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Abstract: In this contribution we discuss the application of Model Predictive Control (MPC)
to achieve a connected network formation of spacecrafts. A set of three spacecrafts are used
to achieve in-plane formation which are initially in a connected network. Two scenarios
including formation control and formation control with collision avoidance in a leader-follower
configuration is addressed through simulation studies. The aspect of MPC stability and network
connectivity is also addressed briefly in the context of formation control.
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1. INTRODUCTION

The problem of Spacecraft Formation Flying involves the
cooperation of multiple spacecrafts to achieve a common
task. The satellite formation can have different mission
applications such as [Valmorbida (2014), EO (2016)]: Syn-
thetic Aperture Radar (SAR) mission for remote sensing,
Space and Earth Science Missions for acquiring scientific
data from multiple satellite locations, Interferometric mis-
sion to name a few. There are also different projects that
involved formation flying and coordinated control such
as [Valmorbida (2014), [EO (2016)]: TanDEM, PRISMA,
GRACE, PROBA and LISA among others. Different as-
pects of the Formation Flying problem has been addressed
in literature such as Formation Control and Topology
Control. The Formation control [Nair and Behera (2016)]
of spacecraft involves the emphasis on the control aspects
to obtain relative motion of spacecraft to a certain pre-
defined fixed topology, where as topology control involves
the problem of obtaining a certain network topology with
specific properties such as connectivity [Moshtagh et al.
(2010)]. For an extensive survey on formation control of
small satellites please refer to [Liu and Zhang (2018)].

The Model Predictive Control technique has been exten-
sively used for formation and cooperative control [Lavaei
et al. (2007); Valmorbida (2014); Scharnagl et al. (2018);
Boggio et al. (2022); Kannan et al. (2017); Dentler et al.
(2019a,b); Dentler (2018)] due to its advantages of han-
dling constraints systematically including methodologies
involving centralized and decentralized solutions.

Compared to [Boggio et al. (2022)] and the references cited
in [Liu and Zhang (2018)], the key contributions of this
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article includes the application of Model Predictive Con-
trol to achieve a predefined connected network formation
and additionally the problem of stability for a modified
problem along with connectivity maintenance in the con-
text of spacecraft formation. The remainder of the article
is as follows: first the modelling aspect of the satellite
formation flying is addressed using the Clohessy-Wiltshire
equation following which the Model Predictive Control is
addressed. Next the MPC stability and connectivity is
discussed followed by simulation studies.

2. MODELLING

The Clohessy-Wiltshire-Hill [Sidi (1997)] equation which
are used for the formation control problem are briefly
discussed here starting with the definition of the Hill’s
frame which can be seen in Fig. 1. Here R0 and R1 are
distances of the reference satellite and second satellite from
the central body or Earth. The relative distance between
the satellites is given by R01 = R1 −R0. For small values
of |R01|, the relative acceleration in the rotating frame can
be given by [Sidi (1997)]

R̈01 =
µ

R3
0

[
−R01+3

(
R0

R0
·R01

)
R0

R0

]
+F +O(R2) (1)

where R0 = |R0|, µ is a gravitational constant, F is the
external force vector. Under the assumption of circular
orbit, the linearized Clohessey-Wiltshire equation can be
used to represent the relative motion of follower satellites
with respect to a virtual centre [Dai et al. (2013)]

ẍi − 2n0ẏi − 3n2
0xi = uxi (2)

ÿi + 2n0ẋi = uyi
(3)

z̈i + n2
0żi = uzi (4)

where [xi, yi, zi]
� are the relative motion states for

agent i, [uxi , uyi , uzi ]
� are the control accelerations, i ∈
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0żi = uzi (4)

where [xi, yi, zi]
� are the relative motion states for

agent i, [uxi , uyi , uzi ]
� are the control accelerations, i ∈

Model Predictive Control of Connected
Spacecraft Formation �

Somasundar Kannan ∗ Parijat Bhowmick ∗∗

Seyed Amin Sajadi Alamdari ∗∗∗

∗ School of Engineering, Robert Gordon University, Aberdeen, AB10
7GJ, UK (e-mail:s.kannan1@rgu.ac.uk)

∗∗ Dept of EEE, IIT Guwahati, Assam-781039, India (e-mail:
parijat.bhowmick@iitg.ac.in)

∗∗∗ Goodyear Operations, Av. Gordon Smith, 7750 Colmar-Berg,
Luxembourg

Abstract: In this contribution we discuss the application of Model Predictive Control (MPC)
to achieve a connected network formation of spacecrafts. A set of three spacecrafts are used
to achieve in-plane formation which are initially in a connected network. Two scenarios
including formation control and formation control with collision avoidance in a leader-follower
configuration is addressed through simulation studies. The aspect of MPC stability and network
connectivity is also addressed briefly in the context of formation control.

Keywords: Formation Control, Spacecraft, MPC, collision avoidance, connected network.

1. INTRODUCTION

The problem of Spacecraft Formation Flying involves the
cooperation of multiple spacecrafts to achieve a common
task. The satellite formation can have different mission
applications such as [Valmorbida (2014), EO (2016)]: Syn-
thetic Aperture Radar (SAR) mission for remote sensing,
Space and Earth Science Missions for acquiring scientific
data from multiple satellite locations, Interferometric mis-
sion to name a few. There are also different projects that
involved formation flying and coordinated control such
as [Valmorbida (2014), [EO (2016)]: TanDEM, PRISMA,
GRACE, PROBA and LISA among others. Different as-
pects of the Formation Flying problem has been addressed
in literature such as Formation Control and Topology
Control. The Formation control [Nair and Behera (2016)]
of spacecraft involves the emphasis on the control aspects
to obtain relative motion of spacecraft to a certain pre-
defined fixed topology, where as topology control involves
the problem of obtaining a certain network topology with
specific properties such as connectivity [Moshtagh et al.
(2010)]. For an extensive survey on formation control of
small satellites please refer to [Liu and Zhang (2018)].

The Model Predictive Control technique has been exten-
sively used for formation and cooperative control [Lavaei
et al. (2007); Valmorbida (2014); Scharnagl et al. (2018);
Boggio et al. (2022); Kannan et al. (2017); Dentler et al.
(2019a,b); Dentler (2018)] due to its advantages of han-
dling constraints systematically including methodologies
involving centralized and decentralized solutions.

Compared to [Boggio et al. (2022)] and the references cited
in [Liu and Zhang (2018)], the key contributions of this

� The second author gratefully acknowledges the financial support
of the Science and Engineering Research Board (SERB), DST, India,
under the research grant SRG/2022/000892/ES.

article includes the application of Model Predictive Con-
trol to achieve a predefined connected network formation
and additionally the problem of stability for a modified
problem along with connectivity maintenance in the con-
text of spacecraft formation. The remainder of the article
is as follows: first the modelling aspect of the satellite
formation flying is addressed using the Clohessy-Wiltshire
equation following which the Model Predictive Control is
addressed. Next the MPC stability and connectivity is
discussed followed by simulation studies.

2. MODELLING

The Clohessy-Wiltshire-Hill [Sidi (1997)] equation which
are used for the formation control problem are briefly
discussed here starting with the definition of the Hill’s
frame which can be seen in Fig. 1. Here R0 and R1 are
distances of the reference satellite and second satellite from
the central body or Earth. The relative distance between
the satellites is given by R01 = R1 −R0. For small values
of |R01|, the relative acceleration in the rotating frame can
be given by [Sidi (1997)]

R̈01 =
µ

R3
0

[
−R01+3

(
R0

R0
·R01

)
R0

R0

]
+F +O(R2) (1)

where R0 = |R0|, µ is a gravitational constant, F is the
external force vector. Under the assumption of circular
orbit, the linearized Clohessey-Wiltshire equation can be
used to represent the relative motion of follower satellites
with respect to a virtual centre [Dai et al. (2013)]
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ÿi + 2n0ẋi = uyi
(3)

z̈i + n2
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Space and Earth Science Missions for acquiring scientific
data from multiple satellite locations, Interferometric mis-
sion to name a few. There are also different projects that
involved formation flying and coordinated control such
as [Valmorbida (2014), [EO (2016)]: TanDEM, PRISMA,
GRACE, PROBA and LISA among others. Different as-
pects of the Formation Flying problem has been addressed
in literature such as Formation Control and Topology
Control. The Formation control [Nair and Behera (2016)]
of spacecraft involves the emphasis on the control aspects
to obtain relative motion of spacecraft to a certain pre-
defined fixed topology, where as topology control involves
the problem of obtaining a certain network topology with
specific properties such as connectivity [Moshtagh et al.
(2010)]. For an extensive survey on formation control of
small satellites please refer to [Liu and Zhang (2018)].

The Model Predictive Control technique has been exten-
sively used for formation and cooperative control [Lavaei
et al. (2007); Valmorbida (2014); Scharnagl et al. (2018);
Boggio et al. (2022); Kannan et al. (2017); Dentler et al.
(2019a,b); Dentler (2018)] due to its advantages of han-
dling constraints systematically including methodologies
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article includes the application of Model Predictive Con-
trol to achieve a predefined connected network formation
and additionally the problem of stability for a modified
problem along with connectivity maintenance in the con-
text of spacecraft formation. The remainder of the article
is as follows: first the modelling aspect of the satellite
formation flying is addressed using the Clohessy-Wiltshire
equation following which the Model Predictive Control is
addressed. Next the MPC stability and connectivity is
discussed followed by simulation studies.

2. MODELLING

The Clohessy-Wiltshire-Hill [Sidi (1997)] equation which
are used for the formation control problem are briefly
discussed here starting with the definition of the Hill’s
frame which can be seen in Fig. 1. Here R0 and R1 are
distances of the reference satellite and second satellite from
the central body or Earth. The relative distance between
the satellites is given by R01 = R1 −R0. For small values
of |R01|, the relative acceleration in the rotating frame can
be given by [Sidi (1997)]
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where R0 = |R0|, µ is a gravitational constant, F is the
external force vector. Under the assumption of circular
orbit, the linearized Clohessey-Wiltshire equation can be
used to represent the relative motion of follower satellites
with respect to a virtual centre [Dai et al. (2013)]

ẍi − 2n0ẏi − 3n2
0xi = uxi (2)

ÿi + 2n0ẋi = uyi
(3)

z̈i + n2
0żi = uzi (4)

where [xi, yi, zi]
� are the relative motion states for

agent i, [uxi , uyi , uzi ]
� are the control accelerations, i ∈
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ÿi + 2n0ẋi = uyi
(3)

z̈i + n2
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{1, 2, . . . , n}, n0 =
√

(µ/a30) is the angular velocity of the
reference orbit, µ is the gravitational constant of earth
and a0 is the radius of the reference orbit. The above
CW equations can be represented as a state-space form
ẋi = Axi +Bui, where A and B can be given by

A =




0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

3n2
0 0 0 0 2n0 0

0 0 0 −2n0 0 0
0 0 −n2

0 0 0 0




and B =
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]�

.

(5)
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Fig. 1. Hill’s Frame.

3. MODEL PREDICTIVE CONTROL (MPC)

The considered plant dynamics within this work can be
modelled by the following differential equation

ẋ(t) = f(x(t),u(t),p(t)) ∈ Rn (6)

where

x(t) ∈ X ⊂ Rn is the state vector,
u(t) ∈ U ⊂ Rmu is the input vector
p(t) ∈ Rmp is the vector of time-dependent parameters.

For means of simplicity, the continuous time formulation
will be be first introduced. Based on such a prediction
model, a model predictive control (MPC) predicts the
plant behaviour for a horizon τ = [t, t+ T ] at each
time t . Regarding the prediction, the control inputs are
determined to minimize a performance index J subject to
constraints C ∈ Rmc . This performance index is generally
considered as a cost function. It typically consists of stage
costs � which are integrated over the horizon time and final
costs ϕ which express the remaining costs at the end of the
prediction horizon. The optimal control problem which has
to be solved at each time t is further defined as:

min
u

J = ϕ(xτ (T, t),p(T, t))

+

∫ t+T

t

�(xτ (τ, t),uτ (τ, t),p(τ, t))dτ (7)

s.t. ẋτ (τ, t) = f(xτ (τ, t),uτ (τ, t),p(τ, t)), (8)

xτ (0, t) = x(t), (9)

0 ≥ C(xτ (τ, t),uτ (τ, t),p(τ, t)). (10)

The predicted trajectories xτ ,uτ within the horizon are
indexed by τ . The feedback of the controller is introduced
by (9), as the actual state x(t) is used as initial state
xτ (0, t) for the optimal control problem.

Practically a discrete-time version of model predictive
control is employed and hence we have discrete-time model
of the plant sampled at T > 0 given as

x(k + 1) = fT (x,u). (11)

The corresponding cost function JN : X × UN → R≥0 for
our problem is defined as

JN (x0,u) :=

N−1∑
n=0

�(xu(n),u(n)) (12)

and the respective optimal value function VN : X → R≥0∪
{∞} is defined as

VN (x0) := inf
u∈U N (z0)

JN (x0,u) (13)

for N ∈ N ∪ {∞}. Recursive feasibility of the MPC is
ensured by allowing u = 0 for arbitrary x(k) ∈ X that
is U N (fT (x,uN (x))) �= ∅. More details on the feasibility
issues have been addressed in [Grüne et al. (2010)] and
[Worthmann et al. (2016)]. Although feasibility is ensured
in the current implementation, asymptotic stability is not
guaranteed because in this paper there are no constraints
on terminal and running costs. In the following section
we will systematically address the asymptotic stability by
finding conditions on the prediction horizon N .

4. STABILITY AND CONNECTEDNESS

In this section we will first present some preliminary results
necessary to address the closed loop asymptotic stability
of spacecraft and finally connectivity and formation flying.

4.1 Stability of MPC

The following assumption introduced in [Tuna et al.
(2006)] and discussed in [Worthmann et al. (2016)] is
essential here to address the asymptotic stability.

Assumption 1. (Worthmann et al. (2016)). Let a mono-
tonically increasing and bounded sequence (γi)i∈N be given
and suppose for each x0 ∈ X the estimate

Vi(x0) ≤ γi · ��(x0) ∀i ∈ N (14)

holds, where Vi is an optimal value function and �� is the
respective running cost for the desired state x�. Further,
let there exist two K∞-functions η, η : R≥0 → R≥0

satisfying

η(‖x− x�‖) ≤ ��(x) ≤ η(‖x− x�‖) ∀x ∈ X. (15)

Based on Assumption 1 and if recursive feasibility of our
problem holds then asymptotic stability of our closed loop
system can be established. We will follow the approach
of [Worthmann et al. (2016)] and for detailed discussion
please refer to [Grüne et al. (2010)].

Copyright © 2023 The Authors. This is an open access article under the CC BY-NC-ND license  
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Theorem 2. (Worthmann et al. (2016)). Let Assumption
1 hold and let the performance index αN be given by

αN := 1−
(γN − 1)

∏N
k=2(γk − 1)∏N

k=2 γk −
∏N

k=2(γk − 1)
. (16)

Then, if αN > 0, the relaxed Lyapunov inequality

VN (fT (x,uN (x))) ≤ VN (x)− αN �(x,uN (x)) (17)

holds for all x ∈ X and the closed loop MPC with
prediction horizonN is asymptotically stable. Here fT (·, ·)
is the discrete equivalent of the given continuous system
to be controlled.

The above condition (15) on the quadratic running cost
and the growth bound γi, i ∈ N0 of condition (14) can be
derived using the following:

Theorem 3. (Worthmann et al. (2016)). Let a sequence (cn)n∈N0 ⊆
R≥0 be given and assume that

∑∞
n=0 cn < ∞ holds. In

addition suppose that for each x0 ∈ X an admissible
sequence of control values ux0 = (z0(n))n∈N0 ∈ U ∞(x0)
exists such that the inequality

�(xux0
(n;x0),ux0

(n)) ≤ cn · ��(x0) ∀n ∈ N0 (18)

holds. Then, the growth bound γi, i ∈ N0 of condition (14)

is given by γi =
∑i−1

n=0 cn, i ∈ N0.

4.2 Spacecraft control using MPC and stability discussion

In order to apply the above stability results we will simplify
our spacecraft control problem. Considering motion along
(x, y)-plane and assuming that the spacecraft moves only
along the y-axis , we consider the Clohessey-Wiltshire
equation as a second order system

ÿ = u (19)

where we have omitted the subscripts for ease of notation.
A discrete equivalent of the system can be given as follows

y(k + 1) =

(
y1 + Ty2 + T 2u/2

y2 + Tu

)
(20)

where we have the state vector y = [y1 y2]
�
, T is the

sample period and u is the control input. For a constant
known T we have the system model

y(k + 1) = Ay +Bu (21)

The desired equilibrium y� is contained inside X. The
running cost chosen here is �(y, u) = ‖y − y�‖2 + λ‖u‖2,
where λ ≥ 0. We define a control

u(k) = K(y� − yuy0
(k; y0)). (22)

K is a design choice which can be chosen such that
u(k) ∈ U for yuy0

∈ X. We know that

yuy0
(k + 1; y0)) = Ayuy0

(k; y0)) +BK(y� − yuy0
(k; y0))).

(23)
Let us take

y�(k + 1) = Ay� (24)

for which we obtain the following

‖yuy0
(k+1; y0)−y�(k+1)‖ = (A−BK)‖yuy0

(k; y0)−y�‖.
(25)

Using the running cost we can deduce the condition (18)
as follows

�(yuy0
(k), uy0(k))

= ‖yuy0
(k)− y�‖2 + λ‖uy0

(k)‖2

= (1 + λK2)‖yuy0
(k)− y�‖2

= (1 + λK2)(A−BK)2k‖yuy0
(0)− y�‖2

= cn�
�(y0)

In the above demonstration, we have the condition, (18),
with cn = Cσn where C = 1 + λK2 and σ = (A− BK)2.
Without precisely calculating coefficients cn and the series
γi, we will make the stability arguments similar to [Grüne
(2021)]. We can note that C > 0 and similarly if we
consider that the pair (A,B) is stabilizable for a prudently
chosenK we have the eigenvalues of σ in the unit circle and
for large N we have cn bounded and finally γi bounded.
Following the discussion of [Grüne (2021)] we can say that
for γi bounded we have αN → 1 as N → ∞. Therefore
αN > 0 for sufficiently large N rendering the system
asymptotically stable.

4.3 Connectivity and Formation Flying

Here we will briefly discuss the connectivity problem of
the multiple spacecraft problem in the lines of the [Kohler
and Dimarogonas (2016)]. Let us consider the dynamics
of two agent satellites in single dimension, which can be
simplified as a double integrator system. More precisely
connectedness here is discussed in terms of continuous
agent satellite model as it is associated with the original
Clohessey-Wiltshire equation. Let us define the relative
agent states ε := [xij , vij ]

� with xij := xi − xj and
vij := vi − vj . Two agents in a proximity-based network
which are initially connected will stay connected if their
relative states remain in Φ = {(xij , vij)| ‖xij‖ ≤ δ} which
is invariant under [Kohler and Dimarogonas (2016)]

ẋij = vij (26)

v̇ij = ui − uj (27)

The one-dimensional relative agent dynamics can be given
by [Kohler and Dimarogonas (2016)]

ε̇ =

(
ẋij

v̇ij

)
= Aεij + µ̄ij (28)

where µ̄ij =

(
0
µij

)
and considered as a disturbance.

Considering the fact that A is Hurwitz, the Lyapunov
equation A�P + PA = −Q with Q positive definite
we have the following Lyapunov function for the system

Vij = ε�ijPεij with P =

[
P1 P2

P2 P3

]
is symmetric and positive

definite. The derivative of the Lyapunov function along the
system trajectory gives [Kohler and Dimarogonas (2016)]

V̇ij = −ε�ijQεij + 2ε�ijPµ̄ij (29)

≤ 0 for ‖εij‖ ≥ 2‖µij‖
√
P 2
2 + P 2

3

λmin(Q)
(30)

From the above, we get [Kohler and Dimarogonas (2016)]

‖µij‖ ≤ λmin(Q)

2
√
P 2
2 + P 2

3

‖εij‖ (31)

Choosing c∗ such that [Kohler and Dimarogonas (2016)]

max
ε�
ij
Pεij=c∗

‖xij‖ ≤ δ (32)
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Theorem 3. (Worthmann et al. (2016)). Let a sequence (cn)n∈N0 ⊆
R≥0 be given and assume that

∑∞
n=0 cn < ∞ holds. In

addition suppose that for each x0 ∈ X an admissible
sequence of control values ux0 = (z0(n))n∈N0 ∈ U ∞(x0)
exists such that the inequality

�(xux0
(n;x0),ux0

(n)) ≤ cn · ��(x0) ∀n ∈ N0 (18)

holds. Then, the growth bound γi, i ∈ N0 of condition (14)

is given by γi =
∑i−1

n=0 cn, i ∈ N0.

4.2 Spacecraft control using MPC and stability discussion

In order to apply the above stability results we will simplify
our spacecraft control problem. Considering motion along
(x, y)-plane and assuming that the spacecraft moves only
along the y-axis , we consider the Clohessey-Wiltshire
equation as a second order system

ÿ = u (19)

where we have omitted the subscripts for ease of notation.
A discrete equivalent of the system can be given as follows

y(k + 1) =

(
y1 + Ty2 + T 2u/2

y2 + Tu

)
(20)

where we have the state vector y = [y1 y2]
�
, T is the

sample period and u is the control input. For a constant
known T we have the system model

y(k + 1) = Ay +Bu (21)

The desired equilibrium y� is contained inside X. The
running cost chosen here is �(y, u) = ‖y − y�‖2 + λ‖u‖2,
where λ ≥ 0. We define a control

u(k) = K(y� − yuy0
(k; y0)). (22)

K is a design choice which can be chosen such that
u(k) ∈ U for yuy0

∈ X. We know that

yuy0
(k + 1; y0)) = Ayuy0

(k; y0)) +BK(y� − yuy0
(k; y0))).

(23)
Let us take

y�(k + 1) = Ay� (24)

for which we obtain the following

‖yuy0
(k+1; y0)−y�(k+1)‖ = (A−BK)‖yuy0

(k; y0)−y�‖.
(25)

Using the running cost we can deduce the condition (18)
as follows

�(yuy0
(k), uy0(k))

= ‖yuy0
(k)− y�‖2 + λ‖uy0

(k)‖2

= (1 + λK2)‖yuy0
(k)− y�‖2

= (1 + λK2)(A−BK)2k‖yuy0
(0)− y�‖2

= cn�
�(y0)

In the above demonstration, we have the condition, (18),
with cn = Cσn where C = 1 + λK2 and σ = (A− BK)2.
Without precisely calculating coefficients cn and the series
γi, we will make the stability arguments similar to [Grüne
(2021)]. We can note that C > 0 and similarly if we
consider that the pair (A,B) is stabilizable for a prudently
chosenK we have the eigenvalues of σ in the unit circle and
for large N we have cn bounded and finally γi bounded.
Following the discussion of [Grüne (2021)] we can say that
for γi bounded we have αN → 1 as N → ∞. Therefore
αN > 0 for sufficiently large N rendering the system
asymptotically stable.

4.3 Connectivity and Formation Flying

Here we will briefly discuss the connectivity problem of
the multiple spacecraft problem in the lines of the [Kohler
and Dimarogonas (2016)]. Let us consider the dynamics
of two agent satellites in single dimension, which can be
simplified as a double integrator system. More precisely
connectedness here is discussed in terms of continuous
agent satellite model as it is associated with the original
Clohessey-Wiltshire equation. Let us define the relative
agent states ε := [xij , vij ]

� with xij := xi − xj and
vij := vi − vj . Two agents in a proximity-based network
which are initially connected will stay connected if their
relative states remain in Φ = {(xij , vij)| ‖xij‖ ≤ δ} which
is invariant under [Kohler and Dimarogonas (2016)]

ẋij = vij (26)

v̇ij = ui − uj (27)

The one-dimensional relative agent dynamics can be given
by [Kohler and Dimarogonas (2016)]

ε̇ =

(
ẋij

v̇ij

)
= Aεij + µ̄ij (28)

where µ̄ij =

(
0
µij

)
and considered as a disturbance.

Considering the fact that A is Hurwitz, the Lyapunov
equation A�P + PA = −Q with Q positive definite
we have the following Lyapunov function for the system

Vij = ε�ijPεij with P =

[
P1 P2

P2 P3

]
is symmetric and positive

definite. The derivative of the Lyapunov function along the
system trajectory gives [Kohler and Dimarogonas (2016)]

V̇ij = −ε�ijQεij + 2ε�ijPµ̄ij (29)

≤ 0 for ‖εij‖ ≥ 2‖µij‖
√
P 2
2 + P 2

3

λmin(Q)
(30)

From the above, we get [Kohler and Dimarogonas (2016)]

‖µij‖ ≤ λmin(Q)

2
√
P 2
2 + P 2

3

‖εij‖ (31)

Choosing c∗ such that [Kohler and Dimarogonas (2016)]

max
ε�
ij
Pεij=c∗

‖xij‖ ≤ δ (32)

which gives us c∗ =
(
P1 − P 2

2

P3

)
δ2 and the following set

Φc∗ = {εij |ε�ijPεij ≤ c∗}.
Theorem 4. (Kohler and Dimarogonas (2016)). The two agents
whose dynamics is given by (28) will stay connected at all
times if their initial conditions are chosen from the set
Φc∗ = {εij |ε�ijPεij ≤ c∗} with P being the unique solution
of the Lyapunov function for any positive definite Q, c∗

such that (32) holds and ‖µ‖ is bounded by (31).

Theorem 4 along with the discussions given in the previous
section can be used to conclude that the proposed MPC
solution will keep the multiple spacecrafts connected while
assuring closed loop asymptotic stability. In the following
section, we will address a few application scenarios for the
cooperative control of spacecrafts.

5. SIMULATION STUDIES

Here we will discuss the application of Model Predictive
Control to the problem of Spacecraft Formation Flying.
The solution of optimal control problem (8)–(10) is com-
putationally expensive. Furthermore control applications
require real-time capability. Therefore model predictive
control in space applications is particularly challenging
due to limited computational power. For this reason a fast
continuation generalized minimal residual method (CGM-
RES) [Ohtsuka (2004)] is applied within this work. Its
computational efficiency has been shown for single plants
in [Sajadi-Alamdari et al. (2016)], [Dentler et al. (2016b)],
[Seguchi and Ohtsuka (2002)] and [Seguchi and Ohtsuka
(2003)], as well its applicability for multi agent systems
has been discussed in [Dentler et al. (2016a)]. A major
advantage is also the open source code which is available
under [Ohtsuka (2015)].

For simulation case study, we have considered a set of three
identical spacecrafts. The governing equations are based
on the Clohessy-Wiltshire (CW) equation as discussed
before with n0 = 0.0011. Two simulation scenarios for
in-plane formation are discussed which include: Position
Control to achieve connected Network and finally position
control with collision avoidance in leader-follower configu-
ration.

5.1 Position Control to achieve a predefined Connected
Network Formation

The first scenario includes the formation control of a set
of 3 satellites to achieve a predefined connected network
formation in-plane. The 3 satellites start from condition
[xi, yi, zi] = [0, 0, 0] for i = {1, 2, 3} to the final position
[x1, y1, z1] = [100, 100, 100], [x2, y2, z2] = [100, 200, 100],
[x3, y3, z3] = [100, 300, 100]. It is assumed that the in-plane
formation already forms a connected network. The cost
function used to perform the given control problem can be
given as:

J1 = e�p Qep + u�Ru (33)

where ep is the respective position error, −50 ≤ u ≤ 50 is
the control input, while Q,R are respectively position and
control gains.

The respective simulation results for the current scenario
can be seen in Fig. 2,3,4. In Fig. 2 we can see the position
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Fig. 2. Position Control: Spacecraft-1.
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ẋ
3

0 10 20 30 40
-50

0

50

u
x
3

0 10 20 30 40
0

100

200

300

400

y
3

0 10 20 30 40
-100

0

100

200

ẏ
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Fig. 4. Position Control: Spacecraft-3.

evolution of Spacecraft-1 from [0, 0, 0] to [100, 100, 100]
with respectively the velocities and control input. In Fig. 3
and Fig. 4, we can respectively see the states and inputs
of spacecraft-2 and spacecraft-3.
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5.2 Position Control with collision avoidance

The second scenario includes the formation control of a set
of 3 satellites to achieve a predefined connected network
formation in-plane while following a leader-follower config-
uration at the same time performing collision avoidance.
The 3 satellites start from condition [xi, yi, zi] = [0, 0, 0] for
i = {1, 2, 3} while only the final position of second satellite
is known as [x2, y2, z2] = [100, 100, 100]. The first and the
third satellite has to reach the final state while maintaining
a distance of 10 m from the second satellite. The final x
and z positions of the all three satellites are same. It is
also assumed that the in-plane formation already forms a
connected network. The cost function used to perform the
given control problem can be given as:

J1 = e�p Qep + u�Ru+ e�y1K1ey1 + e�y3K2ey3 (34)

where ep is the respective position error, −50 ≤ u ≤ 50 is
the control input and, ey2 = y2−y1−10 and ey2 = y2−y3−
10 are the implicit constraints to maintain the y position
of satellite-1 and satellite-3 at 10 m away from satellite-2
with K1 and K2 respectively the performance gains. while
Q,R are respectively position and control gains.
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Fig. 5. Position Control with collision avoidance:
Spacecraft-1.

The respective simulation results for the current scenario
can be seen in Fig. 5,6,7. In Fig. 5 we can see the position
evolution of Spacecraft-1 from [0, 0, 0] to [100, 110, 100]
with respectively the velocities and control input. In Fig. 6
evolution of Spacecraft-2 from [0, 0, 0] to [100, 100, 100] and
in Fig. 4 we can respectively see the states and inputs of
spacecraft-3 reaching [100, 90, 100] .

6. CONCLUSION

In the current research we have successfully discussed the
application of Model Predictive Control to the proximity
network formation. The stability of closed loop MPC and
connectivity of the spacecraft network is also briefly ad-
dressed and two scenarios of simulation including position
control and position control with collision avoidance in a
leader-follower network is addressed. In the future scope,
Negative Imaginary (NI) systems theory [Bhowmick and
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Spacecraft-3.

Lanzon (2022, 2019, 2020); Bhowmick and Patra (2017);
Kurawa et al. (2021); Lanzon and Bhowmick (2022); Ku-
rawa et al. (2019); Bhowmick and Ganguly (2022)] can
be applied to design a state-of-the-art formation control
scheme for a group of connected satellites.
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5.2 Position Control with collision avoidance

The second scenario includes the formation control of a set
of 3 satellites to achieve a predefined connected network
formation in-plane while following a leader-follower config-
uration at the same time performing collision avoidance.
The 3 satellites start from condition [xi, yi, zi] = [0, 0, 0] for
i = {1, 2, 3} while only the final position of second satellite
is known as [x2, y2, z2] = [100, 100, 100]. The first and the
third satellite has to reach the final state while maintaining
a distance of 10 m from the second satellite. The final x
and z positions of the all three satellites are same. It is
also assumed that the in-plane formation already forms a
connected network. The cost function used to perform the
given control problem can be given as:

J1 = e�p Qep + u�Ru+ e�y1K1ey1 + e�y3K2ey3 (34)

where ep is the respective position error, −50 ≤ u ≤ 50 is
the control input and, ey2 = y2−y1−10 and ey2 = y2−y3−
10 are the implicit constraints to maintain the y position
of satellite-1 and satellite-3 at 10 m away from satellite-2
with K1 and K2 respectively the performance gains. while
Q,R are respectively position and control gains.
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The respective simulation results for the current scenario
can be seen in Fig. 5,6,7. In Fig. 5 we can see the position
evolution of Spacecraft-1 from [0, 0, 0] to [100, 110, 100]
with respectively the velocities and control input. In Fig. 6
evolution of Spacecraft-2 from [0, 0, 0] to [100, 100, 100] and
in Fig. 4 we can respectively see the states and inputs of
spacecraft-3 reaching [100, 90, 100] .

6. CONCLUSION

In the current research we have successfully discussed the
application of Model Predictive Control to the proximity
network formation. The stability of closed loop MPC and
connectivity of the spacecraft network is also briefly ad-
dressed and two scenarios of simulation including position
control and position control with collision avoidance in a
leader-follower network is addressed. In the future scope,
Negative Imaginary (NI) systems theory [Bhowmick and
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ẋ
3

0 10 20 30 40

-40

-20

0

20

40

60

u
x
3

0 10 20 30 40
-50

0

50

100

y
3

0 10 20 30 40
-50

0

50

100

ẏ
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ż
3

0 10 20 30 40

Time (seconds)

-40

-20

0

20

40

60

u
z
3

Fig. 7. Position Control with collision avoidance:
Spacecraft-3.

Lanzon (2022, 2019, 2020); Bhowmick and Patra (2017);
Kurawa et al. (2021); Lanzon and Bhowmick (2022); Ku-
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