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Introduction

HE operation of geosynchronous (GEO) spacecrafts requires

more precise and robust control of longitude drift because of
the increase in the number of spacecrafts within the GEO orbit. As
a result, the deadband of the station-keeping box for some GEO
spacecraftsfalls below £0.05 deg or less. A traditional approach to
East-West (E/W) station keeping was that, at the time of crossing
the deadband limit, the sign and the magnitude of the rate of mean
longitude drift are restored to the predetermined values, and the
magnitude and the direction of eccentricity vector are adjusted.! =
This idea assumes that the long-term trend in orbit evolution that
is due to the perturbationsis fully predictable. However, the effects
of perturbations such as luni—solar attraction and solar radiation
pressure vary slightly from cycle to cycle and any maneuver error
will propagate to the next cycle. Therefore enough margin should
be reserved to ensure that the spacecraft longitude is maintained
within the deadband, even in the presence of modeling uncertainty
and maneuver execution errors.

In this Note, a simple variation of traditional E/W stationkeeping
is proposed in which the predicted drift in mean longitude and ec-
centricity vector at the next maneuver time is used to find the target
orbit for the current maneuver planning. The results of nonlinear
simulation are presented to show that the spacecraft longitude is
well maintained during the free-drift period.

Linearized Equations of Orbital Motions
Since the actual orbit of GEO spacecraftsis maintained near the
geostationary orbit, its evolution may be described with the follow-
ing set of station-keepingelements:

Ar =21 — A, €8]

. dM

A= — —w, 2
FTRR @

e, = ecos(2 + w), ey, = esin(Q + ) 3)
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where AA denotes the longitude deviation from the nominal longi-
tude X, X is the drift rate with respect to the Earth’s rotation rate
w,.,ande = (e,, ey)T is defined as an eccentricity vector. Other sym-
bols such as e, 2, @, and M represent the classical Keplerian orbit
elements. If Eqs. (1-3) are substituted into the Lagrange planetary
equations,’ after linearization one would get

AL@) = [-3(0,/ V) AV](E — DN —T) + M(1)  (4)

A1) = [3(0, ) Vi) AVIAL — T) + M(1) 5)
Ae (1) = [(2/ Vyn) AV cosa] Nt — ) + Le, (1) 6)
Aey(t) = [(2/ Vi) AV sina] Xt — T) + Lo, (1) (7

where V, is the referenceorbit speed, AV is the velocity increment
that is due to the impulsive tangential thrusting, « is the sidereal
angle of the spacecraft at the time 7 of burn, and Xt — t) denotes
the delta-Dirac function.

In Eqs. (4-7), A(t), A1), Le,(t), and Le,(¢) represent the vari-
ations of station-keeping elements that are due to the natural per-
turbations acting on the GEO spacecrafts. One may numerically
generate the time history of A.(7), etc., by using the high-precision
orbit propagator. If one considers their secular or long-term varia-
tions, analytical expressionscould be found. A numerical technique
may be used as it is known that the secular variations of A\.(f) can be
well represented by a parabolic function and the mean eccentricity
vector forms a circle with the period of 1 year.!~* In this Note, the
following expressions for A and 2e(t) are assumed:

N(t) = p} x 1+ ph xt+ p} x (1*/2) (8)

Le(t) = pi x 1 +pj x sin(w,t) +p5 X cos(w;t) 9)

where o, denotes the sun’s rotation rate and the coefficients pj., p;’.
are determined with a least-squares curve fit.

Predictive Targeting and Fuel Optimal Transfer

The classical targeting strategy for E/W station keeping is that,
at the time of maneuver, the secular drift rate of mean longitude
is compensated for to restore the predetermined target value and
the direction and the magnitude of mean eccentricity vector are
adjustedso that they maintain certain geometricalrelationshipswith
respect to the sun vector. With reference to Fig. 1, the amount of
compensation for the drift rate and eccentricity vector at the time of
maneuver fyow may be written as

Ae = er — e(inow) (1

where A7 and e are, respectively, the target drift rate and the ec-
centricity vector. If one is to use perigee-sun-tracking strategy for
eccentricity control, the target for the eccentricity vector would be

s _
(o) (aNOW Ole)

. N _
sin (aNOW Ole)

(12)

er = e,

where ogy, is the sun’s right ascension at #xow, and agw, the sun
lag angle, e., the maximum allowable eccentricity, and Ay are de-
termined with consideration of the station-keepingcycle, Tgw, and
the deadband budget allocation.! This approach is based on the as-
sumptionthat the long-termtrendsin the variationsof longitudeand
eccentricity vector drift will be identical or at least similar at each
maneuver cycle. However, as the deadband limit gets narrower, the
seasonal and short-term variations should be duly accounted for.

One possible remedy to the above problem is that the maneuver
is executed so that the target orbit is achieved at the end of next
free-drift period. In other words, as illustrated in Fig. 2, the target
longitude and the eccentricity vector are set as follows:
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A)r = maximum permissible longitude deviation at the end
of next free-drift period after the current maneuver

cos(cx‘]‘;low + apw + 0, X TEW)

er e

sin(agow + apw + 0, X TEW)
= target eccentricity vector at the end of next free-drift

period after the current maneuver

If one uses the above conditions in conjunction with Egs. (4), (6),
and (7), one may find the N-impulse maneuversequence by solving
the following equations:

N
w,
AA:E —3—AV, J(¢ - t —
( v k)(NEXT T) NMtnexr — k)

k=1 syn

+ M (fNext) (13)

Ae, = i <V2

k=1 syn

AV cos dk) Nitnexr — T) + Lec (Inext) (14)

/2
Aq,:Z(V

AV sin dk) Ntxext — @) + 2, (fNexr) (15)
k=1 syn

where tyext (= fnow + Tew) and oy denote, respectively, the time at
the beginning of next station-keeping cycle and the sidereal angle
of spacecraft at the time of kth burn. For the near-GEO orbit, ¢ is
related to the time as

o = we(‘[k - tvcrna]) (16)

where f,emg 18 the latesttime at the vernal equinox passagebefore the
start of current station-keeping cycle. Also, M(fyext), 22, (fnexT)s
and 2, (txext) on the right-hand side of Eqs. (13-15) represent the
longitude and the eccentricity vector drift that are due to the natural
perturbations at the end of next station-keeping cycle if it were
not for station-keeping maneuver. As stated above, these may be
precisely predicted with the numerical integration and curve-fitting
techniques.

For the multiple burn, viz., N > 2, the unique solution may not
exist. Therefore one chooses the solution® 7,, AV, k=1.2,..., N,
which minimizes the cost function

N

J= ZlAVkl (17

k=1

and satisfies the constraints

Inow <T) < Ty < -+ < Ty < INgxT (18)

However, for practical reasons, the number of burns and the time
between maneuver may be limited.

Numerical Examples

To show the validity of the predictivetargeting strategy, a nonlin-
ear numerical simulation was performed. A typical GEO spacecraft
to be stationed at 116°E £ 0.05 deg was chosen. But the deadband
limit is further reduced to £0.033 deg and +0.017 deg is reserved
for any possible errors. Other parameters used in the simulation are
summarized in Table 1. For orbit perturbations, Earth gravity up to
fourth order, sun/moon attraction, and solar pressure are considered
in the nonlinear simulation. The number of impulses N was chosen
to be 2, and burn time between maneuvers |t, — T;| was limited to
1 day. Then, one may find the maneuversequence, thatis, (t;, AV))
and (7,, AV,) by solving Egs. (13-15) iteratively.



736 J. GUIDANCE, VOL. 22, NO. 5:

Table 1 Parameters used in the simulation

Nominal longitude A 116°E
Station-keeping deadband +0.05 deg
Station-keeping cycle Tgw 7 days
Spacecraft area-to-mass ratio 0.024 m?/kg
Maximum eccentricity e, 0.000235
Sun lag angle agw 3.97 deg
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Fig.3 Nonlinear simulation results.

Figure 3 displays the time history of longitude drift and the ec-
centricity vector for approximately 100 days. It is clear that the
spacecraft is effectively maintained near the nominal station and
the growth of the eccentricity is well under control.

Conclusions

In this Note, a predictive targeting strategy for E/W station keep-
ing of GEO spacecrafts was presented and its performance verified
in the nonlinear simulations. The importantdifference from the pre-
vious methods is that the spacecraft starts its drifting toward the
target conditionsat the next station-keepingcycle, not from the con-
ditions at the current cycle. Also, the longitude angle itself instead
of drift rate is used in obtaining the target conditions. As a result,
the spacecraft longitude could be controlled in a more precise and
robust manner in the presence of modeling or maneuver execution
errors.
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I. Introduction

HE process of detection and isolation of system faults has been
of considerable interest during the past two decades. Fruitful
results can be found in several excellentsurvey papers.'~® Research
is still under way into the development of more effective solutions
for fault detection and isolation (FDI) in automatic control systems.
The model-based FDI concept is always under a number of ide-
alized assumptions. Among them is that the mathematical model
of the process is exactly known. In practice, this assumption can
never be perfectly satisfied, as an accurate mathematical model of a
physical process is never available. Because of this, there is often a
mismatch between the actual process and its mathematical model,
even if no fault in the process occurs. Such a mismatch causes fun-
damental methodological difficulties in FDI applications. They are
a source of false alarms that can corrupt the performance of the FDI
system.

To overcome the difficulty, FDI systems have to be made robust,
i.e., insensitive or even invariant to such modeling errors or dis-
turbances. A system designed to provide both sensitivity to faults
and robustness to modeling error or disturbances is called a robust
FDI scheme.”® One of the most successful robust fault diagnosis
approaches is the use of the disturbance decoupling principle. This
can be done by use of unknown input observers’~!! But in some
cases, such as unstructured uncertaintiesin the system, perfect de-
coupling is not possible, so robust observers are to be designed
for FDL

In this Note we consider the FDI problem for a class of linear
systems with uncertainties. At first, the system is transformed into
two subsystems.The first subsystemis decoupledfrom actuatorfault
and the other is affected by the fault, but its states can be measured
directly. As a generalization of the observer design approach in
Ref. 12, arobust observer design is proposed for FDI. By using the
estimation of states with bounded accuracy, we can approximate
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