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Informer studies the performance of a procedure for autonomous
control of the Equator longitude phase drift of low-Earth phased
orbits, considering the use of the GPS to provide the needed
autonomous orbit estimates was analyzed The GPS system is wide-world
spread and its use 1is increasgsingly being considered for many future
Earth missions as an on-hoard navigation system. The preliminary
results, obtained when the direct feeding of the coarse GPS
navigation scolution (standard deviations of the order of 100m and I
m/s for the position and velocity components, respectively) is
considered in the autonomous control system, where very promising.,
This investigation, however, considered a very high sampling rate of
the orbit estimates via GPS: one estimate set every 10 seconds. As
far as the maximal allowable maneuver application rate to correct the
evolution of is concerned, a rate of a single semi-major axis
correction per orbit period has been adopted The current work
presents an analysis of the influence, on the autonomcus control

procedure performance, of the maximal allowable maneuver application
rate,.
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ABSTRACT - in former studies the performance of a procedure for autonomous
control of the Equator longitude phase drift (ALy) of low-Earth phased orbits,
considering the use of the GPS to provide the needed autonomous orbit estimates
was analyzed. The GPS system is wide-world spread and its use is increasingly
being considered for many future Earth missions as an on-board navigation
system. The prefiminary results, obtained when the direct feeding of the coarse
GPS navigation solution (Standard deviations of the order of 100m and Im/s for
the position and veloclly components. respectively) is considered In the
autonomous control system, where very promising. This investigation, however,
considered a very high sampling rate of the orbit estimates via GPS. one estimate
sef every 10 seconds. As far as the maximal allowable maneuver application rate
1o correct the evolution of ALy is concerned, a rate of a single semi-major axis
correction per orbit period has been adopted. The current work presents an
analysis of the influence, on the qutonomous conirol procedure performance, of
the maximal allowable maneuver application rate.

!« INTRODUCTION

A procedure for autonomous control of the Equator longitude phase drift (AL,) of low-Earth phased
orbits, based on the use of the French DIODE navigator {Bert 93, Tour 93] was analyzed in former
studies. The obtained results, presented in previous papers [Orla 96 and 97), gave the motivation to
direct the study to the investigation on the performance of the autonomous control concept
considering the use of the GPS (Global Positioning System) to provide the needed autonomous orbit
estimates. The GPS system is wide-woirld spread and its use is increasingly betng considered for
many future Earth missions as an on-board navigation system. The prelimnary results [Orla 99),
obtained when the direct feeding of the coarse GPS navigation solution [Gill 37] (standard deviations
of the order of 100m and 1m/s for the positicn and velocity components, respectively) is considered
in the autonemous control system, where very promising. Even under worse case conditions in terms
of solar activity, the autonomous control procedure maintained AL, within a range between -1000m
and 1700m. This result can be considered very satisfactory once the AL, excursion range for the
CBERS-1 (China-Brazi! Earth Resources Satellite. successfully launched on October {4, 1999) is of
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*10000m. This investigation, however, considered a very high sampling rate of the GPS orbit
estimates: 1 estimate set every 10 seconds, that is the same sampling rate taken in previous studies,
when a DIODE-like navigator was used. In addition, a very high maximal allowable application rate
of one semi-major axis correction per orbit period was assumed in this former work. The current
work preseats an analysis of the influence on the autonomous control procedure performance of the
maximal allowable maneuver application rate. This amalysis has been carried out considering the
application of a version of the autonomous orbit control procedure, which considers only the
application of semi-major (Aa) axis corrections with a constant, previously chosen amplitude.
Actually, such version was the one that presented the best peeformance ameng all the ones analyzed
in previous studies [Orfa 96] However, some improvements in this version have been implemented:
the constant correction amplitude value and some control parameters are maintained constant only
between previously tabulated ranges of solar activity. Therefore, during the control process, the
corresponding adequate value and paramneters are selected in real time, as a function of the current
range of solar activity, which is inferred, in an avtonomous way, from estimates of the secoad time
derivative of AL;. To assess the procedure, the same worst case conditions, in terms of solar activity
assumed in previous investigations, have been considered. The results of a long-term computer
stmulation are presented, discussed, and compared with former studies,

2 - AUTONOMOUS CONTROL

The current work considers an hypothetical satellite, equipped with a GPS navigator receiver, placed
in a phased helio-synchronous orbit. The function of the GPS receiver is to provide, on-board the
satellite, the orbit observations (estimates) which are needed in order to allow the autonomous
monitoring of the ALg time evolution. In the study, the orbit estitnates corresponding to the coarse
GPS navigation solution were sequentially simulated from the gutput of a realistic orbit simulation
process. The GPS coarse orbit estimates are several order of magritude less accurate than the ones
yieded by the French DIODE navigator., Typical root mean sguare errors of the coarse GPS
estimates are of 100m in position and 1m/s in velocity. Added to such random errors these estimates
show systematic variatiors with values of the order of 100m and duration of about | to 15 minutes.
These variations 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, in this way, whenever a
satellite goes out of the GPS receiver antenna coverage region, or a new satellite enters in this
region, the systematic erior of the global navigation solution is prone to change its value. Both the
random and systematic errors are considered in the simulation of GPS coarse navigation sofution
estirnares.

Raw observation of AL, and its first time derivative, AL o, are computed from each simulated set of
GPS orbit estimates. The Fig. 1 presents the block diagram of the autonomous control system,
depicting how it was simulated for the accomgplishment of the current study.
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Fig 1: Block Diagram of the Simulation Process



The next step is to preprocess, in real time, the computed raw observations in order to achieve data
smoothing by curve fitting, validation and redundancy reduction. The above mentioned raw

*

observations of ALo and ALy, are computed with help of the following equations [Orla 99]:

. Aa
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where T is the mean solar day {86400 s); a, is the Equator Earth radius, ap is the reference orbit
semi major axis,
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Constant solas flux is assumed during the time interval between the application of two
successive orbit correction maneuvers. This implies in having constant da/df (where a is the orbit
semi-major axis) during this interval. This assumption implies in having an almost parabolic time
evolition of AL, In this way, the simplified model of ALy (Equation 5) given bellow can be used in
order to foresee the future evolution of the Equator longitude phase drift, that is:

ALo(t)=0Lo{to)* AL o{t)At+ AL (te)AF/2. (5)

From this equation, the first time derivative of ALo{t), ALo(t), is immediately given by:

+

AL o(t) = AL ofto) +ALo (t0)AL (6)

The preprocessed values of ALo(t) and ALo (t), where t, is the time tag of the k*

compressed observation issued by the preprocessor, are used as observation, by a Kalman filtering
Al

process which provides, in real time, the estimates of the coefficients of Equation 5: AL o{t) and
FiY

AL o(ty) 1t can be observed that the coefficients of Equation 6 are the same last two coefficients of
Equation 5. [n this way, in order to have estimates of the complete set of coefficients of both



equations (that is, equations $ and 6) only one coeﬁiciient, ﬁLq(tk), remains to be estimated. This
remaining estimate s directly computed from the following equation:

A =l — k=l
AL, (t) =[ 2_PALo(t) + P ALo(6) 1/ (3 i +py) ©)

where py, py.... py are weighting factors. . ‘ .
The instants of application of longitude phase drift maneuvers are determined from the estimates
Fay Fal

” e

Eﬂ(tk), AL o{ty) and AL o(t) The autonomous orbit control procedure which will be analyzed is
described just bellow. To test the autonomous control procedure, the control loop is closed by a

realistic orbit simufator, from whose outputs the navigator orbit estithates are simulated.

3 - ADAPTIVE DISCRETE CORRECTIONS AMPLITUDE

In previous works the analysis of an autonomous orbit control procedure, which considers
only a positive constant amplitude for all orbit semi major axis corrections, was presented. The
amplitude of corrections has always the same pre-determined value, independent of the current
conditions in terms of navigation error magnitude and solar activity. It was verified that, when the
satellite is under intense solar activity periods the upper limit of the AL, control range is attained in a
faster way and, as a consequence, the maneuver rate s automatically increased. This procedure
proved to be more robust than another version, in which the amplitudes of the semt major axis
corrections are computed so as to consider the current level of solar activity. The maneuvers
amplitude is computed so that, under the current conditions of solar activity, the minimum value to
be attained by AL, is equal to the control range lower hmit. The main problem of this version is that,
if the solar activity conditions decrease after the appheation of a given maneuver then, the lower limit
of the considered AL, control range can be surpassed. Since the first procedure considers the
application of only smaller constant amplitude orbit corrections then, even under week levels of solar
activity, the lower limit of the control range has less probability of being attained. However, as
confirmed by previous results {Orla 96], this kind of procedure can, in some cases, present some
performance problems. Considering a maximal allowable value of the maneuver application rate (1
per orbit period, in the referred previous analyzed case) it was seen that, when under strong solar
activity periods, the fixed maneuver magnitude can not be engugh to cause an average increasing of
the ALy time evolution. To avoid this situation one improved version of this procedure type was
proposed. In this new version a given amplitude of correction is maintained constant only when the
solar activity remains within pre- established variation range, which is associated to this amplitude. Ff
the solar activity crosses one of the limits of the current range, then another correction amplitude,
associated to another adjacent solar activity variation range, is taken into account. The problem is
that the instantaneous values of the solar flux are not available on-board of the satellite. Fortunatety,
its magunitude can, however, be inferred, in an autonomous way, from the estimates of the second

time derivative { AL. (1)) of AL, Since ALs, is a parameter of the adopted simplified (parabolic)
madel of ALy}, it is naturally computed by the autonomous control procedure, with help of the
before mentioned Kalman filtering procedure Actually, only three discrete values of semi major axis
corrections were considered is the current analysis, that is:

M

da= Alm if AL (s ) < L ms?, (8)
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Aa= A2m if Ll m/s® < ﬁ(t,‘.. Meg) < L2 mfs?, )
FAN
Aa= A3m if E (tiy Mr) > L2 mifs?, (10)
A
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where: Al, A2 and A3 are the chosen correction amplitudes, and L1 and L2 are limit values of AL |
which determines, according to the above conditions, the autonomous change of the orbit correction
amplitudes.

This improved version s the one considered in the current investigation, which conststs of an
analysis of the behavior of the autonomous control procedure when the maximal allowable maneuver
rate ts decreased

4, PROCEDURE ANALYSIS

As mentioned before the autonomous orbit control procedure analysis was performed with help of
numerical simulation. A SPOT like orbit (mean attitude of 837 km) was considered. The simulation
runs always were performed over a simulation period of about one year, under uarealistically worst
conditions in terms of solar activity vaniation. In the same way as in the refecred previous works, the
solar flux 11-year cycie has been shortened to one-year simulation, with a very high maximum (360
in flux units), and kept the 27-day cycle oscillations due to selar rotation,

The current analysis consists, at first, of checking the autonomous control procedure performance
when the autonomous orbit estimates are issued by the navigator at a rate of one set each 60
seconds. In previous works the navigator sampling rate was taken always as | estimates set each 10
seconds, the same as the french DIODE navigator [Bert 93]. This rate can be considered high, faced
to the rate of variation of AL, At this sampling rate, the generated raw observations of AL, presents
a high degree of redundancy, which was reduced by a data compression process applied in the
observations preprocessing phase.

The performance of the autonomeus control procedure which considers the application of adaptive
corrections amplitude was analyzed in a previous study, where the use of DIODE like orbit estimates
was considered {1 orbit state vector estimate each 10 seconds, with rms errors of 10m and
0.001m/s in the position and velocity components, respectively}. The maximal allowable rate
of maneuver application was of one maneuver per orbital period. The Equator longitude phase drift
remained, in this case, in a very narrow range of about +200m, during, practically, all the simulated
period of almost one year.

The Fig. 2 presents the obtained ALg x time curve, for the case where a GPS like coarse navigation
solution is used to generate the raw AL, observations for the feedback loop of the autonomous
contrel system. The same maximal allowable maneuver rate of the case above was considered As far
as the generation rate of orbit estimates issued by the navigator is concerned, it was considered the
value of 1 orbital state vector estimate each minute, The three values considered for Aa, and the
conditions to drive the choice of values to be applied in each maneuver are the following:

Al
3a=10mif AL (b f4) < 510" myfs™, (1)
FAS
Aa=25mif 510" mvs’ < AL (te; /1) < 2 107 s, (12)
Fan

Aa=40mif AL (e, /ter) > 2 10 my/s® (13)



One can see that, as expected, the results show a sensible degradation in the autonomous control
performance. After the convergence period, the controlied values of ALq remained, during almost all
the simulated period, inside the range of +2 km, which is cne order of magnitude worse than of the
former case. The cause of this lower performance basically is, in this case, only due to the use of less
accurate orbit estimates to monitor the values assumed by the longitude phase drift. The results can,
however, be considered very satisfactory, since the values of AL, remained inside a range which is, in
the worst case, less than haif of the aflowable AL, variation range considered for the orbit control of
the CBERSI satellite {China Brazil Earth Resources Satellites).
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Ib the new simulation cases performed, whose results will be presenied and commented in what
follows, the sampling rate of the autonomous orbit estimates issued by the navigator are maintained
always constant {one samplings each 60 seconds). The observations compression rates, however, are
L

varied from 1/100 (1 compressed observation set (ALy and ALo) replacing each 100 raw data
{which corresponds to about one compressed observation set per ofbital period)) to 1/1440 (one
compressed observation set per day). At this point it is important to emphasize that, in this work, the
compressed rate defines the minimal time interval between the application of two successive orbit
corrections. In this way the increment of the maximal allowable maneuver rate (considering the
implementation characteristics of the autonomous control procedure), implies also in increasing, by
the same rate, the amount of observations (and consequently increasing the involved compression
time interval) from which each compressed observation is computed. That means that increasing the
maximal altowable maneuver application rate will imply, on one side in increasing the amount of
observations of ALy to be replaced by an equivalent compressed one. On the other hand, the
variation of AL, during the wvolved increased time interval will be most important. This reduces the
validity of the observation compression process, which replaces all observations generated during
this interval by only an "equivalent" one. For this reason this work aims 10 assess the autonomous
AL, control procedure to work properly, under the above mentioned exireme conditions in terms of
solar activity, when the maximal aliowable maneuver cate of one Aa increment per 24 hours is
imposed.

The Fig 3 shows the results obiained for the case where the minimum allowable maneuver rate is
taken as | orbit correction each 200 minutes {(~2 orbit periods). The same values expressed in the
Equations 11 to 13 are considered for the maneuver amplitudes, As one can see, the procedure
performance is reduced The urbit corrections, due to the longer minimum time interval between
maneuvers which was imposed in this case, are not enough to maintain the time evolution of curve of



ALy in an almost symmetrical region around zero. The average time evolution of AL,, as can be seen
from Fig. 3, begins to continuously increase, after about a half of the simulated period.
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Fig. 3: Minimum Allowable Maneuver Rate of 1 Correction each 200 minutes: First Test

The values of the Aa corrections, taken in the equations 1!, 12 and 13, were changed to,
sespectively, 15m, 30m and 45m. The new results which still consider the minimal intecval between
maneuvers of 200 minutes, are presented in the Figure 4. As one can observe from this figure the
increasing tendency of the AL, curve, presented in the last case, disappeared. The curve remains in a
region around zero during all simulation period. Both the lower and upper limits of the variation
range presented, however, values of the order of Tkm greater than the previous case.
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As just mentioned before, an objective of the current study was to verifv whether it would be
possible to have satisfactory control performance of the autonomous control procedure, considering
a maximal allowable application rate of orbit corrections of the order of once a day. In this way,
several tests were performed, m order to verify the effect of increasing the value of the minimal
allowable rate of maneuver application on the controf procedure performance. As expected, when
the ume interval between two successive maneuvers increases, the chosen discrete values of the Aa
tEquations 8, 9 and 10) may not be encugh to maintain the variation curve of AL, inside an adequate
varation range around zero. As it is imposed that no maneuver can be applied before a specific time
interval after the fast one, and since the Aa amplitude is constant (inside the selected range of solar
activity, as described) the correction may not be enough to aveid that, in sverage, the AL, curve



increases with time. The minimal allowable maneuver application was in, this way,  redudsq
successively until one Aa correction, at most, over 24 hours. An intermediate result which considery
the application of at most one Aa increment per 700 minutes is presented in Fig' 5. The previousy

selected amplitude of the Aa corrections, taken as the equations 11, 12 and 13, was, respectively,

15m, 45m and 75m. Due to the arguments just described, the two last values needed to be increased,

from 30m and 45m to, respectively, 43m and 75m.

5.00

NRN NN

- "

1
15500 15850 15600 15650 45700 15750
Julian Cays

Equator Longituds Phase Drift  [km)

£.00

15450 15600 15850

Fig. 5: Minimum Allowable Maneuver Rate of 1 Correction each 700 minutes: Second Test

As one can see from Fig S the controiled variation range of AL, still remains inside limit values of
+5km, as in the case of the Fig,. 4.

The obtained result when a minimum allowable maneuver rate of one each 24 hours is presented in
Fig. 6. It is to be noted that the curve of the longitude phase dnft time evolution remains in an
acceptable variation range, if compared with the fimit values specified for the first China-Brazil
remote sensing satellite CBERSI (+10km). This result was obtained by using for Aa increments Al,
A2 and A3 in Equations 11, 12 and 13, respectively, the following values: 15m, 45m and S0m.
Besides these ones, other secondary parameters had to be tuned, in order to assess the autonomous
control procedure performance as, for instance, some covanance values of the Kalman filtering
process used to estimate the parameters of the AL, simplified model (Equation 5).
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The Fig. 7 shows superimposed on the same graphics, the curves of the estimated second derivative
A A

L1 -

of AL, (E) and of the simulated solar flux as functions of time. The curve of AL (1), 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
Fas

solar 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. 7. Estimated Second Derivative of ALy and Simulated Solar flux

Conclusions

The effect of the maximal allowable maneuver application rate for an autonomous orbit control
procedure using an GPS like navigator was analyzed. in previous work a minimum interval between
maneuvers of only one orbital period was considered. This means that in extreme situations the
autonomous control procedure could deal with the very high maneuver application rate of one
maneuver per orbit, which could be not compatible with the operation characteristics of the satellite
thrusters. The obtained results 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 | 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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