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CONSTRAINT BASED CONTROL METHOD
FOR
PRECISION FORMATION FLIGHT OF SPACECRAFT
Try Lam1, Aaron Schutte2, and Firdaus E. Udwadia3
Control and station keeping of spacecraft in formation flying are explored in this
paper. We propose a very general control methodology based on the general
equations of motion for constrained systems to solve the problem of precision
formation flying, resulting in a virtual platform. This paper demonstrates the
method by applying the theory to the control of multiple spacecraft flying in
precise formation around a spinning non-spherical Mars with a full 4x4 gravity
field. The examples include a 2-spacecraft leader-follower configuration and a
4-spacecraft rhombus configuration. In addition, we explore the effects of timevarying relative distance constraints.

INTRODUCTION
Clusters of microsatellites are currently being proposed as an alternative to traditional
larger and heavier spacecraft. Due to increasing demands for superior image resolution,
limitations on spacecraft mass and launch vehicle fairing sizes and capabilities, multiple
spacecraft that fly in formation and thereby act as a single “virtual” spacecraft will provide a
solution to the problem. Formation flight may also improve reliability and flexibility of space
missions by having built-in redundancies. Proposed missions such as ST-3, LISA, TPF-I,
MAXIM, SPECS, Stellar Imager, and TechSat-21 have already invested heavily in formation
flying research and technology development. Although the improvements in resolution and data
from these missions are orders of magnitude better than their predecessors, further technological
maturity is required. Among the many technologies that must be brought to maturity is the
fundamental understanding of the dynamics of formation flying and control of such systems.
Controlling a system of spacecraft in tight formation is a difficult and very non-linear
problem. Early formation flying research was focused on relative motion, interception, and
docking control. Many of these attempts in modeling the control problem were done by
linearizing the dynamics about a reference orbit. In the case of Clohessy-Wiltshire equations [1],
an ideal non-perturbed, circular reference orbit is assumed as the reference orbit, and relative
motion about the reference orbit is analyzed. Clohessy and Wiltshire developed the equations as
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a guidance scheme for the rendezvous problem. Work by Werlas [2] and later by Jezewski and
Donaldson [3] considered fuel-optimal approaches to the rendezvous and control using the
Clohessy-Wiltshire equations. Lutze [4] later used relative motion equations to generate intercept
and rendezvous data for astronauts in order to maneuver back safely to the space shuttle. Other
enhancements to the linearization method considered non-circular orbits (Lawden equations or
Tschauner-Hempel Equations) [5-6], drag forces [7], a diamond shaped formation and its rotation
[8-9], use of Gauss’ variational equations with the inclusion of the J2 spherical harmonics terms
[10-11], and the inclusion of higher order terms in the relative motion equations [12]. Although
such analyses are still being used today, such as in the case of NASA’s A-Train constellation
[13], which consist of 6 Earth orbiting satellites flying in close proximity, the method fails to take
into account (1) the complete non-linearity of the problem, (2) the problem of “precision”
formation flying, and (3) the higher order effects of a non-spherical body. This paper will address
these issues. See Reference [14] for a concise survey of formation flying guidance.
In this paper we employ a very general control methodology developed by Udwadia [17]
for precisely controlling complex multi-body mechanical systems. The methodology is based on
the explicit equation of motion obtained by Udwadia and Kalaba [15,16] for mechanical systems
(Lagrangian Mechanics) with general equality constraints. It has been shown [18,19] that this
general methodology can be easily applied to highly constrained astrodynamical problems. In
this paper we investigate its use for controlling spacecrafts so that they fly in precise formations.
The method handles the complete non-linear control problem without any linearizations
(approximations), and is shown to be provide the capability for spacecraft formations to be
maintained with very high precision.
We apply this method to the control of multiple spacecraft flying in precise formation in
circular orbits around a non-spherical spinning Mars. This approach will result in the creation of
the formation as a virtual platform, that is, as a single large-scale system. The benefit of this
method is its ability to analyze the system as a whole, a macro-dynamics perspective [20]. The
idea of analyzing a formation as a single system is not new; recently Quadrelli has released a
number of papers that have very similar ideas for the application of constraint based method and
tether formations [20-23]. This paper differs from others because of the proposed method with
which the constraints are implemented and the way the constraint forces are computed.
The objectives of this paper are two-fold: (1) Introduce a new general constraint-based
method for the potential control of space systems and understanding of space dynamics. (2)
Initiate a simple methodology for the control of a spacecraft formation as a virtual body (e.g.
macro-translation, rotation, and deformation) for applications such as interferometric
observations. To meet our objectives we consider two different formations, a simple 2-spacecraft
leader-follower configuration to present the methodology, and a more complex 4-spacecraft
rhombus configuration with the leading and trailing spacecraft along the velocity vector (see
Figure 1, note that Mars is located behind the formation (into the page), and the orbital radius for
the 4 spacecraft are initially equal). In both cases, for the ease of exposition the formations are in
circular orbits, but by no means is this a limitation on the method. In addition, an analysis of
time-varying relative distance constraints between the spacecraft is also carried out. The
examples demonstrate the ease with which the control forces can be explicitly obtained, as well as
the flexibility of the method and its scalability to larger spacecraft ‘clusters’ and ‘swarms.’ The
results obtained from this method will provide the exact deterministic applied force (and
equations of motion) to maintain and control the spacecraft configuration.
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We address the formation flying control problem in the Mars inertial frame, i.e., nonrotating frame with origin centered at Mars. Although traditional methods use a relative frame
fixed about some reference orbit or satellite, for obvious scaling reasons for small relative
distances. In this paper, the Mars inertial coordinate frame will be used due to its simplicity in
the formulation of the problem. The constraints and the implementation of the control can be
specified in any coordinate system specified by the designer.
This paper does not attempt to find the optimal configuration for n number of spacecraft,
nor does this paper attempt to take advantage of the natural dynamics of thrust free satellite
clusters, but instead focuses on the general control methodology that can be applied to any
desired configuration and/or orbital requirements.
In the next section, we discuss the fundamental equation of motion. Next, the
unconstrained and natural dynamics are considered for low altitude orbits around a non-spherical
body. We then formulate the problem for spacecraft constrained in a leader-follower
configuration and also in a rhombus configuration around Mars. Numerical results are then
presented. Finally, we summarize and discuss some of our future research efforts on this subject.

Figure 1. Rhombus Formation Flying Schematic. All spacecraft are equidistant from the center of
the rhombus shaped. Spacecraft 1 is the lead spacecraft and spacecraft 3 is the trailing spacecraft.
All four spacecraft are at the same altitude. The direction of motion of the formation is along the
velocity vector, as shown. Mars is located into the page (behind the formation).

FUNDAMENTAL EQUATIONS OF MOTION
This section introduces the fundamental equation for constrained systems first developed
by Udwadia and Kalaba [16]. For a system of n point particles in the Cartesian coordinate frame,
it is assumed that the initial conditions of the particle (or spacecraft) are known and that the
displacement vector and derivative of the displacement vector is denoted by vectors
and .
The natural thrust-free force exerted on the particles are denoted by

[

]

F ( x, x˙ ,t ) = F1 ( x, x˙ ,t ) F2 ( x, x˙ ,t ) ... F3n ( x, x˙ ,t )

€

3

T

(1)

where the particles are not interacting. The unconstrained motion of the system can now be
expressed by the 3n x 1 matrix equation

M˙x˙ = F ( x, x˙ ,t )

(2)

where M is the diagonal mass matrix. If the system is constrained with a given set of m
constraints in the form
€

ϕi ( x, x˙ ,t ) = 0,

i = 1,2,...,m

(3)

we can obtain an equation for the constraints in the form

€

A( x, x˙ ,t ) x˙˙( t ) = b ( x, x˙ ,t ) ,

(4)

where A is an m by 3n matrix, by differentiating the m constraint equations with respect to time
and assuming that ϕ i are smooth and differentiable. The transition from Eq. (3) to Eq. (4) is a
key step in formulating€the constraints.
The addition of the constraints on the system causes additional forces to be applied on the
particles and the equation of motion for the system is of the familiar form

Mx˙˙ = F ( x, x˙ ,t ) + F C ,
where

(5)

is the constraint force vector. The determination of the constraint force vector can be

found using Lagrange Multiplier. In this paper we adopt Udwadia’s and Kalaba’s formulation,
€
which have shown that
can be determined based on Eq. (4) and Gauss’s principle of least
constraint [24], and written as
,
where

(6)

is the unconstrained acceleration vector (free-response) of the system and
is the pseudo-inverse of the constraint matrix AM-1/2. The total acceleration of the

system, including contributions from the constraints, is

(

x˙˙ = a + M −1/ 2 AM −1/ 2

+

) (b − Aa) .

(7)

Eq. (7) is called the fundamental equation of motion for constrained systems. We note that
in Eq. (7) measures the extent to which the acceleration corresponding to the

€

unconstrained motion does not satisfy the constraint Eq. (4), thus,
seen as the feedback gain matrix or the weighted (

can also be

) pseudo-inverse of the constraint matrix.

We also note that Eq. (7) is explicit, and further note that we have placed no limit on the
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coordinate system used or the size the acceleration vector. For example, for a 2 spacecraft system
T

the acceleration vector is 6x1, x˙˙ = [ x˙˙1 y˙˙1 ˙z˙1 x˙˙2 y˙˙2 ˙z˙2 ] , or 9x1 for a 3 spacecraft
system, and is scalable depending on the number of particle or spacecraft. In the next few
sections will introduce and derive the necessary variables in Eq. (7) to derive the equations of
motion for the two specific satellite formations.

€
Unconstrained Motion
The unconstrained acceleration, or the free response, of a spacecraft under the influence
of a body with a non-uniform gravitational field ( from Eq. (7)) is expressed as
(8)
where U is the gravity potential,
(9)
The higher order terms and for a more complete understanding of the formulation we refer to
Spier [25]. The purpose of introducing the non-uniform gravity field is merely to demonstrate its
generality and potential scalability to real ephemeris simulations.
From Eqs. (8) and (9) we now have the unconstrained acceleration of a spacecraft
orbiting an oblate body under a non-uniform gravitational field. We have yet to constrain the
motion or assume a type of motion about the body. In this paper, we use a 4x4 spherical
harmonic gravity field for Mars [26]. In addition, our model does not include solar radiation
pressure or drag forces on the spacecraft.
Constraints on the Motion
The number of constraints required to maintain a formation at planetary orbit is problem
dependent. For our examples we constrain and maintain only the relative distances of the
formation where all spacecraft in the formation are free to thrust. Other constraint types, which
the method can address but are not discussed in this paper, are a thrust-free leader spacecraft and
a follower spacecraft constrained to the motion of the leader spacecraft. The examples in this
paper demonstrate our approach and the simplicity in adapting it to other problems. We have also
included an example of sinusoidal control of the relative distances, resulting in a pulsating
rhombus formation.
Relative Distance Constraints
We introduce first the simplest constraint, which is the relative distance constraint. In the
case of a leader-follower configuration, where the leader spacecraft is the leading spacecraft of
the pair in the along track direction, the relative distance between the two spacecraft can be
expressed as
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(10)
or
.

(11)

where D is the desired relative distance, and ( )i and ( )j represents the i-th and j-th spacecraft. In
a later section we show that simulation using the constraints from Eq. (10) or (11) will lead to
numerical errors or drifts in the relative distance. To drive down these errors, we implement
Baumgarte’s stabilization technique [27] of the form

φ˙˙ + αφ˙ + βφ = 0 ,

(12)

which replaces the relative position constraint with a linear combination of acceleration, velocity,
and position constraints. This stabilization method adds additional corrections in the acceleration
and velocity constraints, to €
counteract any energy drift, thus, inherently satisfying Eq. (10) or
(11). Selecting an appropriate value for α and β affects the precision of the formation, and will
be discussed in the Numerical Example section. Eqs. (11) and (12) describe a system with
steady-state values that converge to some relative distance D.
For a leader-follower example, one constraint is all that is necessary to constrain relative
distances between a pair of spacecraft. However, to accurately formulate the problem of a
formation for the use of remote sensing or interferometric observations, we introduce a constraint
in the relative radial distances of the spacecraft to be constant, which is written as
,

(13)

where is the radius magnitude to the n-th spacecraft and c is a constant which is dependant on
the initial conditions. This constraint ensures that the relative radial distances between the
spacecraft are of a constant relative distance, but it is general enough that it does not place any
constraint on the eccentricity of the formation. The constraint also allows for in-plane rotation.
The stabilization constraint, Eq. (12), is applicable to the rhombus configuration as well.
In this example the relative distances from the spacecraft to the center of the formation are fixed,
and the lengths of the side of the rhombus are fixed at a distance L. To formulate the relative
distance constraints we place constraints on all spacecraft to have a fixed relative distance L
(replace D with L in Eq. (12)) when they are adjacent pairs or
L (replace D with
L in Eq.
(12)) when they are across from one another. We use the variable L for the rhombus configuration
to avoid confusion when referring to relative distances between spacecraft. It is reminded that all
spacecraft in the rhombus formation are of equal altitude.
For the rhombus example we apply a total of five relative distances constraints: between
spacecraft 1 & 2, spacecraft 1 & 3, spacecraft 1 & 4, spacecraft 2 & 3, spacecraft 3 & 4, and three
relative radial constraints. Although redundant constraints should not affect the results, we avoid
this for numerical reasons, e.g., stiffness of the problem and integration time.
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Rewriting Eq. (12) and (13) into the form of Eq. (4), we derive the constraints for a
system which is only constrained by their relative distances. For the leader-follower
configuration we find that
(14)
where Δxi,j = xi – xj, and where i and j are indices for the spacecraft.

is then written as

⎡DD
˙˙ + D˙ 2 − ( x˙1 − x˙ 2 ) 2 − ( y˙1 − y˙ 2 ) 2 − ( z˙1 − z˙2 ) 2 + αφ˙ + βφ ⎤
⎥
b = ⎢
⎢⎣
⎥⎦
x12 + y12 + z12 − x 22 − y 22 − z22
where

(15)

is defined by Eq. (12).

€ Similarly, for the rhombus configuration we have

(16)
and

is

⎡ LL˙˙ + L˙2 − x˙ − x˙ 2 − y˙ − y˙ 2 − z˙ − z˙ 2 ⎤
( 1 2 ) ( 1 2 ) ( 1 2 ) ⎥
⎢
2
2
2
2
⎢2LL˙˙ + 2 L˙ − ( x˙1 − x˙ 3 ) − ( y˙1 − y˙ 3 ) − ( z˙1 − z˙3 ) ⎥
⎢ ˙˙ ˙2
2
2
2 ⎥
⎢ LL + L − ( x˙1 − x˙ 4 ) − ( y˙1 − y˙ 4 ) − ( z˙1 − z˙4 ) ⎥
2
2
2
⎢ ˙˙ ˙2
⎥
b = ⎢ LL + L − ( x˙ 2 − x˙ 3 ) − ( y˙ 2 − y˙ 3 ) − ( z˙2 − z˙3 ) ⎥ .
2
2
2
⎢ LL˙˙ + L˙2 − ( x˙ 3 − x˙ 4 ) − ( y˙ 3 − y˙ 4 ) − ( z˙3 − z˙4 ) ⎥
⎢
⎥
x12 + y12 + z12 − x 22 − y 22 − z22
⎢
⎥
x12 + y12 + z12 − x 32 − y 32 − z32
⎢
⎥
⎢
⎥
2
2
2
2
2
2
x1 + y1 + z1 − x 4 − y 4 − z4
⎣
⎦

(17)

We note that the relative distance between the spacecraft (D or L) does not have to be
constant, but can be expressed as a function of time t. Thus, for a pulsating time-varying
constraint on €
the relative distances, we can set
and allow the formation to grow and
contract.
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Time-Varying Relative Distances Constraint
Here we introduce a simple sinusoidal relative distance constraint of the form
,

(18)

where k and L0 are constants. We note that by introducing the absolute value to the Sine function,
this will cause the relative distances to instantaneously reverse direction when L = L0. L(t) in Eq.
(18) and its time derivatives can be used to replace L and its appropriate derivatives in Eq. (17).
For a non-pulsating relative distance constraint we set k = 0.
The equations of motion for the constrained system given by Eq. (7) can now be
formulated for the formation-flying problem by combining Eqs. (7), (8), and either (14) & (15) or
(16) & (17). In addition Eq. (18) can be included for time varying, or pulsating, relative
distances.
NUMERICAL RESULTS
We illustrate precision formation flying using purely a constraint analysis approach with
two numerical examples: a leader-follower configuration and a four spacecraft rhombus
formation around an oblate Mars. Recall, the examples are only intended to explore a method of
controlling spacecraft in formation, and not intended to analyze the formation. Key physical
parameters for Mars that are used in the simulation are listed in Table 1.
The numerical integration is done in Matlab® using a variable step 7th-8th order RungeKutta scheme. The error tolerance is set to 10-15. Although not discussed in this paper, numerical
robustness and implementation are key topics that require future work. In addition, one sees a
potential numerical difficulty in trying to perform the Moore-Penrose-inverse, or pseudo-inverse,
in Eq. (7) for poorly scaled matrices, e.g., a constraint between a spacecraft pair and a constraint
between a spacecraft and the center of the Mars.

Table 1. Key Physical parameters for Mars
Mars Physical Parameter
Reference (Equator) Radius
GM
Rotation Rate
Gravity Field
J2 (normalized)
J3 (normalized)
J4 (normalized)

Value
3,397 km
42,828.380415705753 km3/s2
7.08823595918567E-05 rad/s
4x4
8.74554802878902E-04
1.18743368538763E-05
-5.11051771440998E-06
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Table 2. Initial Orbital Elements
Orbit Parameter
Semi-major Axis, a
Eccentricity, e
Inclination, i
Longitude of Ascending Node, Ω
Argument of Periapsis, ω
True Anomaly, ν

Value
3,775 km
0
80°
0°
0°
0°

For the leader-follower configuration, and the rhombus configuration, the spacecraft are
placed at equal distances away from the center of the configuration, where the initial orbital
elements for the center of the formation are listed in Table 2. In the case of the leader-follower
configuration the leader spacecraft is placed at a true anomaly ahead of the follower spacecraft,
such that the distance between the spacecraft is 1 km apart. For the rhombus configuration, the
distances between the spacecraft along the perimeter of the formation are also 1 km apart. For
simplicity, each spacecraft will have a mass of 1,000 kg.
Baumgarte’s stabilization technique is used to stabilized the formation and to maintain
very accurate precision. Taking the leader-follower example, Figure 2 shows the numerical drift
in the relative distances while simulating the formation without any stabilization. The drift
begins instantaneous. The selection of α and β (in Eq. (12)) effects the precision of the
formation. In Figure 3 we simulated the same leader-follower example for various values of α
and β. We see that the error quick dissipate regardless of the combination of values we used for
α and β. Thus, for the purpose of this paper, any selections of the coefficient for Eq. (12) are
sufficient to stabilize the formation to very high precision, i.e., 10-9. Future analysis will be
required to “fine tune” the transient behavior, ie. overshooting and settling time. In Figure 3 we
also see that our initial conditions are not exactly perfect with an error of about 2.9x10-9.
The results are organized into three segments: (1) example of the leader-follower
formation, (2) example of the rhombus formation, and (3) example of the rhombus formation with
.

Figure 2. Error in relative distances between 2 spacecraft without stabilization. Note the drift.
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Figure 3. Error in relative distances between 2 spacecraft using Baumgarte’s stabilization technique.

Leader-Follower Formation
In the simulation of the leader-follower configuration the spacecraft are propagated for 2
orbits (~3.91 hours) with and without the constraints applied. In Figure 4 the relative distance
(and error) between the two spacecraft are plotted as a function of orbit number. Figure 4a shows
the relative motion if no constraint forces were applied to maintain the formation, and Figure 4b
shows the relative motion when the constraint forces are applied. We note from Figure 4b that
the error is less than 10-9 km (although note shown, the steady-state error after the transient
stabilization is approximately 10-12). Note that the y-axes in the figures are plotted subtracting the
initial starting relative distance, L0 = 1 km. This selection of L0 normalizes the axes. The
stabilization coefficients used with the relative distance constrains are α = 0.2 and β = 0.03.
In Figure 5 the magnitude of the applied thrust force, which is required of both spacecraft
to remain in its tight formation, is plotted against orbit number. We define the required thrust
force as the impulsive force required of each spacecraft to maintain its formation, which in our
current formulation is defined by Eq. (6). It should be clarify that Eq. (6) does not just describe
the interconnecting thrust force between the spacecraft, but all the required force to maintain its
formation. We note that thrust magnitude in Figure 5, although continuous, remains fairly small,
less than 4 mN during the spacecraft’s 2 orbits. It is also important to remind the reader that the
constraint forces computed by Eq. (6) are computed such that
, is minimized at each
instant of time.
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Figure 4. Relative distance error between the spacecraft for (a) the unconstrained system,
and (b) for the spacecraft when constraints are applied as a function of time. L0 = 1 km.

Figure 5. Applied force for both the 1,000 kg spacecraft
to maintain the relative distances (Figure 2b).

Rhombus Formation
In the simulation of the rhombus configuration the spacecraft are also propagated for 2
orbits (~3.91 hours) with and without the constraints applied. In Figure 6 the relative distances
between the six possible combinations of spacecraft are plotted as a function of orbit number for
the unconstrained system. Note that the y-axes in the figures are plotted subtracting the initial
starting relative distances, L0 = 1 km for spacecraft pairs that are along the perimeters of the
formation, and L0 =
km for spacecraft cross pairs, i.e., spacecraft 1 & 3 (Figure 1). Figure 7
shows the relative motion when the constraint forces are applied. We note from Figure 7 that the
maximum error between the desired distance and actual distance (normalized by the desired
distance) is less than 10-7 km, which occurs early on the trajectory, but significantly reduces by
orders of magnitude afterwards. The stabilization coefficients used for the relative distance
constraints are α = 0.2 and β = 0.03, which can be adjusted to reduce the relative errors early in
the trajectory.
In Figure 8 the magnitude of the applied thrust force is plotted against orbit number. We
note that thrust magnitude, although continuous, remains fairly small (less than 5 mN) for
spacecraft 1 & 3, and much larger (560-566 mN) for spacecraft 2 & 4. The latter is expected
since we are now constraining across-track spacecraft (Figure 1) to fly in formation.
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Pulsating Time-Varying Rhombus Formation
Setting k = (2π/7000) in Eq. (18), we obtain a time periodic rhombus formation where
one pulse period is equal to half an orbit as shown in Figure 9. Again, the simulation is carried
out for a period of 2 orbits (~3.91 hours) with the constraints applied. The difference here lies
with the specification of a time varying relative distance constraint where
is given by Eq.
(18). We can see from the relative distances that the rhombus is flying in the desired pulsating
formation. The constraint force necessary to achieve this formation is shown in Figure 10. The
constraint force reveals the direction change of the formation by the large thrust forces (~180 N)
required at each pulse period.

Figure 6. Relative distance between the spacecraft combination for the unconstrained rhombus
formation system as a function of time. Spacecraft comparisons are as noted on the figure. L0 = 1
km for spacecraft pairs that are along the perimeters of the formation, and L0 =
km for
spacecraft cross pairs.

FUTURE WORK
Work in this area continues in order to improve numerical robustness, e.g., poor scaling
of the constraint matrix, and to provide a control system implementation for the spacecraft in
formation. Also, the implementation of sensor noise, modeling imperfection, and attitude
knowledge errors are key issues to be evaluated. In addition, future work will include a
comparison with other formation flying method method, such as suing LQR and Lyapunov
method. The exploration of additional formations such as a general constraint formulation for an
n-body formation is also of interest. However, the viability and application of this method to an
actual space mission is of greatest importance for immediate future work.
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Figure 7. Relative distance between the spacecraft combination for the constrained rhombus
formation system as a function of time. Spacecraft comparisons are as noted on the figure. L0 = 1
km for spacecraft pairs that are along the perimeters of the formation, and L0 =
km for
spacecraft cross pairs.

Figure 8. Applied force for the 1,000 kg spacecraft to maintain their respective
relative distances given in Figure 5: (a) Spacecraft 1 and 3, and (b) Spacecraft 2 and 4.

CONCLUSION
A different and new approach to the control of multiple spacecrafts in formation flight is
introduced in this paper. This method differs from current approaches because it does not rely on
any linearization of the local dynamics, does not make any assumptions on the gravity field, and
it employs a very general approach to the understanding of constrained motion. This approach
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relies on the new form of the fundamental equations of motion (1992 [14]) for constrained
motions, and its use for tracking-control of nonlinear systems as described in Ref. [17].
In this paper we apply this method to the control of multiple spacecraft flying in precise
formation around a non-spherical spinning Mars for a leader-follower configuration and a
rhombus configuration. We obtain the exact deterministic applied forces (and equations of
motion) to maintain and control the spacecraft configurations. Numerical simulations verify this,
and show the great precision of the control methodology developed herein, in many cases, to
computer precision. In addition, we look at the effects of time-varying relative distances. The
examples in this paper demonstrate the ease with which the control forces can be explicitly
obtained, as well as the flexibility of the method to easily incorporate other constraints in a simple
and straightforward manner by including them into the constraint equation, Eq. (3).
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Figure 9. Relative distances (scaled by the initial relative distance) between different spacecraft
combinations for the time-varying rhombus formation: (a) Spacecraft 1 and 2, (b) Spacecraft 1 and
3, (c) Spacecraft 1 and 4, (d) Spacecraft 2 and 3, (e) Spacecraft 2 and 4, and (f) Spacecraft 3 and 4.
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Figure 10. Constraint force necessary for the rhombus formation to maintain the desired pulsating
motion: (a) Thrust force plotted over the simulation time of 2 orbits, and (b) Thrust force plotted at
higher resolution to examine the thrust spike occurring at 0.5 orbit.
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