JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 26, No. 3, May—June 2003

Adaptive Neural Control of Deep-Space Formation Flying
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A novel nonlinear adaptive neural control methodology is presented for the challenging problem of deep-space
spacecraft formation flying. When the framework of the circular restricted three-body problem with the sun and
Earth as the primary gravitational bodies is utilized, a nonlinear model is developed that describes the relative
formation dynamics. This model is not confined to the vicinity of the Lagrangian libration points but rather
constitutes the most general nonlinear formulation. Then, a relative position controller is designed that consists
of an approximate dynamic model inversion, linear compensation of the ideal feedback linearized model, and
an adaptive neural-network-based element designed to compensate for the model inversion errors. The nominal
dynamic inversion includes the gravitational forces, whereas the model inversion errors are assumed to stem from
disturbances such as fourth-body gravitational effects and solar radiation pressure. The approach is illustrated
by simulations, which confirm that the suggested methodology yields excellent tracking and disturbance rejection,
thus, permitting submillimeter formation keeping precision.

Nomenclature

d differential disturbance acceleration

dy = moon’s gravitational differential disturbance
acceleration

dsp = solar radiation pressure differential disturbance
acceleration

e = position tracking error

K = optimal feedback gain matrix

Nier = number of inner layer neurons

Qe = state weighting matrix for linear controller

Ry = Earth radius

Ry = pseudocontrol weighting matrix for linear controller

r = relative position

Iy = requiredrelative position

u = differential control acceleration vector

Vv = neural network input weighting matrix

v = relative velocity vector

w = neural network output weighting matrix

X = relative state

B = solar radiation pressure coefficient

A = model inversion error

€ = state tracking error

Cim = damping coefficient of reference model

I = normalized gravitational constant

g = Earth gravitational constant

s = sun gravitational constant

v = pseudocontrol vector

v = neural network robustifying term
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Vi = linear pseudocontrolsignal

Vg = adaptive pseudocontrolsignal

Vi = tracking pseudocontrol signal

o = sigmoid activation function

Wm = natural frequency of reference model
Subscripts

/ = leader spacecraft

f = follower spacecraft

I. Introduction

PACECRAFT formationflying (SFF) is an evolvingtechnology

for distributing the functionality of a single spacecraftbetween
several closely flying satellites. This notion is expected to have the
advantagesof lower life-cyclecost, better performance, more adapt-
ability to changing mission goals, and less susceptibility to the loss
of individual satellites. Future applications of the SFF technology
include high-resolutioninterferometry, stereographicimaging, syn-
thetic apertures, and distinguishing spatial from temporal magneto-
spheric variations.

Formation flying missions can be categorized as Earth-centered
and deep-spacemissions. The first category includes numerous mis-
sions such as TechSat21 (Ref. 1) and Earth Observing-1 (Ref. 2).
The latter category includes long-baselinemidinfrared interferome-
try missions such as the Terrestrial Planet Finder (TPF),’ Starlight,*
and Darwin’; x-ray interferometry missions such as the Micro-
Arcsecond X-Ray Imaging Mission (MAXIM) Pathfinder®; and
general relativity missions such as the Laser Interferometer Space
Antenna (LISA).” In this work, deep-space formation flying is
addressed.

The resolution and precision requirements associated with typi-
cal profiles of deep-space formation flying missions raise new chal-
lengesin trajectory design, control,instrumentation,and propulsion.
The non-Kepleriantrajectories of deep-space spacecraftnecessitate
a specialized treatment of the formation control, reorientation, and
rotation. Often, trajectory analysis and design are carried out in
the context of the circular restricted three-body problem (CR3BP)
with the sun and the Earth as the primary gravitational bodies.
This framework permits the derivationof mission-enablingtrajecto-
ries such as halo orbits around the Lagrangian libration points,>$*
out-of-ecliptic trajectories,® and distant retrograde orbits,'! each
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specifically suited to a differentclass of deep-spaceformationflying
missions.

The aforementioned issues motivate the study of SFF control in
arbitrary non-Keplerian orbits emerging from the CR3BP with the
sun and Earth as the primaries. However, a complete analysis of SFF
in arbitrary CR3BP trajectoriesmustovercomeseveralunique obsta-
cles. Thus far, the vast majority of the studies dealing with formation
flyingadoptedlinearequationsof motion found from local lineariza-
tion about some referencetrajectory. The resulting linear models are
valid when dealing with both Earth-centeredand libration point mis-
sions. In the former case, the well-known Clohessy—Wiltshire (CW)
equations have been used (see Refs. 12—16). In the latter case, the
equations of motion have been linearized about the L, libration
point utilizing a CW-like reference frame and a periodic reference
orbit.” However, future missions such as MAXIM Pathfinder, raise
stringent submillimeterrelative position control accuracy specifica-
tions that do not permit the utilization of linearizationtechniques.!”
Instead, the complete nonlinear models should be used, so that no
approximationis involved in the design procedure.

Although mostresearchershave presentedlinearized SFF results,
a few recently published works did consider nonlinear formation
dynamics.'®=2° In Refs. 18 and 19, an Earth-centered SFF control
design with a nonlinear gravitational field is presented. In Ref. 20,
the Earth-centered case focusing on nonlinear J, perturbations is
described again. However, all of these works neglected third-body
effects. Others have provided means for analyzing configurations
of spacecraft formations by neglecting the gravitational gradient
and the solar radiation pressure?! These approaches constitute an
unrealistic approximation when considering deep-space missions
requiring highly precise position control.

In this paper, we address the complete nonlinear problem of
deep-spaceformationflying and developa controlmethodology that
yields submillimeter formation keeping. Because of the formidable
position control accuracy requirement, we do not linearize the prob-
lem, but rather model the complete highly nonlinear dynamics ren-
dered by the CR3BP with the sun and the Earth as the primary
gravitational bodies.

To prevent the microgravity deep-space environment from caus-
ing the spacecraft in the formation to drift apart, a novel closed-
loop nonlinear position control law is developed that incorporates
an adaptive disturbancerejection scheme for arbitrary reference tra-
jectories. This approachis motivated by the recentadvancesin adap-
tive neural-network-(NN-) based control of nonlinear systems 226
The methodology presented in this paper is an adaptation with ap-
propriate extensions of those techniques for precise formation fly-
ing missions. In addition to controlling the formation on complex
trajectories, this algorithm effectively compensates for deep-space
disturbancessuch as solarradiation pressure (SRP) and fourth-body
gravitation. These disturbancesare incorporatedinto the analysisto
illustrate the potency of the proposed control methodology to reject
disturbances and cope with modeling errors.

The work presented herein focuses on the problem of developing
a nonlinear control law for deep-space formation keeping assuming
that the measurements required for its implementation are continu-
ously available and ideal. This is the natural first step in developing
areal-life control system. Once we quantify the extent to which the
performance specifications using ideal measurements are achiev-
able, future work will look into the effects of sensor errors and
measurement rate on the overall formation keeping performance.

This paper starts by presenting the nonlinear equations of mo-
tion characterizing spacecraft dynamics in the CR3BP (Sec. II).
We then develop an adaptive NN-based relative position controller
that incorporates approximate dynamic model inversion and lin-
ear compensation of the ideal feedback linearized model (Sec. I1I).
The nominal dynamic inversion includes the gravitational forces,
whereas the model inversion errors are assumed to stem from dis-
turbancessuch as fourth-body gravitationaleffects (for example, the
moon) and SRP, or eccentricity effects of the Earth’s orbit around
the sun. The approach is illustrated by realistic nonlinear simula-
tions, which confirm that the suggested methodology yields excel-
lent tracking and disturbancerejection (Sec. IV). This paper further

concludes that continuous-level plasma electric propulsion can be
utilized to provide fine thrust for the microgravity environment of
deep-spacemissions (Sec. V).

II. Problem Formulation

There are two main approaches for the formulation of the space-
craft relative position control problem. The indirect approach is to
station keep each spacecraft about some precalculated trajectory’
that is chosen a priori to maintain some desired relative spacecraft
position. The direct approach is to command the spacecraftto track
a predefined relative reference trajectory, by selecting a (possibly
virtual)leader spacecraft. This decentralizedmethodologyis termed
a formation keeping problem.'?~'® In this work, we adopt the direct
approach, which has several considerable virtues. The most signif-
icant merit is that the leader does not have to station keep, which
eliminates the need to equip it with a propulsion system. The leader
spacecraft may, thus, be launched into an arbitrary, possibly Earth
drift-away, trajectory.

For presentation simplicity, we consider a two-spacecraft forma-
tion, although the same formulation equally applies to formations
of any size. To this end, let r, and r; € %* be the position vectors
of the leader and follower spacecraft, respectively, relative to the
Earth, R € R? that of the Earth relative to the sun, and r € R* the
relative position vector between the leader and follower spacecraft,
thatis, ry = r; + r (Fig. 1). The inertial accelerations of the leader
and follower spacecraft relative to Earth are given by?’
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where pr and pgs are the gravitational constants of the Earth and
the sun, respectively, d; and d; € R* are disturbance acceleration
vectors acting on the leader and follower, respectively, and u; and
u; € R* are the control acceleration input vectors.

The equations of relative motion are obtained by subtracting
Eq. (1) from Eq. (2), which yields

. [ r r+r
r=Hels—= >
Irl® A +rl?

R+r R+r+r
+ s >~ 3
IR+rl*> IR+r +r|
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where u =u,; —u; and d =d; — d;. The accelerationr is evaluated
in a rotating Earth-fixed coordinate system X, y, Z, shown in Fig. 1.
This coordinate system is different from the common reference
frame® used to model the CR3BP. The basic notion is to choose

Follower

Leader r‘ . % ”

X Reference line
Sun

Fig. 1 Coordinate systems: %,§, define a rotating Earth-fixed co-
ordinate system, and X, Y, Z is a heliocentric-ecliptic inertial frame.
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the origin of the coordinate system at the center of the small pri-
mary, Earth in our case, rather than the barycenter, and to normalize
the masses by the mass of the large primary, the sun.'”-?” This co-
ordinate system is useful from the engineering standpoint because
the orbit determination process can be straightforwardly performed
with the position and velocity vectors measured relative to Earth.
Also, in a sense, this coordinate system is analogous to the CW
reference frame in the two-body case, where the origin is set on the
leader spacecraft.

Proceeding with the usual analysis but in this variant coordi-
nate system, we shall use the following unit conventions. The
position of the leader r; =[x;, y;, z;]7 and the relative position
r=|[x,y, z]" are measured in astronomical units (AU), where
the mean Earth—sun distance is ||[R||=1 AU =1.496 x 10® km.
The time is normalized by the Earth mean heliocentric angu-
lar velocity, that is, t =1*/\/(|R||*/us), where t* is the time
measured in seconds. Accordingly, the velocity vector of the
leader v, = [%;, y;, Z;]7 and the relative velocity v =[x, y, z]7 are
normalized by [|R|l/+/(IIR|1*/is). The vectors u=[u,,u,,u.]"
and d=|[d,,d,,d.]" are normalized by pus/IIR|>. Also, let
w=pug/(g + s) =3.0034495182x 1076,

The inertial reference frame used here is a heliocentric-ecliptic
coordinate system, denoted by X, Y, Z, as shown in Fig. 1. With
utilization of the preceding unit convention, the transformation of
some position vector p from the rotating frame to the inertial frame
is given by

cost —sint 0 1
plgy ;= |sint cost 0 [ples:+|0 )
0 0 1 0

Next, the acceleration of the leader from Eq. (1), ¥, = [%;, ¥, Z,17,
can be expressed in the rotating coordinate frame as
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where we substituted d; =[d,,, djy, d;.1" and w; = [u;,, w;y, u;.1".

Similarly, the relative acceleration# = [, y, Z]7 satisfies
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To synthesize a relative position control law, it is convenient to
utilize a state-space representation. To this end, we define the state
vectors

A T L. "
x1=[r1T,V,T] =[x, v, 2 %, v 217 x; €% CR (1)

xé[rT,vT]T =[x,y 2%z, x €exXCR® (12)
where X; is a vector subspace of R® that satisfies the constraint
7|l = Rg, X is a vector subspace of N® that satisfies ||r; + 7| > R,
and Ry denotes Earth’s radius.

When the definitions in Eqs. (11) and (12) are used Eqgs. (5-10)
are rewritten into state-space vector form:

X, = Aunx; + Bgi(x;, uy, 1) (13)
x=Aunx+ Bgx,x,u,t) (14)
where
gl u,t) =fi(x) +dix, 1) +uw (15)
gx,x,u,t)y =f(x,x)+dx,x,t)+u (16)
and
0343 I3y 03
A“n=|:33 zz:| B=|:3 z:|
A21 A22 I3><3
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Here, 05 3 and I5 , 3 are the 3 x 3 zero and identity matrices, respec-
tively. The nonlinear terms f; (x;) and f(x, x;) represent the gravi-
tational acceleration of the leader and the differential gravitational
acceleration, respectively, and are given by
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where f: X— 03 and f: N3 — N3,

To complete the modeling of the system dynamics, a descrip-
tion of possible disturbances is required. However, the disturbance
model is used for simulation purposes only because of the inherent
uncertainties in the disturbance model and because the control law
cannot precisely predict them. Thus, the actual controller design
scheme assumes no knowledge of the disturbance model. Its effect
on the formation keeping dynamics is compensated adaptively in
real-time operation. Consequently, we postpone the presentation of
the disturbancemodel to Sec. IV. The only assumptionmade regard-
ing the disturbance vector, denoted by d(x, x;, t), is that it is norm
bounded, that is,

ld(x,x;, )l < D (20)
Note that Eq. (20) does not restrict the generality of the treatment
because, physically speaking, deep-space disturbances (namely,
fourth-body gravity effects and solar radiation pressure) are always
bounded.

IIL.

Assume that we wish to steer the follower spacecraftto track some
reference trajectory relative to the leader spacecraft. This trajectory
may represent some optimal relative maneuver, a predefined time-
varyingrelative trajectoryor simply a constantoffset. In general, the
controlled variables of the relative state are the positioncomponents,
that is,

Relative Position Control

r=Hx=1[L,3 03.;lx (21)
and the required relative trajectory is given by r.(f) =[x, (?),
Yu(t), ze (D]

Note that the position of the leader, r;, constitutes an exogenous
signal to the equationsof the relative dynamics [Egs. (14)]. Because
the controlled dynamics are those of the relative motion, the par-
ticular nature of the leader trajectory is of no importance for the

treatment to follow, as long as it is known and bounded.

To developa robustcontrol of the relative positionbetween space-
craft in the presence of unknown disturbances, we have utilized a
nonlinear control methodology, which will be detailed. The relative
positioncontrolloop developedhereafteris described schematically
in Fig. 2. It consists of an approximate dynamic model inversion,
linear compensation of the ideal feedback linearized model, and an
adaptive NN-based element designed to compensate for the model
inversion errors. In the current work, a full state controller is de-
signed, with the assumption of the availability of the measurement
of both the relative position and velocity vectors and the position
and velocity of the leader relative to the Earth. This implies that
the relevant information is shared between the leader and follower
spacecraft.

Note that the particular control design approach presented in this
section has been adopted because of its modular structure, ease
of design and implementation, and excellent performance. Further-
more, it has been shown to work where the linearized formation
flying methodology failed to yield the required formation keeping
precision; see Ref. 17 for details. Although no claim is being made
regarding the optimality of the approach, simulations will show that
the derived controller performs well in terms of fuel expenditure.

A. Approximate Feedback Linearization via Dynamic Inversion
The dynamic model inversion is performed on the nonlinear ele-
ments of Eq. (14). We define a pseudocontrol signal as

v=_g0.x,u)=f(x,x)+u (22)
wheref(x, x;) is an estimate of f(x, x;).
Substituting Eq. (22) into Eq. (14) leads to
X = Ajx + Blv+ Ax,x;, 1)] (23)
where A (x, x;, t) is the model inversion error, given by
A x, 1) =fexrx) —frx) +dxx,n (24)
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Fig. 2 Block diagram of the relative position control loop.

Thus, the model inversion error stems from two sources: modeling/
measurement inaccuracies, f (x, x;) —f(x, x;), and exogenous dis-
turbances, d(x, x;, t). Modeling/measurement inaccuracies may
stem from several factors. The most obviouserrorsourceis duetoin-
accuraciesin the state measurementrequiredto obtainf (x, x;). How-
ever, as already mentioned, we shall assume here ideal and contin-
uous measurements. Nevertheless, modeling errors may still occur.
For example, if f (x, x;) includesonly gravitationalterms, as the case
discussed here, modeling inaccuracies will result from neglecting
the eccentricity of Earth’s orbit. Moreover, if f(x, x;) is augmented
to include a nominal SRP term, inaccuracies will result from the
uncertainty in the SRP coefficient. If it is assumed that there are no
modeling inaccuracies,Eq. (24) reducesto A(x, x;,t) =d(x, x;, t),
thatis, the modelinversionerrorincludesthe disturbanceterms only,
some of which may be unknown and/or unmodeled.

The pseudocontrol v of Eq. (22) is designed such that satisfac-
tory dynamic characteristicsand tracking performance are achieved
despite the modeling errors and disturbances, or, equivalently, de-
spite the model inversionerror A (x, x;, t). Once v is computed, the
actual control signal is obtained by inverting Eq. (22), that is,

u=v—fxx) (25)

which clearly depends on the measurements of x and x;. Accord-
ing to the preceding requirements, v is comprised of three major
elements: 1) vy, a linear compensation term designed to achieve
the desired dynamic characteristics of the ideal linear model, while
neglecting the gravity and disturbance accelerations; 2) v, used to
achieve tracking of the relative reference trajectory or regulation to
a constant set point and a function of r,; and its derivatives; and 3)
V.4, an adaptive signal designed to compensate for the effect of the
model inversion error A (x, x;, t).
Thus, v is chosen as

V=V + Vs —Vy (26)
Substituting Eq. (26) into Eq. (23) leads to

X = Apx + B{ve + v + [A@, X, 1) — vyl} (27)

B. Linear Controller Design

A linear full state feedback controlleris designed to provide the
desired dynamic characteristicsof the ideal gravity and disturbance-
free linear model, obtained by neglecting the model inversion error
and the other components of the pseudocontrolsignal v in Eq. (27).
Any linear control design technique can be used for the controller
design problem associated with this linear model. In the current
study, we adopted the optimal linear quadratic regulation (LQR)

approach that provides a straightforward formulation of the tradeoff
between control effort and response time. Thus, vy is chosen to
minimize the infinite-horizon cost functional

J= / (x" Qiex + v Revyc) d (28)

to

The optimizationresultsin the standard linear control solution given
by

v, =—Kx=—Kr— Ky 29)
Substituting Eq. (29) into Eq. (27) leads to
x}zAclx+B{Vlr+[A(xsxlst)_Vad]} (30)

where the closed-loop dynamics matrix A is given by

Ay = Ay — BK = [Om [H} 31)
Ag A
with
A, = Ay — K, Ay = An— K, (32)

The LQR technique guarantees stability of the closed-loop system,
ensuring that A is Hurwitz.

Next, the reference trajectory related signal v, is chosen so that
the linear formulation of the closed-loop tracking error dynamics
does not involve specifically r, and its derivative. To that end, v, is
set as

- cl cl -
Uy =rlr_A21rlr_A22rlr (33)

The position tracking error and the combined position and velocity
tracking errors are defined as

eZr, —r (34)
e2le’ &7 (35)

A routine manipulation of Eqs. (31-36) leads to the tracking error
dynamics equation

€ =Age+ Blv,y — Alx,x;,1)] (36)

which in fact is not forced by r, and its derivatives.
From Eq. (33) itis evidentthat the first and second time derivative
of the referencetrajectory are needed to generate v,. To thatend, we
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introducea second-orderreference model for generating the relative
referencetrajectoryr, andits time derivatives. The reference model,
driven by an external command signal r., can be expressed as

. 5 5 .
Iy = o re — O e — 2Crmwrmrlr (37)

where w,, and (,,,, are the natural frequency and the damping coef-
ficient of the model, specifying its dynamic characteristics.

It is convenient to combine and regroup the expressions for v
and v, of Egs. (29) and (33), respectively, as follows

Ve + vy = Kie + Kye + 1y — Ayiry — ApoFy (38)
——

where v, is the redefined output of the linear controller operating
on the trackingerror only and v depends only on the outputs of the
referencemodel. The last two terms are used in the actual controller
implementation, in which the pseudocontrolv is redefined as

V=V,+Vy — Vg 39)

C. NN for Inversion Error Compensation

The next step is synthesizing v,q4, the adaptive signal designed to
compensatefor the effectof the model inversionerror A (x, x;, t). To
thisend, a nonlinearsingle hiddenlayer (SHL) NN is used. The SHL
NN was chosen due to its universal approximation property. >’

For an input vectorx, which is constructedof the measured states,
the referencemodel outputs and the pseudocontrolsignal, the output
of the SHL NN is given by

va=W'o@+v (40)

where z=VTx, V is the input weighting matrix, W is the output
weighting matrix, and v is a so-called robustifying term. For Nijper
innerlayerneurons,o = [0, 03, ..., Oy’ is @ vector of sigmoid
activation functions, whose elements are given by

o, =1/(1 + e, i=1,2,..., Nome  (41)

where a;,i =1,2, ..., N, are arbitrarily chosen activation po-
tentials.

Althoughideal weighting matrices are unknown and usually can-
not be computed, they can be estimated (or “learned”) in real time

using the following NN weights training rules?>2°:
W =—[(c@ - J@V H)n +«lnlW]Ty (42)
V=-TyEnW J@) +«lnlV] (43)

where I'yy and I'y are positive definite learning rate matrices, J (z)
is the diagonal Jacobian matrix J(z) = 0o (z)/0dz evaluated at the
current value of z, and « is the e-modification parameter. Here, 7 is
defined by

n=e"PB (44)
where P > 0 is a positive definite solution of the Lyapunov equation
AlP+PAL+0Q0=0 (45)

for any positive definite Q > 0.
The robustifying term v is given by

v=—K,(I1Zllr + Z:,)n" (46)

where
7z = w0 47
=1y v (47)

and ||-||  is a Frobenius norm of a matrix and Z3, is a bound on the
ideal (unknown) NN weights Z*, thatis, | Z*||r < Z3,.

D. Control Constraints and Pseudocontrol Hedging

The thrust required for formation flying in deep-space missions
is usually characterized by a vast dynamic range.!” A milli-Newton
thrust is required for rapid repositioning, whereas micro-Newton
thrust is required for steady-state formation keeping. The only sys-
tems currently envisioned that can be used to provide the required
thrust are electric or plasma electric propulsion devices, such as
Hall thrusters, field emission electric propulsion or pulsed plasma
thrusters.>® These devices are characterized by maximum and min-
imum thrust levels. Thus, the control vector is constrained by the
inequalities

Unini S Uj = Upaxis i=1,..., n, (48)

where n, is the number of activated thrusters.

NN training difficulties may occur when actuator saturation is
encountered, possibly leading to NN wind-up. This is attributed to
that actuator saturation, which changes the dynamic input-output
characteristics of the system, may be interpreted by the NN as a
change in the system dynamics and, thus, a change in the model
inversionerror A. The pseudocontrolhedging (PCH) methodology
is introduced to address these adaptation difficulties within a model
reference adaptive control (MRAC) architecture ' The main notion
of PCH is to limit or hedge the reference model of MRAC archi-
tecture to prevent the NN from adapting to saturations when those
are encountered. PCH does not affect the NN adaptation to other
sources of inversion error for which compensationis possible.

Conceptually, PCH moves the reference model backward by an
estimated deficit in the performed vs commended pseudocontrol
action caused by actuator saturation. In effect, the reference model,
which producesthe commanded pseudocontrol,is limited or hedged
according to the difference between the commanded and actually
achievedpseudocontrol.Consequently,with PCH, the NN is trained
correctly using only achievable pseudocontrol signals.

The actuator command is determined by Eq. (25), while neglect-
ing the actuator saturation. This is stated as

Uema = V — f(x, X)) (49)

Because of saturation, the actual actuator action u will not equal
to its commanded value u,q. Consequently, a pseudocontrolhedge
signal v, is defined as the differencebetween the commanded pseu-
docontrolinputand the actually achieved pseudocontrol,which may
be nonzero when an actuator is saturated. To compute this differ-
ence, a measurement or an estimate of the actuator position & is
required. This estimate, chosen simply as the saturated command,
is then used to compute the pseudocontrolhedge as

vy =8, X, Uepng) — (X, X0, B) = Uepyg — 1 (50)

where g is an estimate of g and the last equality in Eq. (50) results
from the definition of ¢ given in Eq. (22). The PCH signal is next
introduced as an additional input into the reference model, forcing
it to move back. If the reference model update without PCH is given
by Eq. (37), then the reference model update with PCH is redefined
as

":lr = wfmrr - wfmrlr - 2g-rmwrmi‘tr —Vp (51)
The instantaneous pseudocontrolsignal v,,, defined in Eq. (38), is
not changed by PCH, that is, it is computed using 7, of Eq. (37),
leading to

Um = (wfmr(. - wfmrlr - 2g-rma)rm':lr) - A21rlr - A22i‘“. (52)
where the terms in the parentheses constitute the unhedgedr,,. This
formulation of v, is required for successful stability analysis of
NN-based adaptive control with PCH, detailed in Ref. 31. Hence,
the effect of the PCH signal on the pseudocontrolis introducedonly
through the reference model dynamics.
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IV. Simulation

In this section the mentioned ideas are illustrated by simulation.
The simulation is based on the equations of motion presented in
Sec. II, the control methodology developed in Sec. III, and a dis-
turbance model, to be presented shortly. The disturbance model
represents perturbing forces typical to the deep-space environment.
One must consider gravitational forces from other celestial bodies.
For the type of trajectories considered here, the moon constitutes
the main gravitational perturbation. SRP is another disturbance to
account for. Other disturbances, such as Earth’s magnetic field, its
oblateness, and the atmospheric drag are not pertinent to the deep-
space environmentand are, thus, neglected.

It is important to understand the role of disturbancesin the forth-
coming analysis. Theoretically, every disturbance that can be mod-
eled may be inverted using a feedback linearizationmethodology as
was implemented on the Earth and the sun gravitational forces. The
role of the disturbancesin our case, however, is to illustrate the capa-
bility of the controller to reject unknown or uncertain disturbances,
or, in the more general sense, to performrobustly under the presence
of model inversionerrors. To this end, the moon and the SRP distur-
bances are used as model inversion error “generators.” The nominal
model of the moon’s disturbance and the SRP are known. However,
there is always a degree of uncertainty either in the moon’s phase
relative to Earth or the SRP constant. Thus, instead of inverting the
nominal part of these disturbances and employing the NN element
to reject only the uncertain portion, we have trained the NN to re-
ject the overall disturbance signals. This was done to illustrate the
capability of the algorithm to deal with large model inversionerrors
that, in the real case, may stem from, for example, the measurement
process (sensornoise, bias, sampling rate) or actuatorimperfections
(thrust noise, misalignments, nonlinearities).

—ix + IRy llcos(wyt + 0)]

Thus, the control law is aimed at guaranteeing robust precision
formation flight while rejecting the disturbances not accounted for
in the inverting controller, by using the adaptive NN element. Note
that the NN is trained online only and has no direct information
regardingthe nature of the disturbancesexceptthatthey are bounded
[Eq. (20)].

A. Disturbance Model

Let us first consider the gravitational disturbance of the moon.
The acceleration of the leader and the follower due to the moon are
given by

d __MM(RM +r) | puRy (53)
M IRy +rlP " IRuI?
Ry +r + R
dez_/'LM( mtr+r) 12972.97] (54)
IRy +r +rlF " IRy

respectively, where R, is the position vector of the moon relative
to Earth and ), is the gravitational constant of the moon. We ide-
alize the moon’s orbit as a circle of radius ||R,, || =0.002569 AU =
384,320 km in the ecliptic plane. (Actually, the Moon’s orbit is
inclined 5°09’ to the ecliptic. For the treatment to follow, this in-
clination can be safely neglected.) The phase of the moon in this
orbit is . Under these conditions, the normalized disturbance ex-
erted by the moon on the leader spacecraftis expressedin a vector
form as

y cos(wyt +6)

[+ IRy Il cos@ut +6))2 + (3 + [Ry || sin(yt +6))% + 27|
—pi Ly + IRy |l sin(yt +6)]

3 1Ry 12

wy sin(wyt +6)

dM[(X[,t)z 3 ”R ”2 (55)
[ + IRyl cos(@ +0))2 + (1 + IRy |l sin(wyt +0))2 + 2] v
—H1Z ]%
[ + IRy Il cos(wut +0))2 + (31 + Ry || sin(wyt +6)2 + 2 ]
where wy = /(p /its - IIRIP/IIR11P) and py = pys / ps.
Therefore, the differential disturbance vector is
wilx; + IRy |l cos(wyt +0)] T
3
[ + IRy Il cos(wpt +0))2 + (3 + [Ry |l sin(wyt +6))2 + 22|
_ pilx + x + ||Ry || cos(wyt +6)]
3
[+ x4 1Ry [l cos(@yt + 0))% + (v + v + IRy || sin(wyt +0))* + (z + 2)?]*
iy + IRy |l sin(wpyt + 6)]
3
[ + IRy Il cos(wyt +0))2 + (3 + [ Ry |l sin(wyt +6))2 + 2]
dy(x,x;,t)= (56)

wily + v + IRyl sin(wyt + 6)]

[ + 2, + IRy | cos(wyt +6)2 + (v + 31 + Ry || sin(@y +6)2 + (z + 2)?]

M1z

3
[ + IRy Il cos(wpt +60))2 + (3 + [Ry |l sin(wyt +6))2 + 27|
ni(z +z)

3
2

[+ 2, + IRy | cos(wpt +6) + (v + 31 + IRy || sin(@y +6)? + (z + 2)?]

[ %)
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Next, we consider the SRP disturbance. To this end, we adopt a
widely used model.*? According to this model, the leader accelera-
tion due to SRP is

dsp; = —(B1/ IRI?) (R, - m)’n (57)
where §; is a parameter that depends on the coefficient of reflectivity,
the area and mass of the spacecraft, the solar flux, and the speed of
light. R; = R +r, (Fig. 1) is the position vector of the leaderrelative
tothe sun, R, 2 R;/|IR, ||, and n is the attitude vector of the spacecraft
in the rotating frame.

To simplify Eq. (57), we assume that r =R, which yields

dspr = —(BR, [ IR,II°) (58)
Componentwise, Eq. (58) may be rewritten as
[ 1+ Xy ]
3
[+ x> + 57 + 2]
Y1
dspi(x)) = =B 3 (59)

[(F+x)2+32+ 2]

z

=l

[S] 3%

[(1+x)2 + 32 + 2]

The same procedure can be repeated for the follower spacecraft
yielding

dso; = —(B/R;/IR; 1) (60)

where B is the SRP of the followerand Ry =R+r; =R +r, +r
(Fig. 1). The SRP disturbance vector exerted on the follower, thus,
may be written as
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[ 34 + 1 32+ 2+ 27]

(61)
Thus, the differential SRP disturbanceis given by
dsp(x, x;) =dsps(x, x;) — dsp;(x, x;)
1;)03 _] + x; -|—x_
! +ym2 (1 +x)?
|
gl ST | -a | 2 (62)
=0 ? ~— Pr 2
Y i+ )3
Z]
2 3
Zy | (Z[ —+ 2)7 |

Finally, the total differential disturbance accelerationis given by

dx,x;) =dy(x,x;) +dsp(x, x;) (63)

B. Simulation Scenario and Numerical Values

We start by presenting the leader’s trajectory, shown in Fig. 3.
We assume that the constellationis initially parked at a 200-km low
Earth orbit. Then, an impulsive velocity change of Av =4.9 km/s is
used to inject the spacecraftinto an out-of-ecliptic Earth drift-away
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~0.8 N L L
0 200 400 600 800
Time [days]

¢) Leader radial displacement x;

g

0
-1 2 Y, [AU]

-0.5 ~
x [AU]

d) Three-dimensional leader trajectory

Fig. 3 Leader trajectory in the Earth-fixed rotating frame.
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trajectory.!” During a two-year mission lifetime (selected merely
as a benchmark), the maximum normal deflection of the trajectory
above the ecliptic is 0.223 AU, and the maximum distance from
Earthis 1.2 AU. The resulting leader trajectory in the inertial frame
is a non-Keplerian orbit with the leader’s distance from the sun
satisfying 0.986 AU < ||R,|| < 1.138AU.

The formation is initialized arbitrarily at [x(0), y(0), z(0),
x(0), ¥(0), 2(0)]" =[5, 5,5,0,0,0]" m. The reference trajectory
is aimed at separating the spacecraft to a constant distance
of |[r(t;)|l =450 km, a very long baseline taken from NASA’s
MAXIM Pathfinder mission.’ In spite of the large baseline, MAXIM
Pathfinder requires submillimeter formation keeping. These num-

100
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(DN—6OO e

-800
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bers were chosen here to illustrate the ability of the proposed con-
troller to provide precisionformationkeeping even under such strin-
gent requirements. The final position components were thus, se-
lected as x(t;) = y(t;) = z(t;) =450//3 km.

The next step was performing feedback linearization and clos-
ing an LQR control loop on the feedback-linearized system as de-
scribed in Sec. ITI. We have selected the values Q. =2-10° x I¢
and R, =30-I;,5. (Note that the diagonal terms of these matri-
ces are dimensionless, due to the use of normalized variables.)
The SRP parameters were calculated assuming that the solar flux
is Fg=1358 W/m?, the speed of light is c¢=3 x 10® m/s, the
mass of each spacecraftis m =500 kg, the cross-sectional area is
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Fig. 4 Tracking error components and relative range tracking error without NN compensation assume values between 100 mm and about 1 m due

to the moon’s gravitational disturbance and the differential SRP.
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Fig. 5 Tracking error components and relative range tracking error with adaptive NN compensation are dramatically reduced to below 5 mm after

4 days and to a submillimeter level after 50 days.
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S =3.5 m?, and the coefficient of reflectivity is ¢ = 0.6, which re-
sults in g =SFs(1+q)/(mc)=B; =5 x 1078 m/s>. The PCH al-
gorithm was implemented assuming that each thruster is capable of
providing a maximum of 1 mN of thrust, so that the total thrust is
limited to 1.732 mN. The lower thrust limit was assumed to be 0.

C. Results

The first simulation run of the closed-loop position control sys-
tem was performed without the adaptive NN disturbance rejection

= 5
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S :
—0.5 R EEEREEE R
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Time [days]
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element, v,y =0, using the approximate model inversion and LQ
components of the controller. The tracking components, ey, ey, and
e, as well as the relative distance tracking error e, = ||[ry|| — [|r|| are
shown in Fig. 4. Note that these variables are given in units of mil-
limeters. Noticeably, the tracking errors range between 100 mm and
1 m, due to the moon and SRP disturbances. After 200 days, the rela-
tive distance trackingerroris about —100 mm. At the end of mission
lifetime, this tracking error is about 18 mm. This performance was
achieved with a proper tuning of Q). and Ry, but due to the control

17 ........ e o
05 ....... ...... B
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Fig. 6 Thrust components and total thrust during the first 50 days of the mission; maximum total thrust during the transient phase limited to
1.732 mN; required thrust for formation keeping drops to the micro-Newton level after about 20 days.
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Fig. 7 Thrust components and total thrust for the entire mission; required thrust for formation keeping ranges from 5 to 15 uN.
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saturation, this accuracy falls quite short of achieving submillime-
ter formation keeping and is by no means feasible for the specific
mission consideredhere. However, the picture dramatically changes
when the NN element is employed. Coupled with the feedback lin-
earized LQR controlled closed-loop system, excellent formation
keeping is obtained. Figure 5 presents the tracking error compo-
nents in the latter case. The tracking errors drop by approximately
three orders of magnitude, thus, enabling submillimeter precision.
The relative distance tracking error crosses a 5-mm threshold after
about4 days,and achievesa submillimeterlevel after approximately
50 days.

We conclude this section by examining the thrust required for
formation keeping. The thrust components, u,, u,, and u., as well
as the total thrust ||| are shown in Figs. 6 and 7. Figure 6 shows
the thrust components and the total thrust during the first 50 days of
the mission. The maximum total thrust during the transient phase
is limited to 1.732 mN. The required thrust for formation keeping
dropsto the micro-Newton level after about 20 days. Figure 7 shows
the micro-Newton thrusting phase of the mission, which requires
between 5 and 15 uN of thrust. These numbers yield a total AV
of about 5 m/s for the entire mission lifetime. This minuscule AV
value indicates that the proposed controller, although not designed
as a fuel-optimal controller, renders a very small control effort.

V. Conclusions

This paper presented a novel nonlinear adaptive deep-space for-
mation flying control methodology. We used the general framework
of the restricted three-body problem to formulate nonlinear relative

dynamics. o . .
Based on the realistic simulations described, we may draw a few

importantconclusions.First, solar radiation pressure and the moon’s
gravitational perturbations considerably influence the relative tra-
jectory of the spacecraft and, thus, should not be overlooked when
high-precision missions are concerned. The controller developed
here, however, has been extremely successfulin rejecting these ex-
ogenousdisturbances.This implies that an onboard implementation
of the algorithm, assuming availability of accurate measurements,
may provide submillimeter formation flying performance despite
modelingerrors, an important result for future deep-spacemissions.

Second, the overall control effortrequired was very small, which
implies that a modest amount of propellant may be carried. It is
concluded that the proposed control architecture is fuel feasible,
although it was not derived based on fuel optimization.

Third, in accordance with previous works, a large dynamic range
is needed from the actuators: A milli-Newton thrust is required for
rapid repositioning, whereas micro-Newton thrust is required for
steady-state formation keeping. The required thrust may be gener-
atedby acombinationof several plasma/electric propulsionsystems,
such as Hall thrusters, field emission electric propulsion or pulsed
plasma thrusters.

Preliminary simulations show that the formation keeping control
system is robust to sensor noise. However, further study is required
to complete the developmentfor the case of nonidealmeasurements.
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