in this case.
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Fig. 10. Critical and Moderate Solar Activity Profiles

Even under worse case conditions in terms of solar activity, the autonomous control successfully
maintained the Equator longitude phase drift AL, restricted to an excursion range of about -1000m
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and 1700m. The introduction of the simplified navigator to the autonomous control procedure,
successfully improved the control results, significantly reducing the variation range of AL,. Both
realistic and worse case conditions in terms of solar activity were considered in the simulation. This
study has been carried out considering the application of a version of the autonomous orbit control
procedure, which considers only the application of semi-major axis corrections with a constant,
previously chosen amplitude. Some improvements have, however, been implemented. In the original

version the raw observation of both AL and its first time derivative, ALo,, were computed from each
simulated set of GPS orbit estimates. Now only the AL, observations are computed from the orbit

estimates. The needed observations of AL, are directly computed, in a numerical way, from the last

computed observations of ALy. Such approach increased the accuracy of the AL, observations and, as
a consequence, the performance of the autonomous control process. A maximal maneuver application
rate of about one pulse per orbit was considered. It was also considered a GPS observation rate (and
consequently the navigator output rate) of 1 estimate each 9 seconds. Only one among 20 orbit
estimates sets successively issued by the navigator is used by the control system.

The results considering the incorporation of the GPS simplified navigator to the autonomous control
system, under critical solar activity condition, are shown in Fig. 11. The same observation rate above
considered for the simplified navigator analysis was considered. Although the navigator supplies orbit
estimates at a rate of 1 set each 9 seconds, the autonomous control procedure only used one of such
sets each 9 minutes.
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Fig. 11. Use of Simplified GPS Navigator (Critical Solar Activity Profile)

By comparing the results of the current investigation, depicted in Fig. 11, with the ones related to a
previous analysis, presented above, one can see that the inclusion of the simplified navigator to the
autonomous orbit control procedure produced a significant reduction in the variation range of ALy.
The mean (smoothed) value of AL, remained in a range of about £300m, which is about one order of
magnitude lower than the previous case, where the coarse navigation solution was directly used in the
autonomous control procedure. By improving the accuracy of the GPS coarse navigation solution, the
use of the simplified navigator allowed, as expected, to obtain a consequent improvement of the
autonomous control performance. The obtained results can be considered very promising. They reveal
that a very relevant increment in the autonomous control accuracy can be obtained, with a relatively
low increment in terms of the overall computational load imposed to the controller by the simplified
navigator. In addition, these results indirectly show satisfactory robustness characteristics of the
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simplified GPS navigator, since the accomplished tests considered, always, a long simulated period
(about one year). It can be inferred from Fig. 11 that, during the entire simulated period, the navigator
performed very conveniently, since any degradation occurred in the navigator performance would
have na impact in the overall performance of the autonomous control system.

Fig. 12 presents the results obtained when moderate conditions in terms of solar activity were
considered. All the other conditions cited in the case of the Fig. 11 were also been considered in the
current one.
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Fig. 12. Use of Simplified GPS Navigator (Moderate Solar Activity Profile)

We observe from Fig. 12 that the values of AL, remained in a variation range a little smaller than the
one obtained under critical solar activity conditions (Fig. 11). The plot presents a behavior a little
more stable than the one of Fig. 11. The increasing trend presented by the curve of Fig. 11, in the
central region of the graphics, where the values of the critical solar flux conditions (Fig. 10) are
higher, did not occur, as it could be expected, in the case of moderated solar activity condition.

CONCLUSIONS

The previous studies, considering a DIODE like navigator system as the source of autonomous orbit
estimates, showed the feasibility of the autonomous orbit control concept. The results show a very
satisfactory performance and good robustness characteristics, even under the worst case conditions
considered in the tests. Further improvement, which consisted of the correction of the geopotential
tesseral harmonics effects on the orbit inclination incremented the performance of the analyzed
concept of autonomous control.

The investigation was then directed on the feasibility of using the autonomously generated GPS
navigation solution, instead of a more accurate DIODE like orbit estimation. The results were very
promising, since both types of developed autonomous control procedures have shown results which
complied with the requirements imposed to the real Longitude phase drift control of existing satellites.

The analysis of the influence on the autonomous control procedure performance of the maximal
allowable maneuver application rate showed the feasibility of imposing limits to the orbit correction
rate to a maximal value of, at least, one per day. It shall be given emphasis on the fact that this result
was attained by considering the simulation of the autonomously generated coarse GPS navigation
solution, instead of a more accurate system. The rate of generation of these estimates was reduced
from 1 estimates set each 10 seconds to one set each minute.
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Finally, the use in the control procedure of a simplified GPS navigator, instead of the direct use of the
GPS navigation solution has been analyzed. As expected, the use of more accurate orbit estimates in
the computation of the needed observations of AL, improved the performance of the autonomous orbit
control. Even under worse case conditions, in terms of solar activity, the longitude phase drift was
maintained by the controller inside a reduced range of £300m. This represents a relevant gain in terms
of accuracy when compared with the results of a previous work, where the coarse GPS navigation
solution was directly applied in the orbit control process. Another positive aspect which must be
mentioned is that, due to the navigator simplicity, the obtained gain in terms of autonomous control
performance did not imply in a prohibitive rise to the computer processing burden.

Although all the studies performed at INPE have always been done with help of simulated data, the
obtained results showed the technical feasibility of a further autonomous orbit control application to a
real satellite.
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