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Abstract knowledge of the satellite orbit makes feasible the
idea of increasing the degree of autonomy of the
Formerly, investigations on the feasibility orbit control system, reducing the need of ground

of an autonomous orbit control concept have bednterventions.
carried out within a cooperation frame between
INPE and CNES. In that study the performance of a

procedure for autonomous control of the Equator Particularly attractive 1S the case Qf having
longitude phase drift AL,) control has been autonomous control of the longitude phase dhifts, for

analyzed. The use of the DIODE (Frenc hased earth observation satellites, in order tmtaia

autonomous orbit determination svstem. based his parameter within an adequate range so asstoreas
thue DORIg track'ln S ster:1) I'Ike nay' ato’r has beg e repeatability of the satellite ground trackisTkind

. acking sy . AVig ) orbit correction maneuver is the one which reggii
considered, in order to provide, in real time, th

orbit estimates needed to feedback the controli.gher application rates. The autonomous contrdilof

system. The obtained results, presented in previon\ﬂvsIII eliminate the need of ground based intervemito

papers, gave the motivation to drive the studyhio t perform this tas_,k, WhiCh consequently_ will imply an
; = important reduction in the ground operational load.
investigation on the performance of an autonomous
control concept considering the use of the GPS
(Global Positioning System) to provide the Formerly, within a cooperation framework
autonomous orbit estimates. The GPS system ketween INPE and CNES a concept of an
wide-world spread and its use is increasingly beingutonomous longitude phase drift control was
considered for many future Earth missions as oranalyzed. In this analysis, real and simulated
board navigation system. This paper presents af&POT2 and SPOTS3 orbit estimates from the French
analyses the results obtained when the use of tRHODE navigatof were used to test the concept.
coarse GPS navigation solutiois considered in The accuracy of the estimates issued by DIODE
the autonomous orbit control system. shows, nowadays, standard deviations of the order
of centimeters in the position components of the
orbit state vector and of order of millimeter/sedon
Key words. GPS, DIODE, Autonomous Orbit Control. in the velocity components. The resdltef this
study were very promising showing the feasibility
of the autonomous control implementation. In
addition, it showed the possibility of maintaining
the variations ofAL, restricted to a range ten times
With the advent of the modern positioningless than the one maintained nowadays with the
systems, like GPS and DORIS for instance, reliapié conventional ground based control of the
accurate autonomous navigation means are beimrg mconsidered satellites.
and more explored. Through such a system, the on-
board availability of continuous and accurate
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In a second phase of the study, the possibility

of improving the autonomous orbit control procedure Control

has been investigated, through the reduction of thg Range

oscillations in the observations @fL, (the first time Maneuver ,

derivative of ALy) caused by the geopotential tesseral Detemganon ] Ma?euyer S_Ort;rt

harmonics on the orbit inclinatianA simplified model Computation Applcation imulator

of geopotential tesseral harmonics effect on thait or ?

inclination has been used and their effectsyon could Simplified %X

be reduced by about one order of magnitude. Thig Model Autonomous v,V

allowed a significant increment on the performante Coefficient Orbit

such concept of autonomous controibf,. Estimation Estimates z, 2
T

The study is nowadays directed to the ] :

investigation on the use of GPS (Global Positioning | Observation Cog?p%a\,ﬂon Navigation

System) in the controller feedback loop, considgrin || Preprocessing|™| Observations: [*7 System [+

only its coarse navigation solution. This navigatio Ao & AlLo

solution presents inaccuracies in the position an

velocity components of the orbit state vector whach T

several orders of magnitude greater than the ones
presented by the DIODE navigator, considered in the
previous study. Data of the orbit of the Frenchiieamote
sensing satellite SPOT was considered in the tests.

The first task of the autonomous control
process consists of the computation of raw obsemnvat

of AL, and AL, from the autonomous orbit estimates

Two versions of the autonomous controlgsyed by the navigator. The computed raw obsemti
procedure have been analyzed. The first one cansside .

kinematics parabolic model for the time evolutioh oof ALo are, then, preprocessed in real time, in order to
AL,, whose coefficients are estimated in real timéhwitachieve data smoothing by curve fitting, validatamd
help of a Kalman filter. These estimates are uged tedundancy reduction. In the case of DIODE navigato
compute the amplitude of each corrective impulsdpr instance, the data are generated at a high(osike
wheneverL, reaches a predefined upper limit value. 1torbit estimate each 10 seconds) if compared with th
value is computed so as to cause an inversionan th

sense of thé\L, time evolution in such a way that the'ean time e;/r?lunon OIAdLO band ?Loi As :
minimal value of the future parabolic evolution bec?nsequence, e computed observationsilof an

coincident WiFh the specified lower limit va_lue. ah Al, present a high degree of redundancy, which can be
second version of the autonomous orbit contrgbmoyed in order to reduce the quantity of datddo
procedure considers the application of constanuls&s  fyrther processed by the orbit control process. Sdrae

of small amplitude only, whenever it is neededoider 46 will be considered for GPS orbit estimates, and

to maintain the value ol\L, inside a tighter control .

range. Worst case conditions of solar flux andhis way, the observations @, computed from these
geomagnetic activity, both in terms of magnitudd ah estimateswill also be submitted to the same kind of
time variation have been considered in the tesésas _ ) -
The results, which can be considered very encoamagi PréProcessing. The raw observationsib and ALo

are presented, discussed and compared with thiopsev &€ computed, from the navigator orbit estimategh w
the help of the following equations:

ones. A
Alo=a,JAQ +,—"% 1)
Autonomous Control Procedure (N + P/Q)
The block diagram for the autonomous orbit
control system is presented in Figure 1.
— _ _3W(ag |, _ _(da) .. 2
Figure 1. Block Diagram Alo = T(aR](l 8){&1 (dijpm] (@)



where T, is the mean solar day (86400 syimthe remaining estimate is directly computed from the
Equator Earth radius,rais the reference orbit semi following equation:

major axis;
o k=1 _ k-1
ALy (t)=[ 2_pALo(t) +PALo(t) 1/ (2P *P.) )
=218+ 792 (3)2jaco?() -1 @ oOTZPAOTRAIN 2
S0
where R, p.,--- [k are weighting factors.
(—)p—— atan()ﬁ(1 D, @) N C c
Tso (1+€) The estimateg\L o(ty), AL o(ty) and AL o(ti) are

used by the block “ManeuveDetermination and

Computation” to determine the need of maneuvers and

to compute the required correction amplitudes. 8si t

2 2 the autonomous control procedure, the control lzop

N =123 5(Tgo / Tte )(@e /@) cos ™ (i) closed with help of a realistic orbit simulatorprn
whose outputs the navigator orbit estimates are

It is assumed constant solar flux during the tim&imulated.
interval between the application of two successit
correction maneuvers, which implies in having canst o
da/dt (a being the orbit semi-major axis) during this Determination of Maneuver Needs
interval. Considering this assumption, the timelion
curve ofAL, is almost parabO"C. Under this aSSUmption, In this work two types of autonomous control

where:TSO =1 year and

calling At = t-t,, the simplified model ofAL, given by procedures are studied:

Equation 5, can be used, by the maneuver computatio

process, to foresee the evolution of the Equator a - Variable Corrections Amplitude
longitude phase drift. b - Constant Corrections Amplitude.

R . ) These two procedure have been presented in
ALo()=ALo(to)*+ AL oto)At+ AL o (t)) At72 (5)  previous works and will be briefly described heviare
details can be found in references 1 and 2.

ConsideringALq(t) modeled by Equation 5, its

Both procedures consider the same process of
determining the need of maneuver applications. due
orbital decay the satellite ground track drifts taasd.
. . .. One semi-major axis increment is assumed to beegeed
AL o(t)= AL o(to) +ALo (to)At (6) to correct the time evolution &L, each time the two

following conditions are both satisfied:
The preprocessed values afLq(t) and

time derivativeﬁo (t) is, then, given by:

ALo(t), where { is the time tag of the"kcompressed _o

observation issued by the preprocessor, are used Zlso(t) >Alosyy- NO(t) (8)

observation, by a Kaman filtering process which-_

provides, in real time, the estimates of the coiffits of AL o(t) > AL osup* b Op(t), 9)
C

where AL g,p and ALoSup are previously chosen control

Equation 2:AL o(t) and AL o(t). It can de observed j;.; values;a(ty) andoy(t) are the standard deviations
L

that the coefficients of Equation 6 are the sarseti@o .
cogﬁlments of Equation 5. In this way, in qrderhave of AL o(t) and AL o(t) and n and nare two previously
estimates of the complete set of coefficients othbo

: : . chosen real numbers.
equations (that is, equations 5 and 6) only one
coefficient, ALy(ty), remains to be estimated. This



Variable Corrections Amplitude Constant Corrections Amplitude

In the Variable Corrections Amplitude By the Constant Corrections Amplitude
Procedure the amplitude of each correction is caetpu Procedure, there is no computation of orbit comect
S0 as to cause a change in the sense of the tohgtiem amplitudes. The amplitudes of corrections have ydwa
of ALg, in such a way that the minimum value to béhe same pre-determined value, independent of the
attained, considering the model given by Equatipn Burrent conditions in terms of navigation errors
will be equal the previously chosen low limit ofntml. magnitude and solar activity. Each time the coodsi
The application only of positive corrections to thbit  given by Equations 8 and 9 are both satisfied @nei-s
semi-major axis is allowed, in order to maintaire thmajor axis increment, with the constant pre-deteechi
value of AL, inside the control ranges. This strategyamplitude, are applied to correct the time evotutid
implies in the maximization of the time intervallveen AL,.
the execution of two successive maneuvers.

One assumes thablLyy is the previously GPS Navigation Solution
chosen inferior -|Imlj{ ofAL, and thatt_man is a tfme just The aim of the study is to verify the feasibility
after the application of an orbit correction. Themyf straightforward application of the GPS coarse
considering the evolution ofL, modeled by navigation solution in the presented autonomoust orb
control procedures. The GPS coarse orbit estinates
several order of magnitude less accurate than iles o
issued by the French DIODE navigator. Typical root
mean square errors of the coarse GPS estimatasd are
100m in position and 1m/s in velocity. Added tosthi

\/ T 0 random errors these estimates shows systematic
A ae =49 AT = NN variations with values of the order of 100m andation
Atoc=y2-Aboltman){ALo(tman)=ALon ] (10) of about 1 to 15 minutes. These variations occer tdu

the changes of the set of GPS satellites whiclviaitgle
to the on-board GPS receiver. Each GPS satellgdtfa

+
man

Equation 5, the value of AL, (t__) for which

=
AL omin(t/tman) =ALgins can be easily found by:

Considering some approximations which could b ; : ; :
) . n systematic error and, in this way, each time a
assumed for phased helio-synchronous orbits at SP y y

i ) ) tellite goes out of the GPS receiver antennaragee
like altitudes, and assuming da/dt as consta}ntdmtw egion, or a new satelite enters in this regidme t

?stematic error of the global navigation solutisn

: s A D,
following equatioft”. prone to change its value.

C C To test the performance of the described

- - autonomous orbit control procedures, the GPS orbit

Avy = - Tte-V.L ALoc — AL o (t man )] (11) estimates has been simulated, considering the mando
6r.ae and systematic error levels mentioned above, atdtee

of one estimate set every 10 seconds (the samefrate
the DIODE estimator). A SPOT satellite like orb#sh
whereAvy is the tangential velocity increment needed tgeen considered in the simulation (phased, helio-
correct the time evolution dfL, and Vv is the absolute synchronous with mean altitude of about 837 km).
value of the satellite speed. Tesseral effect correction makes no sense in #se,c
Whenever one orbit correction is applied to thgince the level of the related oscillations, onitorb
satellite, the coefficient estimation procedure iinclination are less than the inaccuracy leveltioé
automatically re-initialized in order to avoid &ft estimate on this parameter.
divergence.
Worst conditions in terms of solar activity
variation have been considered (Fig.2).



The main obtained results are the following:

a. Variable Corrections Amplitude

The Figure3 shows the results, obtained by the
first control procedure type (Variabl€orrections
Amplitude) over a simulation period of about 40@sja
considering the use &, observations which have been
computed from simulated orbit estimates of the GPS
coarse navigation solution. The upper part of tgeré
presents the obtained curve for the time evolutbn
ALy The lower part shows the applidad increments.
15450 15500 15550 15600 15650 15700 15750 15800 15850 As commented in an above session, the GPS coarse

Time [Julian days] estimates have been simulated considering both the
random and systematic errors presented by this GPS
solution (100 m in position, 1m/s in velocity and

The solar flux 11-year cycle has beersystematicvariations with values of up to 100m and
condensed purposely into one year simulation, with duration of about 1 to 15 minutes). The considered
very high maximum (360 in &7 flux units), and kept control limits, which have been considered in the
the 27-day cycle oscillations due to solar rotatibris ~ simulation, whose results are depicted in Fig.r8,the
to be noted that the solar flux has been simuléed following:
discrete values along successive time intervalse Th L
discontinuities presented by such a variation cades  Alosu=0, ALgint = -100mM, AL osyp=0, and n=p=0
difficulty to the autonomous control system
performance, which actually will not be faced, witiis 3000 A
intensity, in the reaivorld. The consideration of these 2000 —z
worst conditions, during such a long simulationiqesr
is to assess the robustness characteristics ahtigzed
procedure.

Fig. 2. Solar Flux Conditions
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The performance of the proposed autonomou
control procedures has been analyzed on a SPOT-Iik
orbit (mean altitude of 837 km), over a simulation
period of about one year, considering worst coongi 20
in terms of solar activity variation. Fig.3 shove ttime 0 —] —
profiles considered for the solar flux and magnetid 15450 15500 15550 15600 15650 15700 15750 15800 15850 15900
activity index. Time [Julian days]

The autonomous orbit estimates corresponding
to the GPS coarse navigation solution have been
simulated by the addition of a gaussian white naise The Figure 4 presents the time evolution curve
the simulated orbit state vector. The standardatievi Of ALo, obtained in a previous wdtkwhere the orbit
of the added noise are taken according to the GRIS& estimates have been simulated with standard dengti
orbit estimates errors mentioned in the formeri@essPS 0f 30 m in the position and 0.01 m/s in the velpcit
Navigation Solution’ Also incorporated to the simulatedComponents.
orbit estimates are the systematic errors whictcethese
data, as explained in the same session.
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ig.3. AL vs. time: Variable Correction Amplitude
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Fig.4. AL, vs time: Previous Results

By comparing the results shown in Figure 3,
with the ones obtained in previous work presented i
Figure 4, one sees that, as expected, the coutmalige
of ALy has been increased when the GPS navigatio
solution accuracy is considered. In the previossilts, 0 —
as one can Observe from Figure 4’ the VariatiOnLQf 15450 15500 15550 1.5600 156.50 15700 15750 15800 15850
. . . Time [Julian days]
remained inside a range of abatitOOm. By changing
the navigator by the coarse GPS solution the vaniat Fig 5 AL, vs. time: Constant Corrections Amplitude
range of AL, as expected, increased one order of
magnitude, as one can see by Figure 3. One see from One observes from Figure 5 that, in this case,
this Figure, that the lower and upper limits arevraf  the variation ofAL, remained into a small reduced
the order of about -2500m and 1500m, respectivelyange, if compared with the results of the firssega
Anyway, the autonomous control system successfulptesented in Figure 3. The lower and upper limilsies
maintains the values (ﬁLO under control during all of the variation range dLO’ as shown in Figure 5’ are
simulated interval, even under the Vel’y tough sthlexr now, respectively’ of -1000m , 1700m. By Comparing
conditions considered in the simulation. The obsgrv Figures 3 and 5’ the constant corrections amplitude
enlarged control range can be, however, considgseal procedure shows a performance somewhat better than
satisfactory one, since the real operation of somfe one presented by the first procedure (variable
existing Earth observation satellites, which opeiato  correction amplitudes). As the second procedures doe
helio-synchronous  phased orbits, considers théyt compute the amplitude of correction, as a fonaf
maintenance ofAL, within an allowable range of the estimates of the parameters of the considered
+3000m and over (15000m in the case of the Chinamplified model of the time evolution &, (Equation
Brazil Earth Resources Satellites). 5), it does not face the risk of computing valudés o
correction which are excessively large or small. It
always applies the same amplitude correction, when
needed, only changing, in an automatic way, the ot
b. Constant Corrections Amplitude corrections application. The occurrence of thessghs
in correction rate is a function of the currentasol
Figure 5 shows the results obtained for thgctivity conditions, which are directly reflecteg the
autonomous control procedure which considers the

application of only constant corrections amplitudees'um"’Ites of ALo. In this way, by avoiding the

always it is needed. The following control limitave application of excessively large or small correusithe
been considered in this case: constant corrections procedure presents higher

robustness characteristics than the variable diowrec
AL 45,0, procedure. The results of both procedures can,
AL~ = -Om nevertheless, be considered plainly satisfactory, a
Oint : commented before.

Delta a Increments [m
]




5.
Conclusions

The previous studies, considering a DIODE
like navigator system as the source of autonomabit o
estimates, have shown the feasibility of the auttogs
orbit control concept. The results showed a very
satisfactory  performance and good robustness
characteristics, under the worst case conditionghwh
has been considered in the tests. Further impraveme
which consisted of the correction of the geopo&nti
tesseral harmonics effects on the orbit inclingtion
allowed a significant increment on the performan€e
the analyzed concept of autonomous control.

Indeed, the current investigation has focused on
the feasibility of using the autonomously generated
coarse GPS navigation solution, instead of a more
accurate system. The preliminary results, showthis
work, are very promising, since both types of deped
autonomous control procedures shown satisfactory
performance, which comply with the requirements
imposed to the Equator phase drift control of nafst
existing satellites.
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