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ABSTRACT

The aim of this paper is to present the analysizdaoted by CNES for the maintenance of a
formation made of several LEO satellites (typical)yin several planes (typically 2), 100 km or so
apart from each other. The along-track separati@t@een the satellites have to be controlled to
within 15 km thanks to orbit correction maneuvenpmosed to be performed every 2 weeks. The
main difficulty is related to solar activity whids expected to be close to its maximum for the
entire mission’s lifespan. As a matter of factjghlsolar activity makes orbit prediction hardergda
makes it impossible to keep the altitude of themimiion constant. Thus, a specific relative
maintenance strategy had to be devised in ordeett the mission’s requirements.

The first part provides a few elements on the missinalysis process that has taken place. The
method used for the evaluation of the maneuvemtaqy is detailed, based on the evaluation of
the effects of atmospheric drag on the orbit. Teeosd part is dedicated to the maintenance
strategy that has been designed, and particulartihe computation of the reference orbits and of

the velocity increments that enable the in-tradkrisatellite distances to be maintained within the

desired bounds. Finally a few simulation resules aresented; they enable the performance of the
maintenance strategy to be checked in a more tiea@mntext.

Acronyms and notations

aa a . semi major axisa : derivative with respect to time (also writtenaty/

AoL, a (mean) Argument of latitude (i.ex*M, with w. argument of perigee and M: mean anomaly), also
called “satellite position” since mainly the argunteeof latitude matter

AV Velocity increment

LEO Low Earth Orbit

N Number of satellites in the formation

RAAN, Q Right Ascension of the Ascending Node

1. INTRODUCTION

1.1 Formation description

We consider a formation composed of several s@®lin several planes. The orbits are circular
with altitudes of about 700 km, and nearly sun syaonous with local hours of ascending node
close to 22h30. The satellites are rather widepassed as typical figures describing the geometry
are the following:

— Along-track separation between any 2 satellite©6-Km,

- Maximum difference of RAAN between planes ~ 2.5rdeg (about 300 km at the Equator).



The typical formation configuration then looks &pidted in Figure 1.

Figure 1: Example of formation geometry

Geometr:
D1 : ~100 km (rough value)
D2 : ~2.5 deg (~300 km)

Equator

In the general case, the formation is composed @¥bically 4) satellites. The area/mass ratios are
approximately the same for all the satellites (aboe-3 ri/kg).

1.2 Objectives

The implementation is assumed to take place ar@04@, that is when solar activity is expected to
be close to its maximum (according to NOAA predio [Ref. 2], cycle #24 high is expected
between mid 2011 and mid 2012 depending on hypeshesnsidered).

One important aspect is the maintenance of the dbom's geometry. In fact the cross-track
separations do not have to be strictly controllEae required performance is compatible with the
natural evolution of the orbit planes, and adequatees for the initial inclinations enable the ng
between the planes not to drift beyond the maxintiomt allowed. The main purpose assigned to
the maintenance process is the control of the alagk separations. They have to be controlled to
within 15 km, which corresponds to maintaining thean argument of latitude of each satellite to

+7.5 km relatively to some (to be defined) referepasition.

Orbit maneuvers are performed regularly in orden#ontain the configuration as described above.
These maneuvers are tangential maneuvers onlyfr@tpeency of orbit corrections is desired to be
less than one correction every 2 weeks (for eatlits, all the satellites nearly at the same jime
This is mainly for operational reasons and in catioa with mission programming scheduling.

2. MAINTENANCE ANALYSIS

2.1 Perturbation effects
The main perturbation effects that affect the gaoyrere the following:

Out-of-plane effectsThe orbit RAANs evolve differently because thelimations tend to drift at
slightly different rates. As mentioned above, théfetential effects are consistent with the
mission’s objectives. They are therefore not comspssd for, and consequently will not be
discussed in any more detail in this paper

Along-track effects The semi major axes are expected to decreasé&+ap Ineters per day on
average, which affects the arguments of latitudihefsatellites in a more or less predictable way.
Differential effects between 2 satellites in 2 eiffint planes stem from the slightly different value
of the node local hours, i.e. from the slight diffiece in orientation of the orbit planes with regpe
to the Sun direction. The relative semi major adsrease rate for 2 satellites in 2 different mane




(assuming same area/mass ratios) is thus computaglless than 1 m/day for an angle between the
ascending nodes of 2.5 degrees, that is less #aof 2he “absolute” decrease rate.

2.2 Prediction of atmospheric drag

Two aspects have to be considered when dealingatmbspheric predictions:

- the influence of mean solar activity level, whicifeats the mean maneuver frequency, hence
the correction cost,

- the influence of short / mean term variations dasand geomagnetic activity, which affects
orbit prediction and maintenance accuracy.

In order to evaluate both effects, solar and gemmiag past real data have been used. The solar
cycle used was in fact number 21 after a transiatibas many days as required so as to fit the
latest data available (see Figure 2). Such a gredienethod may not be very accurate, but this is
not a major problem since mainly the maximum leMesolar activity (and its variations) will in
fact matter.

Figure 2: Predicted solar activity as used in compations
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The DTM78 density model has been used in all catmris in order to estimate the semi major axis
decrease rate, although it is known to be a bsipastic. Depending on the mission’s beginning of
life, the mean value over 14 days is of the ordd5e20 m/day on average, as seen in Figure 3.

Figure 3: Estimated semi major axis decrease rat
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2.3 Maintenance options
Two main options can be envisaged in order to raainthe difference in argument of latitude
between any 2 satellites as constant as possible.

Option I The T option that springs to mind and which is also $imaplest would be to control
each satellite independently from the others, andpply some control strategy close to what is
generally done in most station keeping cases fictntrol of one isolated satellite. This implies t
define some reference law for the argument ofudétof each satellite, all laws corresponding to
the same mean motion (i.e. to the same mean sejmi enas).

A straightforward evaluation consists in computitige theoretical maneuver frequency that
corresponds to a given control window size (hesé&m instead of the maximum allowed.5 km).
The computation is based on the formulas connedtiafgit and the maneuver frequency as
described in Figure 4.

Figure 4: Rough estimation of maneuver frequency
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With: \ / \
T: time between 2 consecutive maneuvers |:> 0

w. size of control window

n: mean motion,

a: semi major axisa =da/dt.
A: 2nd order coefficient of the polynomial that déses the —w
evolution of the argument of latitude (assumingmastant value for 0 T T

da/dt).

Figure 5 shows the duration (T) between 2 consesutianeuvers resulting from using da/dt as
evaluated in paragrap®.2. We immediately see that T is smaller than ebtgqek even without
considering other uncertainties such as predicbonmaneuver execution errors. It is even
optimistic as the mean value of da/dt is underedeoh for values of T less than 14 days.
Consequently, this option could not be retainesh@smpatible with the requirements.

Figure 5: Theoretical maneuver frequency based ontfue” solar activity
55 Time between maneuvers (days)ith: window size = 5 km, da/dt over 14 days
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Option 2 This second option consists in allowing all tleems major axes to decrease gracefully.
The maneuver frequency decreases too because fbe paat of the perturbation effects is not
corrected; only the differential effects are. Tloiption is studied in more detail in the next
paragraphs.

2.4 Estimation of the required maneuver frequency (optn 2: decreasing altitudes)
The maneuver frequency for option 2 is evaluatatsickering the 3 following main factors:

The effect of mean differential atmospheric drag (1

This is identical to what was presented previousde thatais now a relative quantity. It has
been said that the difference of local hour betw2z@tanes leads to a difference afof about
2% (with respect to the “absolute” decrease rdfbg relativea with respect to the average
decrease rate is then around 1%. Another 1% masgadded. This leads to 2% including
uncertainties on area/mass ratio and attitude.

The effect of prediction errors (2)

Prediction errors exist because the predicted it which the computation of the next

maneuvers is based do not correspond to what willadly happen. The reason lies in the
difficulty to predict solar activity accurately. €hmethod considered to evaluate these
prediction errors makes no use of any predicted ftatthe solar and geomagnetic activities but
is based on the assumption that the mean valudeofsémi major axis decrease rate (or
equivalently the mean value of the atmospheric il@nsill not change over the next 14 day

period (see Figure 6).

Figure 6: Method used for the estimation of predidbn errors
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The effect of maneuver execution errors (3)

Hypotheses on maneuver execution errors are bas#idlat data obtained for other satellites
with the same propulsion system characteristice. fiaximum magnitude of the relative
execution error appears to be between 5% (for as@jor axis change of more than 100m)
and 20% (for a semi major axis change of less #%am).

The 3 effects above (1, 2, 3) combine in the wiargbrable situation. Figure 7 shows the resulting
control accuracy.



Figure 7: Evaluation of relative control accuracy
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Thus, the along-track errors are expected to retalmw accepted limit (7.5 km) most of the time,
that is except for very intense solar activity pds. It is considered as satisfactory since it inioggh
possible to alter the maneuver frequency for shertods when solar activity happens to be too

strong.

3. DETAILED (RELATIVE) MANEUVER STRATEGY

3.1 Summary of previous results and objectives

We have seen in the previous parts that the pediocethat can be expected is compatible with the
requirements (most of the time). The question is tmdevise an effective control strategy.

For this strategy to be consistent with the analys shown above, the effect of perturbations
(hence theAV) should be minimized (se24). The problem then comes down to determinirgg th
“best” reference satellite positions (i.e. the beg¢rence mean arguments of latitude) that miremiz
the effect of perturbations, and to determining theneuvers that enable the satellites to stay as

close as possible to their respective referenciiqos

The main points that have influenced the desigi@®imaintenance strategy are the following:

- A constant solar/geomagnetic activity makes thei seajpr axes decrease at an almost constant
rate, which yields a parabolic evolution versusetiior the argument of latitude.

— The relative evolution of the argument of latituafeone satellite in one plane with respect to
some other satellite in some other plane is spiraximately parabolic as a function of time.
For two identical satellites in two different planethe “ideal” reference position would
correspond to a fictitious satellite placed in thisector plane, in which case the relative
parabolic evolutions for the 2 satellites wouldifeerted.

The strategy that results from all these remarkieiailed in the next paragraphs.

3.2 Mathematical formulation

The problem could be written as follows:



Minimize: Z max|Av; (t,)| and minimize:max‘ai(t)—aj(t)—Aa{fj’m)‘
k i=1.N i,j,t

wheret, stands for ‘maneuver instant’ (i.e. every 14 dayapd j are the satellite indices (1 to N),

nom

a; (t) represents the mean argument of latitude of gatelandAa;’;™ represents the nominal (and
constant) difference of argument of latitude betwde satellites i and .
It is clear that this problem cannot be uniqueljvesd since the 2 above objectives are

contradictory. But in our case station keeping m&ees are small, so that minimizing the control
cost is not of major importance.

If the problem is transformed into determining besst reference satellite positions, it becomes:

Minimize: »" max|aV(t,) and minimize:max|a; (t) - o (t)
k Ii=L.N it

ref
i

wherea; " (t) represents the reference position of satellite i.

al® (t) is looked-for as: AaM™™ +a " (t) where Aa™™ is a constant value that defines the nominal
position of the satellite in the formation with pest to some arbitrary reference (e.g. one paaticul
satellite), anda "' (t) does not depend on any particular satellite.

The problem is then twofold:
— determine the reference mean AoL for the formasism whole (i.ea"™ (t)) ,

— determine the expressions for the (tangenfis¥ in order for the satellites to stay as close as
possible to their respective reference positions.

3.3 Maneuver computation principles

The problem can be simplified further by imposimg texpression for thAVs. The effect of a
velocity change is modeled as consisting in a std@nge only. ThAVs as proposed change the
slope at the time of the maneuver so that the giediiargument of latitude passes through some
targeted point at the time of the next maneuveis Tdrgeted point is deduced from the theoretical
control window size derived from the (supposed tam$ semi major axis decrease rate. This is
illustrated in Figure 8.

Let A B,C be the coefficients of the polynomial that desesitthe evolution of the argument of
latitude relative to some (yet to be determineégrence:

P(t)=At?2 +Bt+C (t<0)

The instant of the looked-for maneuver is herétby convention.

The expression with the effect of the maneuverrtaiki account is then:
P (t)=At>+B*"t+C (t=0)

By definition, P*(t) is chosen such that:

2
PWUzsz;

Hence:
7 C
B =—-—AT-= Eq.3.3-1
SAT-= (Eq3.3-1)



The slope change at the time of the maneuver s the
AB=B* -B=-LAT-B-<
8 T

Figure 8: lllustration of the AV base strategy
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If we now apply this method to the computation loé next 3 successivkVs (assumed evenly
spaced, at respective times O, T, 2*T), one gets:

Maneuver att=0 = ABl:_gAT_B_g
17 C

Maneuver att=T = AB, = 5 AT =

Maneuver att=2T =  AB; =-2AT

Note AB; is identical to the routine slope change thaeisded to follow the nominal parabolas.

3.4 Determination of the reference arguments of latitue
We now consider all the satellites in the formati®he relative AoL for each satellite (after the

constant offsetda"™ have been removed) are assumed to be defined by:
R(t)=(A -At?+(B -B)t+(C -C)

where (A,B,C) defines the reference polynomial to be solved for.

The (A,B,C) reference coefficients are determined so thatrtaeimumAV computed over all the
satellites is minimized at each of the next 3 masedates: O, T, 2T.



We obtain successively:

Min(ABy;)=-max@By)  (overalliin1.N)  =>A=TINA) ;maX(Ai)
Min@ABy;) =-max@B,)  (overalliin 1.N)  =>C = M) ;maX(Ki)

with:  K; =—1—87(A -A)T?+C,

min(ABy; ) = —max(@By;) (overalliin1.N)  =>g="nk) ’;maX(Li)

(G -C)

with: L, =£(A -A)T+B +

The knowledge of(A,B,C) enables us to derive the successive values fosltpe changes for

each satellite, and particularly those correspandm the next maneuver date (which mostly
matter).

Remarks
— The value found forA is not surprising. It means that the referencei seajor axis decrease
rate is exactly midst of the extremal rates (cossigy all the satellites).

— The above results were confirmed by linear programgnsimulation. The criterion to be
minimized was chosen asz max |AB, (t, )|, which is not exactly the same as above, but
k=13 i=L.N
which appears to be equivalent.

3.5 Sample simulation cases
Two simulation cases of the application of the ruaee strategy as derived in the previous
paragraph are given hereatfter.

We start from arbitrary initial conditions definbg the N polynomials expressing the evolution of
the (unbiased) argument of latitude for each stell(i in 1..N). The algorithm determines the
successive slope changes for each satellite atreaokuver instant kT (k=0,1,2...). T is given the
value 1. Units are here arbitrary.

3 0 1
Case 1 The polynomial models are defined at t=0 by thetrim _05 1 —ao in which the 1
0o 0 -1

row contains the coefficients of order 0, 1, 2 extjyely for satellite number i.

The right hand plot (see Figure 9) represents tldugons relative to the reference polynomial
(previously denoted byA,B,C)). We see that the steady state is rapidly rea¢htdr the &

maneuver), and that the curves are well balancedndr 0. The left hand plot represents the
“absolute” evolutions. This second graph clearliibits the reference polynomial (in dashed line).



Figure 9: Strategy simulation - case 1

3 “Absolute” view 6 “Relative” view
5
0
N\ ;
—3 e 3
/T
2
-6 L\\\\\ \
‘\\ 1
-9 \ 0 \‘\/\IV\I\/\IV\I\/\/V\I\/\/\/\I\/\}
-1
— l 2 N /
N2
-15 <« -3
Q 2 4 6 8 10 Q 2 4 3 8 10
Time Time

Case 2For this second case, random errors are addedcto slope change. The relative errors are
distributed according to a Gaussian law (with m&aand standard deviation=10%). The initial
conditions are also slightly modified (the coetfici -3.2 becomes -3) so that the nominal reference
curve would have been a straight line if no randwrors had been added.

Figure 10 shows the effect of errors on the refezemajectory. We can see how the reference
trajectory adjusts continuously (left view) so ageéduce the effects of errors as much as possible.
The right view shows how these errors tend to meeethe effective window size. Still, the curves
remain more or less balanced around 0.

Figure 10: Strategy simulation - case 2
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3.6 Strategy enhancements
It might be objected that the expression of thepesl@hange is imposed whereas it should
theoretically be the result of the optimization gess.

Different variants have been proposed. They alk@trin varying the expression giving the slope
change. EquatioB.3-1 is then replaced by one among the following:

B =—LaT-& (nominal formula)
8 T
B* =2AT -8A(AT2+C) (minimum value over [0,T] = value at T)
B"=0 (cancel slope)
B* =—AT—$ (value at T = 0)

The algorithm is then modified as follows:
- computeA andC as before (or possibly by using a slightly modiffermula forC ),
- Depending on the value @, -C (only), choose among the formulas above wherand C

are to be replaced by - A andC, —-C respectively,
- B is deduced so that the maximal et minimal slogngks have same amplitudes.

A few algorithms have been tested but none haseséonshow up as being really superior.

3.7 Practical implementation

The implementation of the algorithms as descrilve8l.4 is fairly straightforward except for a few
subtleties. What is most important is the detertiomaof the degree 2 polynomials that represent
the evolutions of the mean arguments of latitudee @lgorithm that has been chosen is basically
the following:

& Step 1 Data selection

The calculations are based on past determined @atat from the date of the previous maneuver to
the date of the one being computed. A few daysropggated orbit data may also be added to
extend the data arc to about the duration betweearZuvers. Doing so, the algorithm is not too
much dependent on the accuracy of the propagalativesorbits (that may more or less strongly

depend on the drag coefficient as determined byatiest orbit determination process).

& Step 2 Data fitting

In order to eliminate a few perturbation effectatthffect all the satellites at the same time, an
intermediate reference is built as the usual awesgument of latitude computed over a subset of
satellites (nominally all of them but not necedgariThe differences of AoL are then computed for
each satellite and sent as input to the fittingcpss. This fitting is simply a weighted least-sgsar
computation that generates the N looked-for polyiatsn Exponential weighting is possible
although it doesn’'t seem to be a mandatory opitois; mainly present as an additional degree of
freedom that could be used to improve the perfooadater on if needed.

& Step 3 Maneuver computation
Maneuver computation is performed exactly as erplhin paragraph3.3 and3.4. The tangential

AVs are derived from the slope changes by usingsithple formula: AV =—%Aslope, wherea is

the mean semi major axis (whose determination doeseed to be extremely accurate).

11



4. OPERATIONAL CONCERNS

Solutions exist in order to handle some possiblguoing critical situations. Here is a brief
description:

— Partial execution of maneuvers

This situation could be that of several maneuvers being executed (or not being uploaded)
correctly. It could be handled in 2 different wa@ne way is to enable the calculation to be
partially redone by using some previously storedadanother possibility is to redo the
computation by using predicted data only (as iha$ considered possible to use data obtained
before the latest maneuver). Reference satellitesldvbe those whose maneuver has not been
performed correctly and maneuvers would be compiatethe other satellites only.

— One satellite temporarily out of formation butlstibntrolled

This situation would consist in having one sateltiémporarily off the formation, while the N-1
remaining ones would have to be controlled normdlhe solution would then be to nominally use
the algorithms for these N-1 satellites and to cat®@ maneuver for the Nth one with a reference
AoL derived from the computation done for the otNet satellites.

5. EVALUATION OF THE MAINTENANCE ACCURACY

5.1 Objectives and hypotheses

The objective is here to assess the performanteeahaintenance strategy. That is firstly to check
that the control accuracy meets the mission’s regquents and secondly (and secondarily) that the
performance is compatible with the estimate obthohéring the mission analysis phase.

The algorithms are implemented in a simulation emment illustrated in Figure 11.

Orbit propagation for the N satellites takes actairihe main usual forces that perturb the orbits:
Earth, Sun, Moon gravitation, solar pressure, ahdoarse atmospheric drag simulated by using
actual solar and geomagnetic data (the same asragmaph2.2) along with the DTM78 density
model.

Data from the N orbit propagators are sent to tl@ntanance software. The data actually sent
consist of the (mean) orbit parameters (“mean’hm sense: with osculating terms coming from J2-

J6 analytically removed). The lengths of the dats are equal to the time between 2 maneuvers
minus small margins: after the previous maneuves (lay) and before the one being computed

(1 day). Thus, no predicted data are used in tingpatation, otherwise than predicted by the own

method of the maintenance strategy.

The algorithm used is the basic one (as describgedragrapl3.4). Variants are not considered.

12



Figure 11: Simulation environment
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5.2 Description of the simulation case

This simulation case aims at the maintenance aofradtion of 3 satellites in 3 orbit planes. The
orbits, formation geometry and other satellite ektgristics are compatible with the hypotheses

given in paragraph.

The nominal configuration is as depicted in Figi& Nominal value for the area/mass ratio is
8.e-3 m/kg. Variations to this ratio are applied: up to 18h respect to average value (see

Figure 12 for details).

Simulation is performed over more than 2 yeardisgafrom mid 2012, that is when solar activity
Is strong. Maneuvers occur every 14 days. Maneexecution errors are drawn at random as

follows:
AV,

deviation 0.066.
is truncated to the nearest 0.5 mm/s.

AV

actual

Sat!, Sat... SatN. N orbit propagator
that compute the orbits considering
maneuvers received from the maintene
strategy process.

Maintenance strategysoftware (writter
using scilab tool) that computes the |
maneuvers, using the orbit data comnr
from the N satellites (from the previa
maneuver and up to the one to
computed).

actual = AVoomina @+ €); € follows a zero-mean Gaussian distribution with ndead

Figure 12: Geometry for the simulated case and spiic hypotheses

Nominal
Satellite relative Initial Drag
number argument RAAN coefficient
of latitude
(deg) (deg)
1 0 +1 1
(reference) (nominal value)
2 -1.2 +2.5 1.01 (+1%)
3 -0.8 0 0.99 (-1%)
(reference)

NB: The values as chosen for the drag coeffici¢antsl to

increase the atmospheric drag differential effect.
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5.3 Simulation results
The main simulation results are presented in Fig3reThey represent the variations of along-track

distance between any 2 satellites: 1-2, 2-3, 1-3.

Figure 13: Maintenance simulation — variations of bng-track distance
Along-track variations: satl -> sat 3 (km)
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Variations of along-track inter-satellite distanc®uld be less than 15 km, and indeed they are
nearly all the time. The effect of the strong sd@ativity is clearly visible at the end of year 201
(as indicated by the arrow). The rapid variatioppear to be connected to solar activity prediction,
not very accurate in this case.

The evolution of the semi major axes is also sh@rigure 14). As expected, all the semi major
axes decrease at the same rate and follow solsityact

Figure 14: Maintenance simulation — relative variaton of semi major axes

Common variation of mean semi major axes (km)

-15 1 1 1
2012.5 2013.0 2013.5 2014.0 2014.5 year

Figure 15 shows thAVs for the 3 satellites. Th&V amplitudes are consistent with the expected
relative semi major drift. The saw-tooth shaped apd downs at the end of 2014 are another
consequence of the rapid variations of solar agtat this period of time.
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Figure 15: Maintenance simulation — maneuvers

15 AV for the 3 satellites (mm/s)
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6. CONCLUSION

The control strategy that has been designed arsdpied in this paper is satisfying and well suited
to our maintenance problem. First of all, the aacurrequirements concerning the separations
between the satellites are met, which is of cowbkat matters most. In addition, the simulation
results enabled us to validate the studies madmgltine mission analysis phase, whereas these
studies made no particular reference as to howndiatenance strategy should be implemented.

A few assets of the maintenance strategy can bedligirstly it is simple enough, which is of
interest when considering the risks for potent@ftvgare anomalies. One second point is that it is
not too much dependent on the ground segment debi&rmination and prediction accuracy, as it
nominally makes use of past data only. This givesdd-on guarantee that the simulation results
that have been obtained are representative ofrthederformance. Finally, it has been shown how
the algorithms could be implemented, should unetgaecontingency situations occur.

Although satisfactory enough, a few improvementgdaprobably be conceivable.

One aspect that could certainly be improved ispifegliction method, although in practice tuning
options should enable us to optimize the algorithivéhavior as required (e.g. extension of data
arcs, data weighting).

One second aspect that could potentially be immtaseelated to th&V computation algorithm.
Some limited variations have been experimented,witliout significant visible change on the
performance. A more global (thereby less empiriapfroach to the definition of the maintenance
strategy could probably have been envisaged. Yeb#nefits that could have been obtained are
guestionable when considering that the uncertairggem to mainly originate in the solar activity
prediction errors.
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