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The problem of formation and reconfiguration of multiple microsatellite systems is addressed. A control scheme
called the perceptive frame is adopted that integrates the decentralized feedback of each satellite with online
sensor information to achieve the goal of formation keeping and intersatellite coordination. The proposed design
algorithm has the advantage of relative position keeping and easy formation reconfiguration.

I. Introduction

N recent years, the innovative idea of distributing the function-

ality of large satellites among smaller, cooperative satellites has
been seriously considered for numerous space missions. For in-
stance, one possible use for microsatellites is clusters of satellites
flying in formation for high-resolution, synthetic-apertureimaging.
In this case, groups of microsatellites are operated cooperatively to
act as a sparse aperture with an effective dimension larger than can
be achieved by a single, larger satellite.

A critical componentin all multisatelliteapplicationsis a reliable
formation keeping controller. To keep multiple satellites flying in
close formation, a feedback controlleris used to make the satellites
track the desired trajectories. Because disturbanceforces deteriorate
the formation, keepinga satellite on a given orbitis not good enough.
The targetrelative position at any given moment must be kept within
an acceptable range. This requires intersatellite coordination.

Another topic specifically important to formation problems is re-
configuration. In Refs. 1-3, formations are designed based on the
optimization of the imaging performance metric function. Perfor-
mance metric functions are defined to meet the mission require-
ments. Various primary mission requirements, such as achieving
the bestimage quality or gaining the highestprobability of detecting
moving targets, led to different performance metric functions. As a
result, image quality is closely related to the formation baseline and
the distribution of the satellites in the formation. The performance
of moving target indication system depends on the number of satel-
lites and the footprint. To meet multiple mission requirements, it is
important for the formation controller to have the capability of easy
reconfiguration. Furthermore, if one satellite has a malfunction in
the middle of a mission, the adjustment of the satellite distribution
to keep the system working, or the replacement of the satellite with
malfunction, requires reconfiguration of the formation. The recon-
figuration considered in this paper includes the adjustment of the
relative distance between satellites, reassignment of the leader of a
formation, the changing of the numbers of satellite in a formation,
and the combination of two formations flying closely.

A control scheme called the perceptive frame is introduced. Con-
trollers designed in a perceptive frame have the capability of track-
ing, formation keeping, and online formation and control reconfig-
uration. The perceptive frame approach is a method that integrates
the tracking feedback law of each satellite with online sensor in-
formation. It has the advantages of both stable tracking and easy
formation reconfiguration.

Formations of multiple vehicles have been studied by many re-
searchers for various kinds of vehicles (see Refs. 4-12 and the
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references therein). The method developed in this paper is different
from the existing centralized or decentralized controller design of
multiple vehicles. It is known that a decentralized controller (which
follows the master-slave strategy) has the advantage of easy re-
configuration. However, the tracking error is hard to control in the
presence of disturbances. The performanceis sensitive to the track-
ing error of the team leader. The leader vehicle cannot be removed or
replaced without major control replanning. The centralized control
designtreats the multiple vehicles as one large dynamic with a single
performancefunction. Controllersdesignedin this way usually have
smaller trackingerrors. However, control reconfigurationis difficult
when a vehicle is added into or removed from the formation.

The developed design method combines both the advantages of
accuratetrackingand of easy reconfiguration. The tracking feedback
law of subsystems is part of the controller. The sensor information
is integrated with the tracking feedback in the perceptive frame. The
final control input is determined by both the tracking feedback law
designed offline and the online sensor information. While the track-
ing feedback drives the system approaching the desired trajectory,
the online sensor information s filtered to determine the perceptive
status of the formation. Then the perceptive status is fed into the
tracking feedback to determine the next control input. The way of
filtering the online sensor information determines how the satel-
lites are coordinated with each other. Simple changes in the way of
managing the sensor information result in the control reconfigura-
tions such as assigning a new team leader, adding new satellites to
a formation, and connecting two or more formations to form a new
formation. All of these can be done without changing the tracking
feedback law.

We also want to emphasize that the purpose of this paper is to
demonstrate a general control architecture for the formation con-
trol of multisatellite systems. The architecture has to be used with
meaningful, low-thrust formations and the fuel-efficient lower-level
feedbacks.

II. Control Architecture and Its Design

Most existing work on satellite formation keeping focused on the
problem of stabilizing a satellite at the desired position in a given
formation. In this paper, the attention is focused on both formation
keeping and coordination. A control architecture called the percep-
tive frameis introduced.Ithas the advantageof easy reconfiguration.
In the following, the method in Refs. 13 and 14 is introduced with-
out proof. The model of a complex system with multiple subsystems
(vehicles) is given by the following equations:

& g ) 1<i<k
dt - l'xl7ul7rl El _l_

yi = hi(x;) (1)
where £ is the total number of subsystems. The variable x; € IR" is
the state of the ith subsystem. The function r; represents the cou-
pling of subsystems. It is a function of (x;, u;) for j #i. The input
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u; € IR™ is the control variable for the ith subsystem. The output
function A; (x;) represents the performance variable. For instance,
in the formation of multiple satellites, /; is the position of the ith
satellite in the space. The model of the subsystems could be differ-
ent. However, the formation is defined in a common space. Thus, it
is assumed that y; € IR”, where p is a constant for all subsystems.

A formation is defined in a coordinate frame moving with the
desired trajectory. Let y,(s) be any curve in IR” with parameters.
Let

F(s) =lei(s), ex(s), ..., e,(s)]

be p orthonormal vectorsin IR”, which forms a moving frame. The
originof the moving frame is y, (s). A formation consists of k£ points
in F, denotedby F ={Py, P,, ..., P;}, where

p
Pz‘: E ;i€

j=1

In general, o;; is a function of the parameter s or the time ¢. In this
section, a feedback control algorithm is developed for controllers
u;(x),i=1,2,...,k. The purpose of the controller is to keep y;,
i=1,...,k, at the position of P; in the moving frame F and to
drive the origin of 7 moving along the desired path y,(s). Another
important issue is the coordination of the multiple vehicles. For
instance, if additional vehicles are to be attached to the formation
or some vehicles are to be removed from the formation, it is desired
that the controller reconfiguration be simple and efficient.

A perceptive frame includes an action reference and a reference
projection. The concept of an action reference represents a key pa-
rameter determined by the task of a controller. In the formation
control problem, a convenient choice for action reference is s, the
parameter used for the desired path y,(s). The concept of a refer-
ence projection represents a mapping that calculates the value of
the action reference based on the online sensor information. How to
define a reference projection to meet the coordination requirement
is discussed in Sec. II.A. In a standard signal tracking approach,
the tracking control law is a function of state x and time 7. Be-
cause ¢ is independentof the formation, the time-varying feedback
is not robust to unexpected environmental changes. In the follow-
ing, non-time-basedcontrollaws are developedin which the driving
parameter is the action reference directly related to the task.

A. Controller Design in a Perceptive Frame

In the literature of complex system control, centralized and de-
centralized controllershave been studied by many researchers.Cen-
tralized controllers usually have better performance, but less flex-
ibility for reconfiguration. On the other hand, most decentralized
controllers use the master-slave design. It is easy to adjust the con-
trol configurationif the number of slave vehicles in the formation is
changed. However, achieving accurate relative position between the
vehicles is difficult. The chain instability results in larger tracking
errors in the presence of disturbances. Furthermore, if the master
vehicle fails to follow the desired path, the entire formation cannot
be kept in the desired orbit without major replanning. In the follow-
ing, the controllerdesign in a perceptive frame is introduced for the
formation of multiple vehicles.

The method introducedin this sectionis a differentapproach. The
controllers designed in a perceptive frame are based on separately
designedfeedbacks.The vehiclesare coordinatedusing the informa-
tion of action reference computed through the reference projection.
Except for the value of the action reference, the computation of the
control value is decentralized. Hence, it can be easily implemented
in a distributed computationalenvironment,and the reconfiguration
is easy when the number of subsystems is changed. On the other
hand, the local feedbacks are coordinated through the action refer-
ence and the reference projection. The performance is smooth and
the stability is proven for the entire system. The control design using
a perceptive frame has the following four steps.

Step 1 is to generate the desired trajectory for each subsystemin
the formation. Given a desired path y,(s), and given a formation
{P1, ..., P} in the moving frame F, the path for each subsystemis
generated by

D
Yar(s) = ya(s) + Ytz (s) @)

j=1

The action reference is the parameter s. The speed of the formation
moving along y,(s) is determined by the task. It is defined by a
strictly increasing function

s =v(t)

The desired trajectories in terms of time variable t are y,;[v(¢)].
Step 2involvesfeedbackdesignfor subsystems.The feedbacklaw

u;=w;(x,1), 1 <i <k, for each subsystem is designed separately

using an existing method of path tracking. The feedback satisfies

tlirlfolo{yi () = yailvO]} =0 (3)

Furthermore, if the initial position is on the desired path, then
the trajectory of the controlled system follows the path. More
specifically, there exists an initial condition of the system x, =
(X015 X025 - - - » Xor) T such that the trajectory starting from x,, satisfies
hi[x(®)] =y, (t). Denote this path by x,; (s) or x4 [v(?)].

How to find ¢; (x, 1) isup to the designer. Any exponentiallystable
feedback is applicable. The freedom of feedback selection allows
the designer to select from a large family of existing design algo-
rithms such as linear quadratic regulator (LQR) and H,, control. In
step 2, the subsystems may adopt different feedback design algo-
rithms. For systems with triangular coupling functions [i.e., r; (x)
is independentof (x;, u;) for j > i], the design is straightforward.
The feedback u; =« (x, t) is found first, then the second feedback
U, = (x,t)is found based onthe known u,, continuingthe process
until all of the feedback laws are found. If the coupling functions
ri,i=1,2,...,k,donothave a triangular structure, the techniques
of feedback decoupling for nonlinear systems could be applied first
to decouple the system. Then feedback laws of the subsystems are
designed for the decoupled system.

The feedbacksa; (x, t) are not directly applied to the system. The
final design of the controlleradds another feedback loop to «; (x, 7).
Theoretically, the control laws u; = «; (x, t) drive the system in for-
mation along y, because they are designed to satisfy Eq. (3). How-
ever, the feedbacks are designed separately. No coordination be-
tween the subsystems has been taken into consideration. Because
of sensor and actuation errors, the controller cannot keep the for-
mation for long periods of time. The coordinationbetween the sub-
systems in the presence of disturbancescannotbe achieved by these
decentralized feedback laws. To improve the performance and the
coordination of the controller, a projection mapping is introduced
in the next step.

Step 3 involves the definition of the reference projection. The
projectionis a set of transformationss = y; (x) for the ith subsystem
satisfying

vilxa(s)]l =s “)

for 1 <i <k. The current value of x is obtained from sensor infor-
mation. The valueof y; (x) is the perceptivepositionof the formation
based on the sensor information. For example, given any state x,
let x,(sy) be the orthogonalprojectionfrom x to x,(s). If we define
y (xo) = 5o, then it satisfies Eq. (4). However, an orthogonal pro-
jection is not the only way to define y. It is shown in Sec. II that
changing the projection transformation y fundamentally changes
the way subsystems coordinated with each other. This is a very im-
portant step in the coordinationcontroller design. Several examples
of the reference projection are discussed in Secs. II.C and III.B.

Step 4 involves the construction of non-time-based control laws.
The feedbacks that are used to control the system are achieved by
substitutions,

o (x) = o {x, v [y ()]} 5)

In this formula, v~! [y:(x)] serves as the perceptive time based on
the perceptive position s = y;(x). The closed-loop system with a
non-time-based feedback is

X = filx, 0;(x)] 6)
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Fig.1 Controller architecture for a subsystem.

In path tracking problems, it is preferred that the feedback be non-
time based. For the purpose of coordination, it is better for all sub-
system controllersto share the same value of actionreferences. The
value of the action reference is determined by s = y; (x), which re-
flects the status of the formation at any given time. Different mission
tasks require the designer to adopt different reference projections.
Figure 1 shows the control architecture of a subsystemin a forma-
tion. The feedback u(x, t) requires two pieces of information, the
state and the time. The value of the time variable is filled by the per-
ceptive time = v~!(s), in which s is the perceptive position of the
formation computed by the reference projection. In Fig. 1, the input
of the reference projectionbox depends on the informationrequired
by the projection function. This is determined by the coordination
or reconfiguration requirement. Some typical reference projections
for satellite formations are explained in the next section.

B. Stability

In the design procedure, the time-varying feedbacks are designed
so that the subsystems asymptotically approach the desired trajec-
tory. However, the final control feedbacks are autonomous, that is,
u(x) is independent of the time variable. The next question to be
answered is whether or not the non-time-based feedbacks drive the
subsystems asymptotically to their desired trajectories.

The stability of the closed-loopsystem under the non-time-based
feedback is provenin Refs. 13 and 14. The resultis sketchedin this
section without proof. It is assumed that the time-varying feedback
u(x,t) drives the system exponentially to the desired trajectory.
Assume that the derivative of the virtual time v~'[y (x)] exponen-
tially approaches 1. It is also assumed that all of the functions and
their derivatives in this paper are bounded. The following theorem
is proven in Refs. 13 and 14.

Theorem 1: There exists a neighborhoodof the desired trajectory
x4(s) such that x(0) in the neighborhood implies that the trajec-
tory x(¢) under the non-time-based feedback u(x) exponentially
approaches the desired trajectory.

C. Example

In the following, the idea of coordinationcontrol using perceptive
frame is illustrated by an example of in-plane formation. The in-
plane formation consists of a group of satellites occupying the same
orbital plane and separated by a mean anomaly. Figure 2 shows an
in-plane formation of four satellites in a circular orbit. The desired
trajectory of each satellite is the circle

Xq = rocos(wt), yq = 1o sin(wt) 7

where ry is the radius of the orbit and w is the angular velocity. It is
known that @ = /(i/r) and £ =3.986 x 10" m?/s?.

The coordinate system has inertially fixed x, y, and z directions.
The origin of the coordinate system is the center of the Earth. The
desired orbit is in the x-y plane. Following the design algorithmin
Sec. II.A, the first step is to find feedbacks for each satellite to track

Formation 1 Formation 2

.
v o

y

Fig.2 In-plane formationsin a circular orbit.

the ideal orbit (7). The feedback is designed based on the following
satellite model in the cylindrical coordinates:

F=rf*—pu/r*+u, 6 =—@2/r)ib + (1/r)v,

Z=—(u/rHz+v; ®)

where (r, 8, z) are the cylindrical coordinates. The variables vy, v,,
and vs are thrust control inputs. The model was used in Ref. 5. The
feedbacks are designed using the method of feedback decoupling
and LQR. Because the perceptive frame method has no restriction
on the lower-level feedbacks, it can be used with most existing
control feedbacks of satellites. The following simple feedback is
only used in this example for illustrative purposes. To design a
practical feedback of satellite control, more restrictionssuch as fuel
efficiency have to be considered in addition to the stability. The
AV required for a more complicated reconfiguration in Sec. III is
discussed in the last part of Sec. IIL.B. In the present example, we
adoptthe following feedbackto linearize the dynamics of a satellite:

v = —r6* 4+ pu/r* + v, v, = r[(2/r)Ff + V5]

vy = (u/r*)z + v, 9
The new controlinputs v{, v, and v} are given by

vy =a,(r —ry) +ar, vy = b, (0 — t) + by (0 — )

U3 =C1Z+C22 (10)

The coefficients a, and a, are determined using the LQR method.
More specifically, v| is the optimal feedback for the linear system
X = Ax + Bv| with the cost function

J=/ (Ir=ro #HQIr—ry 71"+ Roi)dr (1)
0

where Q >0, R >0, (A, B) is in the controller form of dimension
two. In the simulations, Q is the 2 x 2 identity matrix. The coeffi-
cients b; and ¢; are determined in the same way.

To achieve the coordination between satellites, the action ref-
erence is defined. All feedbacks in the formation share the same
reference information. The action reference for the circular orbit is
defined to be s =0, the angle between the radius of a satellite and
the x axis. On the desired path, 8 = v(t) = wt. If the satellite is not
on the desired trajectory, it is necessary to calculate the reference 6
based on the sensor information. The calculation uses a reference
projection® = y; (x, y). The definition of y; defines the relationship
between the satellites. It determines the way that subsystems coordi-
nate with each other. In the following, several reference projections
are introduced. The coordination strategy associated with each pro-
jectionformulais discussed. Simulations are carried out that clearly
show the advantages of the controller design based on a perceptive
frame.
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Consider the in-plane formation of four satellites shown in Fig. 2.
There are two formations in Fig. 2, and each formation consists of
two satellites. The satellites are supposedto keep a constantdistance
from each other. The value of 6;, 1 <i <4, is defined to be the angle
between the radius of the ith satellite and the x-axis, that is,

6 = tan™' (3;/x;)

The desired angle between the two satellites in a formation is
0y. The feedback defined by Egs. (9) and (10) is denoted by
u(x;, yi, X;, yi, t). The reference projection of each satellite is

Yy, =6, — b, vp=60;—6, (12)

}/1=91, }/3=93,

The final controller, which is time invariant, is defined by

o; (X;, Yis Xiy Vi) = ulx;, yi, X, yi, (/@) v, i=1,2,3,4
Because y; is a function of x; and y,, the variation of x; and y; for
i > 2 does not change the value of y,. Therefore, the performance
of other satellites does not have any influence on the first satellite.
Thus, the first satellite is a formation leader. For sat2, y, is a func-
tion of 0. Therefore, the second satellite follows the first one. The
constant angle 6, defines the distance between the satellites. Simi-
larly, Eq. (12) also implies that sat3 is the team leader of the second
formationin Fig. 2. Sat4 follows sat3. In this design, the leader does
not fight against tracking error because its position 6, defines the
perceptive position 6 for the formation. The perceptive position de-
fines the perceptivetime ¢ = (1 /w)y, for sat2. Only the error of sat2
relative to satl is corrected. Changing the leadership from satl to
sat2 is simple. The following new reference projections assign sat2
as a leader:
Y2 = 6, Y1 =0, +dy

Our design method is different from the traditionaldecentralized
design (master-slave design). In a master-slave controller, the slave
has no information about the desired trajectory of the master. The
feedback control is solely based on the current state of the master,
no matter if the state is on the desired trajectory or not. In our design,
the feedbacks of all subsystems, including both the leaders and the
followers, are designed to follow the desired path of the formation.
The final control force is calculatedbased on both the perceptive po-
sition (determined by the leader position) and the desired trajectory
(including the position and the velocity determined by the mission).

Figure 3 and the associated simulation explain the advantage of
our design in formationreconfiguration. For example, if the mission
requires a new formation in which the first three satellites are flying
closely, the challenge is to smoothly shift sat3 closer to sat2, while
keeping sat4 in its original desired trajectory (Fig. 3). This can be
achieved easily in our control architecture by modifying the refer-
ence projection without changing the feedback law u(x, y, X, y, t)
in Egs. (9) and (10). The third satellite is not the leader in the new
formation. It follows the first satellite. Sat4 is the new leader of its
self. For this purpose, the reference projection y, is defined to be

Va =0, (13)

Sat3
Sat4
Sat2

Sat 1

y

Fig.3 New formations.

To make sat3 a member in the first formation, the new reference
projection for the third satellite is

3 =0 — 26, (14)

The term —26, in the projection implies that sat3 and satl form an
angle of 26,. If the angle between sat2 and sat3 is important, another
y3 can be used:

ys =6 — b (15)

Under either Eq. (14) or (15), the satellites form the formation in
Fig. 3. If Eq. (14) is used, sat3 follows satl. The relative position
between sat2 and sat3 does not have any influence on the perfor-
mance. Under Eq. (15), sat3 follows sat2. The controlleradjusts the
position of sat3 relative to the second satellite, rather than the first
one.

Two simulations are designed to show the advantage of the per-
ceptive frame. In the first simulation, four satellites are flying in two
formations as shown in Fig. 2. The reference projectionis Eq. (12).
At the time t =5 (days), a new formation shown in Fig. 3 is to
be achieved. The reference projections, y; and y,, are switched to
Eqgs. (13) and (14). In Fig. 4, the relative angles between sat1 and
the rest of the three satellites are shown. Thus, the curves in Fig. 4
represent 6, — 6,, 6, — 65, and 6, —64. When t < 5, the formation
is kept by the feedback and the reference projection (12). At =35,
the projectionsare changed to reconfigure the formation. Under the
new projections(13) and (14), the third satellite is merged to the first
formation, and sat4 staysin the second formation. During the transi-
tion, the leadership of the second formation is smoothly transferred
from sat3 to sat4. In the simulation, ro =42,241 km. In the LQR
design, the constant R in Eq. (11) is 10'7(1/w). The closed-loop
eigenvaluesare —0.3671(1 & /—1) x 1073, The distance between
the two satellitesin a formationis 1 km. Thus, 6, =0.0013564 deg.
At the initial position, the distance between satl and sat3 is 5 km.
The controlinputs of sat3 are shown in Fig. 5. Because of the small
closed-loop eigenvalues, the magnitude of the control inputis lim-
ited within the range of 107° km/s?.

In the second simulation, the four satellites fly in the formation
shown in Fig. 2. The referenceprojectionis Eq. (12). The reconfigu-
ration of the formationstarted at = 5 (days). The second formation
in Fig. 2 is to be combined with the first formation. The new forma-
tionis shown in Fig. 6. For this purpose, the reference projection y;
is changed at  =5. The new projectionis

ys =601 — 26y (16)
Because sat4 follows sat3, it is not necessary to change y,. In the

transition, the leadership of sat3 is removed. It is assigned as a
follower satellite. Figure 7 shows the relative angles of the satellites.

relative angle {deg)

s} 61— 04 i

¢} 5 10 15 20 25 20 35
iime (day)

|
©

Fig.4 Formation reconfiguration.
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Fig.7 Formation reconfiguration.

III. Coordination and Control of Circular Formation

In Ref. 2, satellite formations that are optimal for interferometric
Earth imaging are discussed. In Ref. 15, four satellite formations
are obtained for a variety of satellite applications. The desired tra-
jectories are carefully designed natural orbits so that the energy cost
to fly along these trajectories is minimized. Because of initial state
errors and disturbances, local corrections in position and velocity
are necessary. Feedback control is used to keep the relative posi-
tions accurate among the satellites in formation. In the following,
feedbacks are designed for the circular formation (see Ref. 15).

A. Satellite Control in the Relative Frame

The circular formation is derived from Hill’s equations (see, for
instance, Ref. 15). The center of the formation is a satellite, called
satl, flyingin acircularorbit(7). A moving frame is attached to sat1.

Its x and y directionsare shown in Fig. 8. The z directionis pointing
upward orthogonal to both x and y axes. Under this coordinate
system, the dynamic equations of a second satellite, called sat2, are

|-
|-

Pz ro+x) + ¥+ 2] T =0 a7

ol

i = 2wy — w*(ro +x)[1 - [(ro +x) 4y + zz]_

e

 + 20x — w2y[1 — [0+ )2+ 2+ 2]

ol

Under the moving frame, the desired trajectory of sat2 in the circular
formation satisfies

x4(t) = (Xo/w) sin(wt) + xy cos(wt)
Ya(t) = (2Xy/w) cos(wt) — 2x, sin(wt)
2a(t) = V/3(5y /o) sin(wt) + v/3x, cos(wt) (18)

The desiredpath is anonthrusttrajectory for the linearizeddynamics
of Eq. (17) (see Ref. 15). The free variables, x, and X, are the initial
value of x and the initial derivative of x. In the inertially fixed
frame, the path is an elliptical orbit. In the moving frame, the path
determined by Eq. (18) is a circle centered at the origin (or satl).
The radius of the circle is

2,/X§/w2+x§

Furthermore, the circle is in the plane z==%./(3)x (Ref. 15). A
desired circular path in the plane z =4/(3)x is shown in Fig. 9. To
stabilize the satellite system around the circle, a feedback is used.
The first part of the feedback s the following linearizationfeedback:

Fig.8 Moving frame.

Fig.9 Path of three satellites relative to satl in moving frame.
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_2
v = —w*(ry +X)[1 —rS[(ro +X)2+y2+zz] : } +3wx +v]

_3
%) Z—wz)’[l —’"3[(’0 +X)2+y2+z2] 2} + v

3

7}+ug (19)

vy = —a)zz[l —r3[(ro +)* +y* + 2]
By substitution of it into Eq. (17), the resulting system is

I+ o’z =1
(20)

¥ — 20wy — 30’x =i, ¥+ 20x = v,

It is easy to check that this is the linearization of Eq. (17). It was
proven in Ref. 15 that the circular path (18) satisfies Eq. (20) if
v; =0, fori =1, 2, 3. The feedback for the new control variables v;,
i=1,2,3,is alinear function

v v uil" =
Klx=x4 ¥—d¢ Y=Y V—=Ya 2—2 2—2l
2n
where K is a 3 x 6 matrix. This matrix is calculated using LQR,
which minimizes the following cost function:
/ [ =2 + G =2 + (v =y + O = )’
=0
+@ =2+ =20+ R(v2 + 02 +vP) dr (22)

where R is any constant. Larger values of R resultin smaller control
inputs. On the other hand, a feedback with a smaller value of R has
larger feedback gain, and it takes less time to drive the system to
its desired path. Because of the small control forces available on a
microsatellite, the simulations are done for large values of R.

The final feedback law is the combination of Egs. (19) and (21):

-3
—w(ro +x)[1 — [0+ +y*+22] 7 } + 30
-3
—wzy[l —ralro+ 2+ 2 +22] 7 }

|

+K[x—x; X—X; Y—Ya V—Va Z2—21 Z—2Zzl"
(23)

.

—wzz[l -3 [(ro +x)2 4+ 2+ zz]_

In this design, the feedback does not decouple the system. The
first two equations in Eq. (20) depend on both x and y. Although
the system can be decoupled using feedback, we prefer the form
of Eq. (20) because the desired path is generated from Eq. (20).
Therefore, the feedback Eq. (19) works with the desired path and
the linearization of the dynamics, not against it.

In an inertially fixed coordinate system with the center of the
Earth as the origin, the control feedback is

U, Xo —Y() 0 (U]

1
U, = r— YO XO 0 Uy (24)
us Lo 0 1 U3

where (X, Yy, Zy) are the coordinatesof the satellitein the inertially
fixed frame. In Eq. (24), it is assumed that the orbit of satl is in
the X-Y plane of the inertially fixed frame. The values of v; are
computed using Eq. (23).

B. Coordinationand Simulation

The circular formation involves two types of feedback. The goal
of the feedback for satl, the center of the circular formation, is to
keep satl on the circular orbit around the Earth. The feedbacks of
the other satellites are designed to keep a constantdistance between
the follower satellites and sat1, while keeping the relative positions
between sat2, sat3, and sat4 (Fig. 10) in a desired formation.

Fig.10 Action reference 0,.

The actionreferencefor satl is defined to be 6;, the angle between
the radius of satl and the x axis in the inertially fixed frame. This
is the same as the reference used for the in-plane formation. How-
ever, the action references (5, 6,), (3, 63), and (r4, 64) are defined
using the moving frame. The distance from satl to the ith satellite
is ;. The radius is chosen as part of the action reference because the
reconfigurationin this sectioninvolves transitionsbetween different
radiusto change the baseline. The circularorbitin the moving frame
(Fig. 10) lies in the plane z = 4/(3)x. The vector

is in that plane, where the coordinates of v are relative to the mov-
ing frame in Fig. 8. The vector from satl to sat2 is v,. The action
reference 6, is defined to be the angle between v and v,. Suppose
the coordinate of sat2 in the moving frame is [x y z]”, then

by = cos ! [ —3E
2/ x2 + y2 + 72

The reference 6, is shown in Fig. 10. Similarly, 6; of sat3 and sat4
are defined to be the angles between the radius of the satellite (in
the moving frame) and the vectorv.

As it was discussedin the first section, depending on the mission
requirements,several parametersof a satellite formation needrecon-
figuration. These parameters include baseline, satellite distribution,
number of satellites, etc. During the process of reconfiguration, a
team leader may have to be reassignedtoo. To test the capability of
reconfiguration in the perceptive frame, we demonstrate a compli-
cated reconfiguration, which is to replace a satellite in the formation.
The process involves the change of several parameters in a forma-
tion, including the radius, the relative position, and the team leader.

In the simulation, the orbit of satl is a circle around the Earth with
radius 7178.1363 km. The path of sat2 and sat3 is a circle in the
moving frame (operation orbit). Its radius is 1 km. A new satellite,
satd, stays in a parking orbit that is 1.5 km from satl (Fig. 11).
The reconfigurationis to remove sat3 from the operation orbit, then
replace it by sat4 in the parking orbit. During the reconfiguration,
the reference projection of sat3 and sat4 has the following form:

}/j=9,‘+90, r=ry (25)

for j =3, 4, where the values of i, 6y, and r, are determined by
higher-level controllers and the sensor information. How to deter-
mine i, 6y, and ry is explained in the following. The entire process
has three stages. During all stages, the reference projectionsfor sat1
and sat2 are the same,

n =6, Y2 =01, =1 (26)
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In the first stage, the reference projections of sat3 and sat4 are

ys =6, +m, r; =1, vy =60, +m, =15 (27

In this projection, sat2 follows satl and sat3 and sat4 follow sat2
witha constantangle 6, = . By doingthis, sat4 and sat3 are aligned.
The second stage is to move sat3 to the parking orbit. This requires
reassigning the leader of sat3 from sat2 to sat4. The new reference
projection for satl and sat2 is the same as before. The other projec-

tions are
ry =1.5, r,=15

(28)

y3 =0, — /6, Ve =06, +m,

In this projection, the action references 6 and r of sat3 follow the
references of sat4. To avoid collision, sat3 follows sat4 with a con-
stant angle 77 /6. In this stage, sat4 is the leader of sat3. After sat3 is
stabilized on the parking orbit, the process goes into its last stage.
Sat4 is moved to the operation orbit to replace sat3. In this stage,
sat4 cannotbe the leaderof sat3 anymore. Sat3 will fly in the parking
orbit by itself. The new reference projectionis

vz = 6s, ry =1.5, ys =0, +m, r, =10 (29)

In this projection, sat3 follows itself. Sat4 follows sat2 with a con-
stant angle 6, = .

Because of the multistage process, a hybrid controller is in-
evitable. The control architecture is shown in Fig. 12. The planner
is a rule-based controller. The output of the planner is the values i,

6y, and r in the reference projection,
Yj=[i 6y 1ol Jj=2,3,4

where i and 6, means that satj follows sati with a constantangle 6,
and ry is the radius of the orbitin the relative frame. For example,

Y.=[2 = 1]

y 2 -1 .

Fig.11 Operation and parking orbits.

represents the same projection as the second equation in Eq. (29).
Based on the measured values of state variables of each satellite,
the planner determines the reference projection. Then the state-to-
reference (STR) projectionbox in Fig. 12 computes the value of ac-
tionreferencebased on the outputof the planner. The STR projection
box represents the reference projection. Its input is ¥; =[i 6, r,].
The formula used in the projectionis given by Eq. (25). It covers all
of the projections specified in Egs. (27-29). The value of action ref-
erence is the outputof the STR projectionbox. It is fed into the low-
level controllers with the sensor information of the state variables.
The final control input value is computed based on both s and x.

The tracking feedback u(x,?) of each satellite is designed in
Sec. III.A. The reference projections are defined in Eqs. (27-29).
The high-level planner is a rule-based controller using the follow-
ing rules. They are derived from the three reconfiguration stages
explained earlier.

1) The starting time for reconfiguration is ; = 1 (day).

2) If t < ty, the coordination strategy is

;=[2 n 1], ,=[2 =n 2]
3) If t > t,, the coordination strategy is

Y;=[4 —-n/6 2], Yo=[2 n 2]

4) Sat4 does not leave the parking orbit until sat3 is stabilized
around the parking orbit.
5) If sat3 is stabilized around the parking orbit, set

;=[3 0 2], Y.=[2 n 1]

Simulink is used to integrate the hybrid controllers with the
satellite model. The simulation is done for =4 days. The plot of
r3; — 1 and ry, — 1, where r; is the radius of sati in the relative frame,
is shown in Fig. 13. It shows that, when 7 > #; = 1, sat3 moves up
to the parking orbit. Sat4 stays in the parking orbit as the leader
of sat3. After sat3 is stabilized, sat4 starts to move down to the
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Fig.13 Radiusr; — landry — 1.
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Fig. 12 Control architecture.
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Fig. 14 Trajectory of sat3 in moving frame.
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Fig. 16 Control inputs.

operation orbit. Sat3 stays on the parking orbit by itself. In Fig. 14,
The transition of sat3 from the operation orbit to the parking orbit
is shown in the moving frame fixed on satl. The relative angles
0, — 05 and 0, — 0, are plotted in Fig. 15. When ¢ < 1, 6; =6,, but
they have different . When ¢ > 1, 65 follows 6, by 6y = /6. The
controlinputof both sat3 and sat4 is shown in Fig. 16. The first peak
is the control of sat3, and the second peak is the control of sat4.
The total AV is calculated for this simulation. The movement of
sat3 costs 1.15617 m/s. The cost for sat4 is 0.74988 m/s. Consider-
ing that the reconfiguration performed in the simulation is a major

one, the cost is acceptable. The perceptive frame is a higher-level
coordination controller, the fuel cost is mainly due to the lower-
level feedback. Because the reference projection works with dif-
ferent kinds of asymptotic tracking feedbacks, it gives the designer
the flexibility of using different lower-level feedbacks, which is the
most efficient way for the satelliteto be controlled. Furthermore, the
perceptive frame design has the capability of reassigning the leader
in a formationonline; it helps to coordinatethe differencein the fuel
cost among multiple satellites.

IV. Conclusions

The perceptiveframe developedin this paperconsistsof a tracking
feedback law for the satellites, the action reference, and the refer-
ence projection. The feedback law is used to determine the control
input of each satellite. The action reference is chosen based on the
mission. It serves as the online perceptive status of the formation
for the entire system. This piece of informationis shared among all
subsystems, whereas the control inputs are computed separately in
each satellite. The reference projection is a mapping that manages
the sensor informationto achieve a value for the actionreference. In
other words, the reference projectionis the formula to compute the
perceptivepositionof the formation. Differentdefinitions of the pro-
jectiondefine a differentcoordinationstrategy between the satellites
in the formation. Control and formation reconfigurationis achieved
by using a suitable reference projection. The reference projection
is derived for reconfigurations related to leader-follower assign-
ment, satellite distribution, formation baseline, and replacement of
a satellite. Simulations are carried out to show the advantages of
the design using a perceptive frame. There are many coordination
strategies and reconfigurations that are not covered in this paper.
However, the reference is an arbitrary function with a weak restric-
tion. It can accommodate a large family of coordination strategies
and reconfiguration requirements.

We also want to emphasize that the purpose of this paper is to
demonstrate a general control architecture for the formation control
of multiple vehicles. The architecturehas to be used with meaning-
ful, low-thrust formations and the fuel-efficient lower-level feed-
backs. Feedback linearizationin some of the examples may not be
most fuel-efficient strategy.

For the future, research, control, and coordination of more com-
plicated formations in the presence of disturbances is one of our
research goals. Both continuous and discrete-time feedbacks for
systems under J,, drag force, and other disturbances will be de-
veloped. The integration of feedbacks designed under fuel or time
efficiency restrictions in the perceptive frame will also be studied.

Acknowledgment

This research was supported by the U.S. Air Force Research Lab-
oratory.

References

ISedwick, R. J., Hacker, T. L., and Miller, D. W., “Optimum Aperture
Placement for a Space-Based Radar System Using Separated Spacecraft
Interferometry,” AIAA Paper 99-4271, Aug. 1999.

2Mallory, G.J,, Jilla, C. D., and Miller, D. W., “Optimization of Geosyn-
chronous Satellite Constellations for Interferometric Earth Imaging,” ATAA
Paper 98-4379, 1998.

3Sedwick, R. J., Kong, E. M. C., and Miller, D. W., “Exploiting Orbital
Dynamics and Micropropulsion for Aperture Synthesis Using Distributed
Satellite Systems: Applications to TechSat21,” AIAA Paper 98-5289, 1998.

4Folta, D., and Carpenter, R., “Integration of a Decentralized Linear-
Quadratic-Guassian Control into GSFC’s Universal Three-Dimensional
Autonomous Formation Flying Algorithm,” AIAA Paper 99-4269, Aug.
1999.

5 Mclnnes, C. R., “Autonomous Ring Formation for a Planar Constellation
of Satellites,” Journal of Guidance, Control, and Dynamics, Vol. 18, No. 5,
1995, pp. 1215-1217.

6Mesbahi, M., and Hadaegh, F., “Formation Flying Control of Multi-
ple Spacecraft: Graph Theoretic Properties and Switching Schemes,” AIAA
Paper 99-4268, Aug. 1999.

"Morton, B., Weininger, N., and Tierno, J., “Collective Management of
Satellite Clusters,” AIAA Paper 99-4267, Aug. 1999.

8de Queiroz, M. S., Kapila, V., and Yan, Q., “Adaptive Nonlinear Control
of Satellite Formation Flying,” AIAA Paper 99-4270, Aug. 1999.

9Robertson, A., Inalhan, G., and How, J., “Spacecraft Formation Flying



368 KANG, SPARKS, AND BANDA

Control Design for the Orion Mission,” AIAA Paper 99-4266, Aug. 1999.

10Vadali, S., Young, X., Schaub, H., and Alfriend, K., “Fuel Optimal
Control for Formation Flying of Satellites,” AIAA Paper 99-4265, Aug.
1999.

yassar, R. H., and Sherwood, R. B., “Formationkeeping for a Pair of
Satellites in a Circular Orbit,” Journal of Guidance, Control, and Dynamics,
Vol. 8, No. 2, 1985, pp. 235-242.

12Wzmg, P. K. C., and Hadaegh, F. Y., “Coordination and Control of Mul-
tiple Microspacecraft Moving in Formation,” Journal of Astronautical Sci-
ences, Vol. 44, No. 3, 1996, pp. 315-355.

13Kang, W., and Xi, N., “Formation Control of Multiple Autonomous
Vehicles,” Proceedings of IEEE Conference on Control Applications, IEEE
Publications, Piscataway, NJ, 1999, pp. 1027-1032.

14Kang, W., and Xi, N., “Non-Time Referenced Tracking Control with
Application in Unmanned Vehicles,” Proceedings of IFAC 14th World
Congress, Elsevier Science Ltd., Oxford, U.K., 1999, pp. 177-182.

15Sabol, C., Burns, R., and McLaughlin, C., “Satellite Formation Fly-
ing Design and Evolution,” Proceedings of the AAS Space Flight Me-
chanics Meeting, AAS Publications, Washington, DC, AAS Paper 99-121,
1999.



