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Abstract

Formation ying of multiple spacecraft is an enabling
technology for future space science missions such as
separated spacecraft interferometers. Controllers de-
signed for these multi-vehicle eets must address many
high- and low-level tasks, and will become very com-
plicated for large eets. As such, this work describes
ongoing research to investigate the precise sensing and
control of a distributed spacecraft interferometer using
a layered approach based on GPS and laser metrol-
ogy. In particular, it focuses on the design of low-level
controllers within several candidate control architec-
tures, and analyzes how well these controllers perform
on basic formations. Initial experimental results are
presented on a three vehicle formation ying testbed
executing station-keeping and rigid body maneuvers.

1 Introduction

Formation ying of multiple spacecraft is an enabling
technology for many future space science missions. Of
particular interest are the several separated spacecraft
interferometer (SSI) missions that have been proposed
[1, 2, 3] with the number of vehicles in the eet ranging
from 2 to 20. While the objectives and pro�les of these
missions are quite diverse, the common theme is that
they use a distributed array of highly coordinated satel-
lites to provide a very exible method of obtaining im-
proved space science observations (longer and recon�g-
urable baselines). Implementation of this coordinated
satellite concept requires tight maintenance and control
of the relative distances and phases between the par-
ticipating satellites. Of course, any ground-based com-
mand and control system for relative spacecraft posi-
tioning would be very complex and probably would not
provide su�ciently rapid corrective commands. Thus,
the onboard autonomy of the spacecraft eet must be
developed to support these complex and challenging
space science missions.
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Fig. 1: Formation Flying Testbed

Some of the key challenges in this problem are in the de-
sign of a eet control architecture that can perform the
high-level (mission management and planning to enable
resource allocation across the eet) and low-level (on-
board sensing, autonomous closed-loop relative naviga-
tion, and attitude determination) tasks. The primary
di�culties are that: 1) with a large eet, it might not
be practical or feasible for any one vehicle to know the
entire formation state; 2) the vehicles must work co-
operatively to perform the science observations; 3) the
di�erential disturbance environment and nonlinear ac-
tuator operations could be uncertain; and 4) the eet
must undergo both resizing and con�guration change
maneuvers. Although many standard solutions exist
for controlling individual spacecraft, the formation y-
ing problem is complicated by the fact that the vehicles
must act together to meet the global objectives. Thus
it is important to develop a control architecture that
provides an e�cient control system and that can meet
the local and global performance objectives.

This work describes ongoing research to investigate the
precise sensing and control of a distributed spacecraft
interferometer[4, 5, 6]. In particular, we investigate the
control design by developing exible low-level control
algorithms that enable coordination between vehicles
(e.g., based on the overall resource state). Our ap-
proach is motivated by an early baseline for the New
Millennium Interferometer (NMI) mission which re-
quired a precisely aligned formation of three spacecraft.
Two of the spacecraft would act as collectors that focus
the light of a distant star onto the third combiner space-
craft that forms the interference pattern [1]. To form
this pattern, the optical paths between the spacecraft



must be controlled to within a fraction of a wavelength
of light. A layered control approach has been proposed
to achieve this high degree of accuracy using sensors
based on the Global Positioning System (GPS) as a
coarse sensing layer to measure the relative positions
to cm-level so that the more accurate optical metrol-
ogy systems can be aligned [1, 7]. We have developed a
formation ying testbed (FFTB) to analyze the sensing
and control design issues for this system. The FFTB is
pictured in Fig. 1. In this paper we present some initial
results with the FFTB executing a high-level task. In
particular, the three vehicle formation executes a com-
plex rigid body maneuver that combines both rotation
and translation.

2 Formation Control Design

A control system for a SSI typically consists of many
elements (see Fig. 2):
Planning algorithm: high-level optimization of ma-
neuvers such as resizing/repointing. A key question is
to determine if this calculation is performed centrally
or is distributed across the eet.
Sensing and estimation: an estimation architecture
must be chosen to derive the relative position and ve-
locity states from the GPS measurements.
Optical alignment: additional sensing and control
levels are needed to meet the extremely precise optical
alignment requirements. The optical system's range
will most likely be very limited, so the coarse control
levels must align the optics. Several optical levels are
necessary for the NMI, but only two will be included
on the FFTB.
Control architecture: distributes and assigns tasks
to each vehicle to achieve the desired global behavior,
which changes depending on the mission phase.
Low-level controllers: implements the global tasks
at the vehicle level. The primary low-level tasks are to
realign the vehicles in the formation between periods of
data collection and to maintain the formation during
recon�guration maneuvers. Note that thruster �rings
would disrupt science data collection, so the station
keeping controller must be de-activated while the SSI
is functioning. Thus the vehicles must be very precisely
aligned to ensure long periods of data collection.

This paper focuses on various choices for the last two
items and how they interface with the control system.
The interface to the other parts of the system are crit-
ical: the control architecture is dependent on the esti-
mation architecture; the planner must interface with
the low-level algorithm; and the low-level algorithm
must align the vehicles with su�cient accuracy for the
optical alignment system to function. These interac-
tions become very challenging as the number of space-
craft increases. So a logical starting point is to consider
the station keeping algorithm for a single vehicle, which
is examined in section 3. Section 5 then investigates the
extension to the case of N vehicles.
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Fig. 2: Formation control system

3 Single Vehicle Station Keeping

The objective of a single vehicle station keeping con-
troller is to maintain the vehicle state at a desired set-
point. We have considered the problem based on the
vehicles in the FFTB. They have �xed thrust levels and
an operating rate of 60 Hz. In addition, the GPS-based
state estimates are relatively noisy. The goal is to reg-
ulate the vehicle position to within 2 cm of the desired
point.

3.1 PD plus thrust mapper

Our vehicles have four thrusters (two positive and two
negative) per axis. Each generates a force level fthruster.
Thus (for each axis), the possible thrust commands are:

u =

8>>>><
>>>>:

+2 both positive thrusters
+1 one positive thruster
+0 no thrusters
�1 one negative thruster
�2 both negative thrusters

We generate this command from the estimated position
and velocity (x̂; _̂x)

u = g(Kpx̂+Kd
_̂x) (1)

g(y) =

8>>>><
>>>>:

+2 y > 1:5fthruster
+1 y > 0:75fthruster
�1 y < �0:75fthruster
�2 y < �1:5fthruster
0 otherwise

(2)

The PD gains were designed using a linear system
model, and then tuned to provide good performance
on the vehicles.

3.2 Bang-bang controller

The time optimal trajectory from some initial condition
to the origin (x = _x = 0) with constrained actuation
is the well known bang-bang solution ([8]). Knowledge
of the available thrust and of the plant is necessary to
determine when to switch from acceleration to deceler-
ation. This control can be described as:

u =

(
+2 _̂x < �sgn(x̂)

q
4jx̂j

fthruster
mvehicle

�2 otherwise
(3)



3.3 Weighted fuel-time optimal control

The bang-bang controller is time-optimal, but can be
very expensive in terms of fuel. A standard solution is
to add fuel usage to the cost function

J =

Z tf

t0

[1 + �ju(t)j]dt (4)

The control law that produces optimal trajectories ac-
cording to this cost function is also well known ([8]):

u =

8<
:

+2 _̂x < g1(x̂) and _̂x < g2(x̂)

�2 _̂x > g1(x̂) and _̂x > g2(x̂)
0 otherwise

(5)

g1(x) = �sgn(x)

s�
4

1 + �

�
jxj

fthruster

mvehicle
(6)

g2(x) = �sgn(x)

r
4jxj

fthruster

mvehicle
(7)

This controller produces trajectories that accelerate,
coast, and then decelerate. In Eq. 4, � is the penalty
associated with fuel use (larger � yields longer coasts).

3.4 Modi�ed fuel-time controller

Optimal analytic solutions are only available for a few
problems of this type. To handle more general cost
functions that might be of interest, we have developed
a heuristic technique that tries to improve the cost
function in real-time by splitting the problem into two
parts. The �rst part considers the control input design
over a short time horizon. The second part assumes
that the control inputs after this horizon will be de-
termined using one of the previously quoted analytic
techniques. Only the inputs in the short time horizon
are actually implemented, and the entire optimization
is repeated at each time step. This makes the optimiza-
tion problem tractable and means that we can handle
quite complex cost functions, but, of course, the ap-
proximation removes any guarantee of optimality from
the resulting control.

Consider an example based on the objective in sec-
tion 3.3

min
u

J(x̂; _̂x) =

Z tf

t

[1 + �ju(t)j]dt (8)

although more general cost functions could be consid-
ered. Without knowledge of the analytic solution in
section 3.3, it would be very di�cult to optimize this
cost function in real time. Thus we solve the problem
discretely and split the cost into the contribution from
the current time step and the time interval from t+ 1
to tf

~J = J[t;t+1)(u) + J[t+1;tf ](u) (9)

J[t;t+1) is the cost function evaluated over the short
horizon window (one time step in this case). J[t+1;tf ](u)
is the cost function evaluated from the end of the hori-
zon window until tf . For simplicity, we will assume

that bang-bang control will be used from t + 1 to tf ,
which is clearly an approximation. We then optimize
the approximate problem by choosing the sequence of
inputs u that minimize ~J . For the cost in Eq. 8

J[t;t+1) = (1 + �juj)�t (10)

J[t+1;tf ] = (1 + �jubbj)tbb(x̂; _̂x; u) (11)

where tbb is a known function of x̂(t + 1) and _̂x(t +
1) which are computed from x̂(t), _̂x(t), and u. Note
jubbj = umax which is 2 for this case.

3.5 Deadband

Because we have set a goal that the vehicle is to stay
within 2 cm of its desired position, we add a deadband
to each controller. This avoids unnecessary thruster
action while the 2 cm goal is met. The deadband logic
is:

if (jxj > xb or j _xj > _xb)
then compute u as usual and let m = �sgn( _x)

else
if sgn( _x) = m then let m = 0

A zero value of m then disables the thrusters. xb
and _xb create an error box around the origin in po-
sition/velocity space.

3.6 Simulation

Each of the controllers was tested in simulation. The
response to an initial o�set (1 m) is shown in Fig. 3.
The time and fuel to reach the origin are recorded in
Table 1. The controllers are also compared for 10 min
operating around the origin. The fuel, percent of time
within the position bound (% Bnd) and the standard
deviation of the position error (1-� Err) are listed in
Table 2. The simulation is based on the FFTB and
includes the GPS based estimation system with mea-
surement noise based on observed experimental values.
GPS measurements are available at 10 Hz, and the es-
timator and plant are run at 60 Hz.

Table 1 shows that the bang-bang controller out per-
forms the PD/map controller in both fuel and time
for recovery from an initial position error. The fuel-
time optimal controller allows a trade-o� between fuel
and time (through �). Thus for � = 5:8, the fuel-
time controller recovers nearly as fast as the PD/map
controller yet uses less than 20% of the fuel. The modi-
�ed fuel-time control deviates from the optimal perfor-
mance substantially; but note, however, that � can be
tuned to match a desired behavior (e.g. with � = 0:05
the solution essentially duplicates the fuel-time optimal
behavior for Eq. 8 with � = 5:8). The results of the
10 min station-keeping run (see Table 2) show that all
controllers accomplish the task (maintain position to
within 2 cm), but the bang-bang controller is quite ex-
pensive in terms of fuel, while the fuel-time controller
(and modi�ed fuel-time controller with � = 0:05) out-
performs the PD/map controller in terms of fuel.
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Fig. 3: Single vehicle response to initial o�set (fuel-
time and mod. fuel-time paths are indistinguishable)

Table 1: One veh. position o�set response

Controller Fuel Time (sec)

PD + thrust map 1.00 22.9
Bang-bang 0.64 13.7
Fuel-time opt. (� = 5:8) 0.17 25.2
Mod. fuel-time (� = 5:8) 0.11 52.6
Mod. fuel-time (� = :05) 0.17 25.3

Table 2: One veh station keeping performance

Controller Fuel % Bnd. 1-� Err (m)

PD + thrust map 0.54 99.92 0.0093
Bang-bang 1.00 100 0.0094
Fuel-time (� = 5:8) 0.39 100 0.0090
Mod. f-t (� = :05) 0.47 100 0.0095

4 Station Keeping With Two Vehicles

For the two vehicle case, the relative state is to be
controlled, but the system now has two inputs since
each vehicle can �re the thrusters independently. The
PD/thrust map and modi�ed fuel-time controllers were
extended to the two vehicle case. In addition, a
weighted fuel-time solution was derived for the two ve-
hicle case. This derivation is not presented here due to
space constraints.

4.1 Controllers

The two vehicle PD/map control law is

u1 = g1(Kp1x̂+Kd1
_̂x) ; u2 = g2(Kp2x̂+Kd2

_̂x) (12)

The weighted fuel-time controller minimizes

J =

Z tf

t0

[1 + �1ju1(t)j+ �2ju2(t)j]dt (13)

The modi�ed fuel-time controller also uses this cost
function (again using the bang-bang approximation
discussed in section 3.4. Each controller has a mecha-
nism for adjusting the control e�ort produced by each
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Fig. 4: Two vehicle response to initial o�set

Table 3: Two veh. position o�set response

Controller Fuel1 Fuel2 Time (sec)

PD + map
Kp1;d1

Kp2;d2
=2 1.00 0.91 13.9

F-t Opt. �2
�1

=1.5 0.51 0.22 13.8

Mod. f-t �2
�1
=1.5 0.46 0.24 13.6

vehicle: Kp1;2 and Kd1;2 for the PD/map controller,
and �1;2 for the other controllers. Yet, the �'s provide
the more natural approach as they are penalties on the
fuel expenditure of each vehicle.

4.2 Simulation

The 2 vehicle case was simulated for each controller
for an initial o�set in position. The vehicle positions
are plotted vs. time in Fig. 4. The absolute velocity
was not explicitly controlled in this simulation. As be-
fore, the PD/map control uses more fuel than the other
controllers, yet takes about the same amount of time
to align the vehicles (see Table 3). Also, the fuel use is
nearly even between vehicles even though the gains for
vehicle one are twice those of vehicle two (a function
of the saturation nonlinearity in the thruster mapper).
As expected, the other two controllers perform better
and allow fuel use to be adjusted more directly.

A cost function-based controller provides better per-
formance in general than the PD controller due to the
large e�ect of the non-linearity (which is hard to ac-
count for in the design of the PD gains). Also, cost
function-based controllers enable more direct control
of resource allocation. There is a trade-o�, of course,
in the complexity of the controller. As the formation
size grows, true optimal control becomes prohibitively
di�cult to implement and heuristic-based approaches
(such as the modi�ed fuel-time control) are necessary.
Further research is required to develop an N-vehicle
version of an optimization-based control.



5 Control Architectures

Controllers will rapidly grow in complexity as the num-
ber of vehicles increases since the number of relative
states for an N-vehicle formation is 1

2N(N � 1). The
mission designer must assign importance to these rela-
tive states according to the mission objectives (e.g. for
the NMI mission, the collector-combiner arms require
ten- to twenty-times tighter control than the collector-
collector arm [1]). The high-level planner/mission
manager must adjust these weights according to the
mission phase and assign fuel/resource costs appropri-
ately. If the control output of each vehicle depends on
its state relative to every other vehicle, then the con-
trol law could become very complex. This suggests a
trade-o�: limiting the number of relative states in the
control calculation for each vehicle reduces the con-
trol complexity (and estimation complexity) but will
increase the formation error. The resolution of these
design conicts constitutes a key step in the selection
of the formation control architecture. Note that it has
been shown [6] that the GPS-based estimation prob-
lem also grows rapidly in complexity as the number
of relative states to be estimated increases. Thus the
estimation architecture design must be considered si-
multaneously.

To illustrate the control architecture design method,
two possible implementations are pictured for a generic
3-vehicle SSI (see Fig. 5). In case A, vehicle 2 is re-

y
1

y
3

u
1

u
3

y
2

y
1

y
3

u
2

u
3

u
1

y
2

y
2

y
2

y
1 u

1 y
3

y
2 u

3

Case A Case B

K

K K

Fig. 5: Two candidate SSI control architectures

sponsible for all estimation and control computations.
It generates commands for all vehicles according to the
entire formation state. This implementation would typ-
ically yield very good performance, but it will require
high-rate communication between the vehicles and sig-
ni�cant computational capability on vehicle 2. In case
B, the communication requirement is reduced (recall
the GPS system operates at 10 Hz vs. 60 Hz for the
control) and the computational burden is divided be-
tween vehicle 1 and 3. However, in case B the forma-
tion is not maintained as accurately as in case A. Also
note that u2 is not used to help maintain the forma-
tion in this case (it can be used to perform the abso-
lute positioning and orientation of the eet). In the
next section, Case B is implemented on the FFTB for
a representative formation maneuver task.
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6 Formation Planning

Formation planning addresses the problem of trajec-
tory generation and the accompanying thrust program-
ming for individual and groups of vehicles. Character-
istic maneuvers such as initialization, retargeting, and
resizing require the vehicles to move from known ini-
tial locations to speci�ed �nal locations under a time
constraint. However, these motions must be optimized
to limit fuel usage. Also the vehicles must avoid col-
lisions, maintain a rigid body formation (if desired),
and account for speci�c limitations of any vehicle in
the eet.

A control scheme involving only open loop formation
planning is not feasible for any realistic operating con-
ditions under disturbances. For this reason, a control
scheme consisting of a feedforward planner stage and a
feedback controller stage is proposed. Fig. 6 shows the
three main components of the formation ying control
system: the estimator, the planner and the controller.

The planning aspect involves the minimization of fuel
for the vehicle eet over a maneuver time [0; tf ]. Using
basic kinematics, the accelerations of the follower ve-
hicles can be expressed as functions of the translation
and angular motions of the leader vehicle. A conven-
tional optimization approach would then use gradient
search techniques to minimize

J =

Z tf

0

NX
i=1

juij dt (14)

for the N vehicles under the nonlinear constraints im-
posed by the kinematics and the actuator bounds.
However, as discussed earlier, this typically requires ex-
tensive computational time, and thus might not be well
suited for an on-line planning scheme that accounts for
large deviations from the initial desired trajectory.

A much simpler numerical approach can be formulated
by placing restrictions on the leader's thrust and torque
levels to ensure that the follower's accelerations can
be achieved. This approximate problem can be solved
very e�ciently using a Linear Program. A simple iter-
ation on the bounds can then be used to achieve the
best overall performance. Using a discrete model of the
leader vehicle dynamics

x(k + 1) = �x(k) + �u(k) (15)

y(k) = Hx(k) (16)
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and a discrete convolution, the fuel optimal problem
can be expressed as

min kuk1 (17)

subject to

y(n) = H�nx(0) +
n�1X
i=0

h(n� i)u(i)

juj � umax; f(x; u) � 0; jydes � y(n)j � �

where h(i) = H�i� is the impulse of the system, and
y(n) and ydes correspond to the actual and desired �nal
values of the output. umax represents the upper bound
on the control input, and f(x; u) are linear functions
of state and input vectors that describe possible con-
straints on the leader vehicle.

The experiments conducted use the proposed control
scheme in Fig. 6. In these �rst tests, only an initial
plan was developed. The individual locations of the
follower vehicles were �xed in the local reference frame
of the lead vehicle so that the formation would act as
a rigid body. Fig. 7 shows the results from a collective
90� turn and translation maneuver. The dashed lines
correspond to the actual paths followed by each of the
vehicles. The standard deviations are given in Table 4.
The lengths correspond to error in arm lengths with
respect to the leader vehicle in the rigid body forma-
tion. Current research is focused on implementing the
planner in real-time so that updates to the overall plan
can be made in real-time to account for any anomalies.

Note that while this LP approach is limited in the
constraints that can be handled, it can easily be ex-
tended to include more complex dynamics such as the

Table 4: Standard deviations
Elements 1-� Error[m]

Leaderx 0.040
Leadery 0.026
Length12 0.010
Length13 0.010
Leader� 0.071 rad

linearized Hill's equations [9]. Current work is focused
on extending this approach to include constraints on
fuel balance within a eet and collision avoidance.

7 Conclusions

This paper has identi�ed several challenges associated
with the control design for SSI missions. Candidate
low-level controllers are compared for the 1- and 2-
vehicle cases. A heuristic controller that optimizes a
general cost function using an approximate technique
is introduced and compared to the more standard con-
trollers. While the results to date are promising, more
research is required to validate this technique on a
larger formation. In addition, techniques for allocating
resources (e.g. fuel, computation) among vehicles are
outlined. A formation control system is implemented
on our FFTB to demonstrate the pieces necessary for
a coordinated formation maneuver. Initial experimen-
tal results are presented. Future work will re�ne and
extend the low-level controllers to 3 or more vehicles.
Also, the high-level planner will be improved and made
\on-line" so that trajectory plans can be revised in real-
time as necessary.
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