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Introduction
Motivation

Yet to transition from concept to deployment

Inhibiting technical challenges on a very large-scale

Decentralized framework

Distributed synthesis

Centralized

Decentralized

Paradigm revolution from a control standpoint
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Introduction
State-of-the-art overview

Decentralized control

Quadratic
invariance

Robust
control Clustering Convex

relaxation

Convex
Limiting assumptions

BMIs: NP-hard
LMIs: suboptimal

Distributed synthesis
Weak couplings

Convex
Suboptimal

Goal: address the void to enable ground-breaking very large-scale applications
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Introduction
Problem Framework

Control objective Local dynamics and couplings Decentralized
framework

Quadratic cost

Regulator LTV

Approximate nonlinear systems

Sparse couplings

Linear feedback

Local feedback

Very large-scale 
feasibility constraints

On controller synthesis

Feasible real-time implementation 

On communication, computational, and memory 

Receding horizon (RHC)

Network of
<latexit sha1_base64="TRKyFYdw7UG2fXNYLcVIGSv143s=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVERN1ZcONKWrAXaEOZTE/asZNJmJkIJfQJ3LhQpC59C1/DnW/jpO1CW38Y+Pj/c5hzjh9zprTjfFu5ldW19Y38ZmFre2d3r7h/0FBRIinWacQj2fKJQs4E1jXTHFuxRBL6HJv+8CbLm48oFYvEvR7F6IWkL1jAKNHGqt11iyWn7ExlL4M7h9L15yTTe7Vb/Or0IpqEKDTlRKm268TaS4nUjHIcFzqJwpjQIelj26AgISovnQ46tk+M07ODSJontD11f3ekJFRqFPqmMiR6oBazzPwvayc6uPJSJuJEo6Czj4KE2zqys63tHpNINR8ZIFQyM6tNB0QSqs1tCuYI7uLKy9A4K7sX5fOaU6qcw0x5OIJjOAUXLqECt1CFOlBAeIIXeLUerGfrzZrMSnPWvOcQ/sj6+AHF5JFY</latexit>

N systems
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Approach overview

Control objective Local dynamics and couplings Decentralized
framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints
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Problem Statement
Local dynamics

Control objective Local dynamics and couplings Decentralized
framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints
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Problem Statement
Network dynamics

<latexit sha1_base64="TokNAB5fQJY30B6fMxvukYxkSI8="></latexit>(
xi(k + 1) =

P
j2dD�

i
Ai,j(k)xj(k) +

P
j2dD�

i
Bi,j(k)uj(k)

zi(k) =
P

j2oD�
i
Hi,j(k)xj(k),

<latexit sha1_base64="IM1OEmAAknh95+4nn9ZOIpnLoj4="></latexit>(
x(k + 1) = A(k)x(k) +B(k)u(k)

z(k) = H(k)x(k),

Grouping local dynamics

Directed output coupling graphDirected dynamical coupling graph
<latexit sha1_base64="7/8plE4xQ2jBgCS6NgciIH6YYX0=">AAAB9HicbVDLSgMxFL1TX3W0WnXpJlgKrsqMiHZZENRlBfuAdiiZTNqGZjJjkimUod/hxoUiuvQj/AR3/o2ZtgttPRA4nHMv9+T4MWdKO863lVtb39jcym/bO7uFvf3iwWFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oKvNbYyoVi8S9nsTUC/FAsD4jWBvJ64ZYDwnm6c20F/SKJafizIBWibsgpVrhMylf2+/1XvGrG0QkCanQhGOlOq4Tay/FUjPC6dTuJorGmIzwgHYMFTikyktnoaeobJQA9SNpntBopv7eSHGo1CT0zWQWUi17mfif10l0v+qlTMSJpoLMD/UTjnSEsgZQwCQlmk8MwUQykxWRIZaYaNOTbUpwl7+8SppnFfeicn5n2qjCHHk4hhM4BRcuoQa3UIcGEHiAR3iGF2tsPVmv1tt8NGctdo7gD6yPH3mmlM4=</latexit>

Gd
<latexit sha1_base64="KXpHiswUVXG9QBNkjuGFRCpAyXg=">AAAB9HicbVDLSgMxFL1TX3W0WnXpZrAUXJUZEe2yIKjLCvYB7VAyaaYNzSRjkimUod/hxoUiuvQj/AR3/o2ZtgttPRA4nHMv9+QEMaNKu+63lVtb39jcym/bO7uFvf3iwWFTiURi0sCCCdkOkCKMctLQVDPSjiVBUcBIKxhdZX5rTKSigt/rSUz8CA04DSlG2kh+N0J6iBFLb6Y90SuW3Io7g7NKvAUp1QqfSfnafq/3il/dvsBJRLjGDCnV8dxY+ymSmmJGpnY3USRGeIQGpGMoRxFRfjoLPXXKRuk7oZDmce3M1N8bKYqUmkSBmcxCqmUvE//zOokOq35KeZxowvH8UJgwRwsna8DpU0mwZhNDEJbUZHXwEEmEtenJNiV4y19eJc2zindROb8zbVRhjjwcwwmcggeXUINbqEMDMDzAIzzDizW2nqxX620+mrMWO0fwB9bHD4pSlNk=</latexit>

Go
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Problem Statement
Decentralized framework

Directed state feedback communication graph

Each system is a node

Each directed edge represents access to 
the state via communication

<latexit sha1_base64="Rt6ECuiyTDhNOwEPzCg0D5dMYlY=">AAAB9HicbVDLSgMxFL1TX3W0WnXpJlgKrsqMiHZZENRlBfuAdiiZNNOGZjJjkimUod/hxoUiuvQj/AR3/o2ZtgttPRA4nHMv9+T4MWdKO863lVtb39jcym/bO7uFvf3iwWFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oKvNbYyoVi8S9nsTUC/FAsIARrI3kdUOshwTz9GbaI71iyak4M6BV4i5IqVb4TMrX9nu9V/zq9iOShFRowrFSHdeJtZdiqRnhdGp3E0VjTEZ4QDuGChxS5aWz0FNUNkofBZE0T2g0U39vpDhUahL6ZjILqZa9TPzP6yQ6qHopE3GiqSDzQ0HCkY5Q1gDqM0mJ5hNDMJHMZEVkiCUm2vRkmxLc5S+vkuZZxb2onN+ZNqowRx6O4QROwYVLqMEt1KEBBB7gEZ7hxRpbT9ar9TYfzVmLnSP4A+vjB3gilM0=</latexit>

Gc

<latexit sha1_base64="Z7TG1+5G3v4/3EAL8UwCSh6Rw7w="></latexit>

ui(k) = �
X

j2cD�
i

Ki,j(k)xj(k)
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Problem Statement
Decentralized framework

Grouping local control law

<latexit sha1_base64="Z7TG1+5G3v4/3EAL8UwCSh6Rw7w="></latexit>

ui(k) = �
X

j2cD�
i

Ki,j(k)xj(k)

<latexit sha1_base64="mdeHLnFHwIrvu0cu7mpKaCPdySY="></latexit>

u(k) = �K(k)x(k)

But must be sparse:
<latexit sha1_base64="iwUg8rGp6ExlJcLyFFcVPpL1fDU="></latexit>

K(k) 2 Sparse(EGc)
<latexit sha1_base64="2BxEj4nzx1X2sxdIb2P8O5aKfrk=">AAAB9HicbVDLSsNAFL2pr1pf8bFzM1iEuimJFHVZcCO4qWAf0IYymU7aoZNJnJkUSuh3uHGhiFs/xp1/4yTtQlsPDBzOuZd75vgxZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo5aKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fFt5rcnVCoWiUc9jakX4qFgASNYG8nrhViP/CC9n1XGF3277FSdHGiVuAtSrp8EORp9+6s3iEgSUqEJx0p1XSfWXoqlZoTTWamXKBpjMsZD2jVU4JAqL81Dz9C5UQYoiKR5QqNc/b2R4lCpaeibySykWvYy8T+vm+jgxkuZiBNNBZkfChKOdISyBtCASUo0nxqCiWQmKyIjLDHRpqeSKcFd/vIqaV1W3atq7cG0UYM5inAKZ1ABF66hDnfQgCYQeIJneIU3a2K9WO/Wx3y0YC12juEPrM8f9quUeA==</latexit>

K(k)

<latexit sha1_base64="dJTTHWP/VZTJM/0kl/505loEkkQ="></latexit>

Sparse(E) :=
�
[K]ij 2 Rm⇥n : [E]ij = 0 =) [K]ij = 0; i = 1, ...,m, j = 1, ..., n
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Problem Statement
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framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints



Leonardo Pedroso Distributed Decentralized Control 13/46May 2023

Problem Statement
Control objective

<latexit sha1_base64="9Ae0mkfDqNN5s1yTYy9LYOqblsI="></latexit>

J(k) = zT (k+H)Q(k+H)z(k+H)+
k+H�1X

⌧=k

�
zT (⌧)Q(⌧)z(⌧) + uT (⌧)R(⌧)u(⌧)

�
,

Global finite-horizon cost:

Finite window of length

Finite linear-quadratic regulation problem

RHC framework to approximate the infinite-horizon problem 

<latexit sha1_base64="PkTEkd4khmAm8qc6qx+qRkPrbXM=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEirqz4KbLFuwF2lAm05N27GQSZiZCCX0CNy4UqUvfwtdw59s4abvQ6g8DH/9/DnPO8WPOlHacLyu3tr6xuZXfLuzs7u0fFA+PWipKJMUmjXgkOz5RyJnApmaaYyeWSEKfY9sf32Z5+wGlYpG405MYvZAMBQsYJdpYjVq/WHLKzlz2X3CXULr5mGV6q/eLn71BRJMQhaacKNV1nVh7KZGaUY7TQi9RGBM6JkPsGhQkROWl80Gn9plxBnYQSfOEtufuz46UhEpNQt9UhkSP1GqWmf9l3UQH117KRJxoFHTxUZBwW0d2trU9YBKp5hMDhEpmZrXpiEhCtblNwRzBXV35L7Quyu5ludJwStUKLJSHEziFc3DhCqpQgzo0gQLCIzzDi3VvPVmv1mxRmrOWPcfwS9b7N7zMkVI=</latexit>

H
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Problem Statement
Nonconvex optimization problem

At each discrete time instant

<latexit sha1_base64="bfetHjr6TY5jlfYGtDDpx/f92Nk="></latexit>

minimize
K(⌧)2Rm⇥n

⌧2{k,...,k+H�1}

J(k)

subject to K(⌧) 2 Sparse(EGc), ⌧ = k, . . . , k +H � 1

u(⌧) = �K(⌧)x(⌧), ⌧ = k, . . . , k +H � 1

x(⌧+1) = A(⌧)x(⌧) +B(⌧)u(⌧), ⌧ = k, . . . , k +H � 1

<latexit sha1_base64="lsB1TcVokq5wgIjbojyKQ+l84cs=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEirqz4MZlC/YCbSiT6Uk7djIJMxOhhD6BGxeK1KVv4Wu4822ctF1o6w8DH/9/DnPO8WPOlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sf3WZ56xGlYpG41+MYvZAMBAsYJdpY9VGvWHLKzkz2KrgLKN18TjO913rFr24/okmIQlNOlOq4Tqy9lEjNKMdJoZsojAkdkQF2DAoSovLS2aAT+8w4fTuIpHlC2zP3d0dKQqXGoW8qQ6KHajnLzP+yTqKDay9lIk40Cjr/KEi4rSM729ruM4lU87EBQiUzs9p0SCSh2tymYI7gLq+8Cs2LsntZrtSdUrUCc+XhBE7hHFy4gircQQ0aQAHhCV7g1Xqwnq03azovzVmLnmP4I+vjB/HYkXU=</latexit>

k :

Nonconvex!
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Problem Statement
Very large-scale feasibility constraints

Control objective Local dynamics and couplings Decentralized
framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints
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Problem Statement
Very large-scale feasibility constraints

Each system
<latexit sha1_base64="rsBXJ2sMgroBVn8LhjKWjLIdnKY=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMQZckunCJUR4JTEindKCh0xnbDgmZ8B1uXGiMLv0D/8CVO//GDrBQ8CRNTs65N/f0eBFnStv2t5VZW9/Y3Mpu53Z29/YP8oeFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80WXqt8ZUKhaKOz2JqBvggWA+I1gbye0GWA8J5snttMd6+ZJdtmdAq8RZkFIt+/lRuHor1nv5r24/JHFAhSYcK9Vx7Ei7CZaaEU6nuW6saITJCA9ox1CBA6rcZBZ6ik6M0kd+KM0TGs3U3xsJDpSaBJ6ZTEOqZS8V//M6sfYv3ISJKNZUkPkhP+ZIhyhtAPWZpETziSGYSGayIjLEEhNtesqZEpzlL6+S5lnZqZYrN6aNCsyRhWMowik4cA41uIY6NIDAPTzAEzxbY+vRerFe56MZa7FzBH9gvf8A/n2VKw==</latexit>

Si
<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Tiis associated with a computational unit

Synthesis constraints on 
<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti :

Communication: instantaneous communication not allowed 

Communication: complexity of 
<latexit sha1_base64="uuTVIBXJSt1DjamiYeoUC+nmYqg=">AAAB9XicbVDLSsNAFL2pr1pf9bFzM1iEuimJFHVZcOPOCvYBbSyT6aQdOpmEmYlSQv7DjQtF3Pov7vwbJ2kX2npg4HDOvdwzx4s4U9q2v63Cyura+kZxs7S1vbO7V94/aKswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm1xnfueRSsVCca+nEXUDPBLMZwRrIz30A6zHBPPkNq06Z4Nyxa7ZOdAyceak0jjyczQH5a/+MCRxQIUmHCvVc+xIuwmWmhFO01I/VjTCZIJHtGeowAFVbpKnTtGpUYbID6V5QqNc/b2R4ECpaeCZySylWvQy8T+vF2v/yk2YiGJNBZkd8mOOdIiyCtCQSUo0nxqCiWQmKyJjLDHRpqiSKcFZ/PIyaZ/XnIta/c60UYcZinAMJ1AFBy6hATfQhBYQkPAMr/BmPVkv1rv1MRstWPOdQ/gD6/MHbI+UtA==</latexit>

O(1)

<latexit sha1_base64="uuTVIBXJSt1DjamiYeoUC+nmYqg=">AAAB9XicbVDLSsNAFL2pr1pf9bFzM1iEuimJFHVZcOPOCvYBbSyT6aQdOpmEmYlSQv7DjQtF3Pov7vwbJ2kX2npg4HDOvdwzx4s4U9q2v63Cyura+kZxs7S1vbO7V94/aKswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm1xnfueRSsVCca+nEXUDPBLMZwRrIz30A6zHBPPkNq06Z4Nyxa7ZOdAyceak0jjyczQH5a/+MCRxQIUmHCvVc+xIuwmWmhFO01I/VjTCZIJHtGeowAFVbpKnTtGpUYbID6V5QqNc/b2R4ECpaeCZySylWvQy8T+vF2v/yk2YiGJNBZkd8mOOdIiyCtCQSUo0nxqCiWQmKyJjLDHRpqiSKcFZ/PIyaZ/XnIta/c60UYcZinAMJ1AFBy6hATfQhBYQkPAMr/BmPVkv1rv1MRstWPOdQ/gD6/MHbI+UtA==</latexit>

O(1)

<latexit sha1_base64="uuTVIBXJSt1DjamiYeoUC+nmYqg=">AAAB9XicbVDLSsNAFL2pr1pf9bFzM1iEuimJFHVZcOPOCvYBbSyT6aQdOpmEmYlSQv7DjQtF3Pov7vwbJ2kX2npg4HDOvdwzx4s4U9q2v63Cyura+kZxs7S1vbO7V94/aKswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm1xnfueRSsVCca+nEXUDPBLMZwRrIz30A6zHBPPkNq06Z4Nyxa7ZOdAyceak0jjyczQH5a/+MCRxQIUmHCvVc+xIuwmWmhFO01I/VjTCZIJHtGeowAFVbpKnTtGpUYbID6V5QqNc/b2R4ECpaeCZySylWvQy8T+vF2v/yk2YiGJNBZkd8mOOdIiyCtCQSUo0nxqCiWQmKyJjLDHRpqiSKcFZ/PIyaZ/XnIta/c60UYcZinAMJ1AFBy6hATfQhBYQkPAMr/BmPVkv1rv1MRstWPOdQ/gD6/MHbI+UtA==</latexit>

O(1)

<latexit sha1_base64="TRKyFYdw7UG2fXNYLcVIGSv143s=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVERN1ZcONKWrAXaEOZTE/asZNJmJkIJfQJ3LhQpC59C1/DnW/jpO1CW38Y+Pj/c5hzjh9zprTjfFu5ldW19Y38ZmFre2d3r7h/0FBRIinWacQj2fKJQs4E1jXTHFuxRBL6HJv+8CbLm48oFYvEvR7F6IWkL1jAKNHGqt11iyWn7ExlL4M7h9L15yTTe7Vb/Or0IpqEKDTlRKm268TaS4nUjHIcFzqJwpjQIelj26AgISovnQ46tk+M07ODSJontD11f3ekJFRqFPqmMiR6oBazzPwvayc6uPJSJuJEo6Czj4KE2zqys63tHpNINR8ZIFQyM6tNB0QSqs1tCuYI7uLKy9A4K7sX5fOaU6qcw0x5OIJjOAUXLqECt1CFOlBAeIIXeLUerGfrzZrMSnPWvOcQ/sj6+AHF5JFY</latexit>

N

<latexit sha1_base64="TRKyFYdw7UG2fXNYLcVIGSv143s=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVERN1ZcONKWrAXaEOZTE/asZNJmJkIJfQJ3LhQpC59C1/DnW/jpO1CW38Y+Pj/c5hzjh9zprTjfFu5ldW19Y38ZmFre2d3r7h/0FBRIinWacQj2fKJQs4E1jXTHFuxRBL6HJv+8CbLm48oFYvEvR7F6IWkL1jAKNHGqt11iyWn7ExlL4M7h9L15yTTe7Vb/Or0IpqEKDTlRKm268TaS4nUjHIcFzqJwpjQIelj26AgISovnQ46tk+M07ODSJontD11f3ekJFRqFPqmMiR6oBazzPwvayc6uPJSJuJEo6Czj4KE2zqys63tHpNINR8ZIFQyM6tNB0QSqs1tCuYI7uLKy9A4K7sX5fOaU6qcw0x5OIJjOAUXLqECt1CFOlBAeIIXeLUerGfrzZrMSnPWvOcQ/sj6+AHF5JFY</latexit>

N

<latexit sha1_base64="TRKyFYdw7UG2fXNYLcVIGSv143s=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVERN1ZcONKWrAXaEOZTE/asZNJmJkIJfQJ3LhQpC59C1/DnW/jpO1CW38Y+Pj/c5hzjh9zprTjfFu5ldW19Y38ZmFre2d3r7h/0FBRIinWacQj2fKJQs4E1jXTHFuxRBL6HJv+8CbLm48oFYvEvR7F6IWkL1jAKNHGqt11iyWn7ExlL4M7h9L15yTTe7Vb/Or0IpqEKDTlRKm268TaS4nUjHIcFzqJwpjQIelj26AgISovnQ46tk+M07ODSJontD11f3ekJFRqFPqmMiR6oBazzPwvayc6uPJSJuJEo6Czj4KE2zqys63tHpNINR8ZIFQyM6tNB0QSqs1tCuYI7uLKy9A4K7sX5fOaU6qcw0x5OIJjOAUXLqECt1CFOlBAeIIXeLUerGfrzZrMSnPWvOcQ/sj6+AHF5JFY</latexit>

N

Computational: complexity of 

with

with

with
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Decentralized linear quadratic control
Convex relaxation

Control objective Local dynamics and couplings Decentralized
framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints
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Challenges:

Approach:

Obtain necessary conditions for a constrained minimum

Optimal control theory 

Physically meaningful relaxation

Separation between optimal and relaxed solutions 

Decentralized linear quadratic control
Convex relaxation

Hamiltonian function
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Augment 

Decentralized linear quadratic control
Convex relaxation

<latexit sha1_base64="8CamfB7xnt1nCjFosUuiksRWfDc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4EU8VbAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3N/O4TVZpF8tHMYuoLPJYsZASbTLqvTi+H5YpbcxdA68TLSQVytIblr8EoIomg0hCOte57bmz8FCvDCKfz0iDRNMZkise0b6nEgmo/Xdw6RxdWGaEwUrakQQv190SKhdYzEdhOgc1Er3qZ+J/XT0x446dMxomhkiwXhQlHJkLZ42jEFCWGzyzBRDF7KyITrDAxNp6SDcFbfXmddK5qXqNWf6hXmvU8jiKcwTlUwYNraMIdtKANBCbwDK/w5gjnxXl3PpatBSefOYU/cD5/ACySjaM=</latexit>

J(k) to write the Langrangian

Define the Hamiltonian

<latexit sha1_base64="e43fSAJCsFTNJ51J1ZsSXbtt6gs="></latexit>

J 0(k) = xT (k + T )Q(k + T )x(k + T ) +
k+T�1X

⌧=k

xT (⌧)
�
Q(⌧) +KT (⌧)R(⌧)K(⌧)

�
x(⌧)

+
k+T�1X

⌧=k

�T (⌧ + 1) [(A(⌧)�B(⌧)K(⌧))x(⌧)� x(⌧ + 1)]

<latexit sha1_base64="wycTbXqts7LrT20m4RkUbg8D59s="></latexit>

H(k) := xT (k)
�
Q(k) +KT (k)R(k)K(k)

�
x(k) + �T (k + 1) (A(k)�B(k)K(k))x(k)
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Decentralized linear quadratic control
Convex relaxation

Rewrite the Langrangian

Stationarity:

Result: neat identities involving the partial derivatives of the Hamiltonian

<latexit sha1_base64="93WnhGspviRqpeLB4Xwm97zK5ic="></latexit>

J
0(k) = xT (k + T )Q(k + T )x(k + T )� �T (k + T )x(k + T ) +H(k) +

k+T�1X

⌧=k+1

⇣
H(⌧)� �T (⌧)x(⌧)

⌘

<latexit sha1_base64="pmnfxgIsc9IP2FNo5ICCahTbOHE="></latexit>8
>>>>>>><

>>>>>>>:

@J 0(k)
@�(⌧) = 0, ⌧ = k + 1, . . . , k + T

@J 0(k)
@x(⌧) = 0, ⌧ = k + 1, . . . , k + T

lTi
@J0(k)
@K(⌧) lj = 0, [EGc ]ij 6= 0, ⌧ = k, . . . , k + T � 1

lTi K(⌧)lj = 0, [EGc ]ij = 0, ⌧ = k, . . . , k + T � 1

[li]k =

(
1, k = i

0, k 6= i
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Decentralized linear quadratic control
Convex relaxation

Proof by induction1

Similar to centralized

1Pedroso, L. and Batista, P., 2023. Discrete‐time decentralized linear quadratic control for linear time‐varying systems. International Journal of Robust 
and Nonlinear Control, 33(1), pp.67-101.
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Decentralized linear quadratic control
Convex relaxation

Why is
<latexit sha1_base64="WLE8zaqbG58a502lNf6U9/EF12k=">AAACC3icbVDLSsNAFJ34rPUVdekmtAh1UxIp6rLgxmWFvqCJZTKdtEMnkzBzI5bQvRt/xY0LRdz6A+78GydtQG09MHDmnHu59x4/5kyBbX8ZK6tr6xubha3i9s7u3r55cNhWUSIJbZGIR7LrY0U5E7QFDDjtxpLi0Oe044+vMr9zR6VikWjCJKZeiIeCBYxg0FLfLLkhhpEfpPfTigs4Of353zbnSt8s21V7BmuZODkpoxyNvvnpDiKShFQA4VipnmPH4KVYAiOcTotuomiMyRgPaU9TgUOqvHR2y9Q60crACiKpnwBrpv7uSHGo1CT0dWW2qVr0MvE/r5dAcOmlTMQJUEHmg4KEWxBZWTDWgElKgE80wUQyvatFRlhiAjq+og7BWTx5mbTPqs55tXZTK9dreRwFdIxKqIIcdIHq6Bo1UAsR9ICe0At6NR6NZ+PNeJ+Xrhh5zxH6A+PjGywxmxY=</latexit>

x(⌧)xT (⌧) (of rank 1) here?
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Necessary condition for optimal gains

Relaxed conditions:

Saddle point satisfies these conditions

is not fully known by any individual system 

Decentralized linear quadratic control
Convex relaxation

<latexit sha1_base64="5Nw8uronHXnKje/l+y+34Hotu7s="></latexit>(⇥�
S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)

�
x(⌧)xT (⌧)

⇤
ji = 0 , [EGc ]ji 6= 0

[K(⌧)]ji = 0 , [EGc ]ji = 0

and given by a backward recursion  
<latexit sha1_base64="pLGjuR2/S4GqaBz9I31Idx1aLQ0=">AAAB+XicbVDLSsNAFL3xWesrPnZuBotQNyWRoi4LblxWtA9oQplMJ+3QySTMTAol9E/cuFDErX/izr9xknahrQcGDufcyz1zgoQzpR3n21pb39jc2i7tlHf39g8O7aPjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8V3udyZUKhaLJz1NqB/hoWAhI1gbqW/bXoT1KAizx1nV0zi97NsVp+YUQKvEXZBK4zQs0OzbX94gJmlEhSYcK9VznUT7GZaaEU5nZS9VNMFkjIe0Z6jAEVV+ViSfoQujDFAYS/OERoX6eyPDkVLTKDCTeU617OXif14v1eGtnzGRpJoKMj8UphzpGOU1oAGTlGg+NQQTyUxWREZYYqJNWWVTgrv85VXSvqq517X6g2mjDnOU4AzOoQou3EAD7qEJLSAwgWd4hTcrs16sd+tjPrpmLXZO4A+szx/XrZYK</latexit>

S(⌧)
<latexit sha1_base64="1GxB6LfhnHRvRgfAdoqG+YdeazI=">AAAB+3icbVDLSsNAFJ3UV62vWN25GSxCRSiJFHVZcOOygn1AE8pkOmmHTh7M3Igl5FfcuFDErT/izr9xknahrQcGDufcyz1zvFhwBZb1bZTW1jc2t8rblZ3dvf0D87DaVVEiKevQSESy7xHFBA9ZBzgI1o8lI4EnWM+b3uZ+75FJxaPwAWYxcwMyDrnPKQEtDc2qExCYeH7azuoOkOTCPh+aNathFcCrxF6QWuvYL9Aeml/OKKJJwEKggig1sK0Y3JRI4FSwrOIkisWETsmYDTQNScCUmxbZM3ymlRH2I6lfCLhQf2+kJFBqFnh6Mk+qlr1c/M8bJODfuCkP4wRYSOeH/ERgiHBeBB5xySiImSaESq6zYjohklDQdVV0Cfbyl1dJ97JhXzWa97qNJpqjjE7QKaojG12jFrpDbdRBFD2hZ/SK3ozMeDHejY/5aMlY7ByhPzA+fwC1HpZ3</latexit>

P(⌧ + 1)

<latexit sha1_base64="lAomCxqI5ho6YNoaoClhQ3OWI7A=">AAAB+XicbVDLSsNAFJ34rPUVHzs3g0Wom5JIUZcFNy4r2Ac0oUymk3boZBJmbool9E/cuFDErX/izr9xknahrQcGDufcyz1zgkRwDY7zba2tb2xubZd2yrt7+weH9tFxW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wvsv9zoQpzWP5CNOE+REZSh5ySsBIfdv2IgKjIMyeZlUPSHrZtytOzSmAV4m7IJXGaVig2be/vEFM04hJoIJo3XOdBPyMKOBUsFnZSzVLCB2TIesZKknEtJ8VyWf4wigDHMbKPAm4UH9vZCTSehoFZjLPqZe9XPzP66UQ3voZl0kKTNL5oTAVGGKc14AHXDEKYmoIoYqbrJiOiCIUTFllU4K7/OVV0r6qude1+oNpo47mKKEzdI6qyEU3qIHuURO1EEUT9Ixe0ZuVWS/Wu/UxH12zFjsn6A+szx8Q05Yv</latexit>

x(⌧)

<latexit sha1_base64="r6MueLc45ncW99hQ2gX9q3GyPSM=">AAACBHicbVDJSgNBEO2JW4xb1GMujYkQMYaZENSLEPCSYwSzQGYIPT2dpEnPQneNEIYcvPgrXjwo4tWP8Obf2FkOmvig4PFeFVX13EhwBab5baTW1jc2t9LbmZ3dvf2D7OFRS4WxpKxJQxHKjksUEzxgTeAgWCeSjPiuYG13dDv12w9MKh4G9zCOmOOTQcD7nBLQUi+bKxZsIDG+wSNcsoUXgirh0Xn9wiqc9bJ5s2zOgFeJtSB5tECjl/2yvZDGPguACqJU1zIjcBIigVPBJhk7ViwidEQGrKtpQHymnGT2xASfasXD/VDqCgDP1N8TCfGVGvuu7vQJDNWyNxX/87ox9K+dhAdRDCyg80X9WGAI8TQR7HHJKIixJoRKrm/FdEgkoaBzy+gQrOWXV0mrUrYuy9W7Sr5WXcSRRjl0gorIQleohuqogZqIokf0jF7Rm/FkvBjvxse8NWUsZo7RHxifPymHlS8=</latexit>

(⌧ = k, . . . , k +H � 1)

<latexit sha1_base64="im1CaoIZmvetywub3RocmExcdUc="></latexit>(⇥
S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)

⇤
ji
= 0, [EGc ]ji 6= 0

[K(⌧)]ji = 0, [EGc ]ji = 0
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Decentralized linear quadratic control
Convex relaxationDecentralized linear quadratic control

One-step convex relaxation

Lemma (One-step relaxed solution)

Let lj denote a column vector whose entries are all set to zero except for the j-th one,
which is set to 1, and Lj := diag(lj). Define mj 2 Rm as

(
[mj ]i = 0, [EGc ]ij = 0

[mj ]i = 1, [EGc ]ij 6= 0
, i = 1, ...,m ,

and let Mj := diag(mj). Then, the gains of the one-step relaxation are given by

K(⌧) =
nX

j=1

(I�Mj +MjS(⌧)Mj)
�1MjB

T
(⌧)P(⌧ + 1)A(⌧)Lj ,

⌧ = k , . . . , k + H � 1.

Leonardo Pedroso Biography, Interests, and Work Overview September 2022 20 / 49



Leonardo Pedroso Distributed Decentralized Control 26/46May 2023

Decentralized linear quadratic control
Convex relaxation

Overview:

Closed-form solution

Does not depend on the initial condition
<latexit sha1_base64="lAomCxqI5ho6YNoaoClhQ3OWI7A=">AAAB+XicbVDLSsNAFJ34rPUVHzs3g0Wom5JIUZcFNy4r2Ac0oUymk3boZBJmbool9E/cuFDErX/izr9xknahrQcGDufcyz1zgkRwDY7zba2tb2xubZd2yrt7+weH9tFxW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wvsv9zoQpzWP5CNOE+REZSh5ySsBIfdv2IgKjIMyeZlUPSHrZtytOzSmAV4m7IJXGaVig2be/vEFM04hJoIJo3XOdBPyMKOBUsFnZSzVLCB2TIesZKknEtJ8VyWf4wigDHMbKPAm4UH9vZCTSehoFZjLPqZe9XPzP66UQ3voZl0kKTNL5oTAVGGKc14AHXDEKYmoIoYqbrJiOiCIUTFllU4K7/OVV0r6qude1+oNpo47mKKEzdI6qyEU3qIHuURO1EEUT9Ixe0ZuVWS/Wu/UxH12zFjsn6A+szx8Q05Yv</latexit>

x(⌧)

is not fully known by any individual system 

Computational complexity1 of 
<latexit sha1_base64="EW21dQRtC/3uYWXCy2eYAsZ73q4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyXRoi4LbtxZwT6gjWUynbRDJ5MwMymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fM8WPOlHacb6uwtr6xuVXcLu3s7u0f2IdHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3749vMb0+oVCwSj3oaUy/EQ8ECRrA2Ut+2eyHWI4J5ej+riKfL875ddqrOHGiVuDkpQ45G3/7qDSKShFRowrFSXdeJtZdiqRnhdFbqJYrGmIzxkHYNFTikykvnyWfozCgDFETSPKHRXP29keJQqWnom8ksp1r2MvE/r5vo4MZLmYgTTQVZHAoSjnSEshrQgElKNJ8agolkJisiIywx0aaskinBXf7yKmldVN2rau2hVq7X8jqKcAKnUAEXrqEOd9CAJhCYwDO8wpuVWi/Wu/WxGC1Y+c4x/IH1+QPLw5MT</latexit>

O(n3)

same as centralized

Can we find any physical interpretation?

1Pedroso, L. and Batista, P., 2021. Efficient algorithm for the computation of the solution to a sparse matrix equation in distributed control 
theory. Mathematics, 9(13), p.1497.
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Decoupled in time (greedy)

Can we find any physical interpretation?

Decentralized linear quadratic control
Convex relaxation

One-step relaxation is equivalent to

Ignores cross-correlation between states

Yes!

<latexit sha1_base64="63YIp6v4HM1NL4j4AIf48RsocM8="></latexit>

minimize
K(⌧)2Rm⇥n

tr(P(⌧))

subject to K(⌧) 2 Sparse(EGc)

for 
<latexit sha1_base64="nu6CYurncxHQUnaRZ0n7qAgG76A=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFwRqSUtSNUHDTZQX7gDaUyXTSDplMwsxEqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfd4MaNS2fa3kVtZXVvfyG8WtrZ3dvfM/YOWjBKBSRNHLBIdD0nCKCdNRRUjnVgQFHqMtL3gduq3H4iQNOL3ahwTN0RDTn2KkdJS3zwq9RRK4A0MypZllYPz+oVT6ptF27JngMvEyUgRZGj0za/eIMJJSLjCDEnZdexYuSkSimJGJoVeIkmMcICGpKspRyGRbjq7fgJPtTKAfiR0cQVn6u+JFIVSjkNPd4ZIjeSiNxX/87qJ8q/dlPI4UYTj+SI/YVBFcBoFHFBBsGJjTRAWVN8K8QgJhJUOrKBDcBZfXiatiuVcWtW7SrFWzeLIg2NwAs6AA65ADdRBAzQBBo/gGbyCN+PJeDHejY95a87IZg7BHxifPxtjkmA=</latexit>

⌧ = k, ..., k +H � 1

Proof 1

1Pedroso, L. and Batista, P., 2023. Discrete‐time decentralized linear quadratic control for linear time‐varying systems. International Journal of Robust 
and Nonlinear Control, 33(1), pp.67-101.
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Decentralized linear quadratic control
Linear quadratic tracker

Extension from regulator to tracker1

Feasible reference trajectory Unfeasible reference trajectory

Define error dynamics
Equivalent to regulator problem

Equilibrium states that follow the reference
Penalize error in tracking space

1Pedroso, L. and Batista, P., 2023. Discrete‐time decentralized linear quadratic control for linear time‐varying systems. International Journal of Robust 
and Nonlinear Control, 33(1), pp.67-101.
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Distributed and decentralized RHC 

Control objective Local dynamics and couplings Decentralized
framework

Global dynamics model

Information
constraints

Global
cost function

Nonconvex optimization 
problem 

Convex relaxation

Distributed synthesis

Deploy local solution

Very large-scale 
feasibility constraints
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Challenges:

Approach:

An approximation to decouple the one-step synthesis

Local computations scheduling

One-step synthesis does not follow the very large-scale feasibility constraints

Distributed and decentralized RHC 
Challenges and approach

One-step synthesis is not distributed

Particular case of dynamically decoupled systems
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Distributed and decentralized RHC 
Gain synthesis decoupling

Decoupled dynamic coupling graph and
<latexit sha1_base64="tEYYlbzZIdlAyb/BSr3O9dWZDJ0=">AAACFnicbVDLSgMxFM3UV62vUZdugq3gxjJTiroRCi50WcE+oB2GTJppQzPJkGSEMvQr3Pgrblwo4lbc+Tdm2i768EDg3HPuJfeeIGZUacf5tXJr6xubW/ntws7u3v6BfXjUVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGt5nfeiJSUcEf9SgmXoT6nIYUI20k374odSOkBxix9G7sY3gD52uxWJd8u+iUnQngKnFnpAhmqPv2T7cncBIRrjFDSnVcJ9ZeiqSmmJFxoZsoEiM8RH3SMZSjiCgvnZw1hmdG6cFQSPO4hhN1fiJFkVKjKDCd2Y5q2cvE/7xOosNrL6U8TjThePpRmDCoBcwygj0qCdZsZAjCkppdIR4gibA2SRZMCO7yyaukWSm7l+XqQ6VYq87iyIMTcArOgQuuQA3cgzpoAAyewSt4Bx/Wi/VmfVpf09acNZs5Bguwvv8A+N6elw==</latexit>

Gc = Go = G

Relaxed original one-step conditions:
<latexit sha1_base64="im1CaoIZmvetywub3RocmExcdUc="></latexit>(⇥

S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)
⇤
ji
= 0, [EGc ]ji 6= 0

[K(⌧)]ji = 0, [EGc ]ji = 0

Block matrix 
decomposition

<latexit sha1_base64="8Ren4iNUXyaFIx7NStuXcq6gknE="></latexit>8
<

:

P

p2D+
i

Sj,p(⌧)Kp,i(⌧)�BT
j (⌧)Pj,i(⌧ + 1)Ai(⌧) = 0, j 2 D+

i

Kj,i(⌧) = 0, j /2 D+
i
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Distributed and decentralized RHC 
Gain synthesis decoupling

Decoupled dynamic coupling graph and
<latexit sha1_base64="tEYYlbzZIdlAyb/BSr3O9dWZDJ0=">AAACFnicbVDLSgMxFM3UV62vUZdugq3gxjJTiroRCi50WcE+oB2GTJppQzPJkGSEMvQr3Pgrblwo4lbc+Tdm2i768EDg3HPuJfeeIGZUacf5tXJr6xubW/ntws7u3v6BfXjUVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGt5nfeiJSUcEf9SgmXoT6nIYUI20k374odSOkBxix9G7sY3gD52uxWJd8u+iUnQngKnFnpAhmqPv2T7cncBIRrjFDSnVcJ9ZeiqSmmJFxoZsoEiM8RH3SMZSjiCgvnZw1hmdG6cFQSPO4hhN1fiJFkVKjKDCd2Y5q2cvE/7xOosNrL6U8TjThePpRmDCoBcwygj0qCdZsZAjCkppdIR4gibA2SRZMCO7yyaukWSm7l+XqQ6VYq87iyIMTcArOgQuuQA3cgzpoAAyewSt4Bx/Wi/VmfVpf09acNZs5Bguwvv8A+N6elw==</latexit>

Gc = Go = G

Relaxed original one-step conditions:
<latexit sha1_base64="im1CaoIZmvetywub3RocmExcdUc="></latexit>(⇥

S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)
⇤
ji
= 0, [EGc ]ji 6= 0

[K(⌧)]ji = 0, [EGc ]ji = 0

Block matrix 
decomposition

<latexit sha1_base64="CjPTNVkWnOg0qkiJU4HOptuyK2Q="></latexit>

Pp,q(⌧) =
X

r2D+
p \D+

q

H
T
r,i(⌧)Qr(⌧)Hr,j(⌧) +

X

r2D+
p \D+

q

K
T
r,i(⌧)Rr(⌧)Kr,j(⌧)

+
X

r2D+
p

X

s2D+
q

(Ap(⌧)�pr �Br(⌧)Kr,p(⌧))
T
Pr,s(⌧ + 1) (Aq(⌧)�qs �Bs(⌧)Ks,q(⌧))
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Distributed and decentralized RHC 
Gain synthesis decoupling

Decoupled dynamic coupling graph and
<latexit sha1_base64="tEYYlbzZIdlAyb/BSr3O9dWZDJ0=">AAACFnicbVDLSgMxFM3UV62vUZdugq3gxjJTiroRCi50WcE+oB2GTJppQzPJkGSEMvQr3Pgrblwo4lbc+Tdm2i768EDg3HPuJfeeIGZUacf5tXJr6xubW/ntws7u3v6BfXjUVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGt5nfeiJSUcEf9SgmXoT6nIYUI20k374odSOkBxix9G7sY3gD52uxWJd8u+iUnQngKnFnpAhmqPv2T7cncBIRrjFDSnVcJ9ZeiqSmmJFxoZsoEiM8RH3SMZSjiCgvnZw1hmdG6cFQSPO4hhN1fiJFkVKjKDCd2Y5q2cvE/7xOosNrL6U8TjThePpRmDCoBcwygj0qCdZsZAjCkppdIR4gibA2SRZMCO7yyaukWSm7l+XqQ6VYq87iyIMTcArOgQuuQA3cgzpoAAyewSt4Bx/Wi/VmfVpf09acNZs5Bguwvv8A+N6elw==</latexit>

Gc = Go = G

Relaxed original one-step conditions:
<latexit sha1_base64="im1CaoIZmvetywub3RocmExcdUc="></latexit>(⇥

S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)
⇤
ji
= 0, [EGc ]ji 6= 0

[K(⌧)]ji = 0, [EGc ]ji = 0

<latexit sha1_base64="U6kJbvHzZsSsLOJcMYPcUFmjflE=">AAACGHicbVDLSsNAFJ34rPVVdelmsBUqlpqUooKbgi4ENxXsA5oaJtNJO+1kEmYmQgn5DDf+ihsXirjtzr9x+lho64ELh3Pu5d573JBRqUzz21haXlldW09tpDe3tnd2M3v7dRlEApMaDlggmi6ShFFOaooqRpqhIMh3GWm4g+ux33giQtKAP6hhSNo+6nLqUYyUlpzMWc72keq5XnyXOHG/QJO8rVB0UrCv+jblcOJixOKb5PHUoTknkzWL5gRwkVgzkgUzVJ3MyO4EOPIJV5ghKVuWGap2jISimJEkbUeShAgPUJe0NOXIJ7IdTx5L4LFWOtALhC6u4ET9PREjX8qh7+rO8Z1y3huL/3mtSHmX7ZjyMFKE4+kiL2JQBXCcEuxQQbBiQ00QFlTfCnEPCYSVzjKtQ7DmX14k9VLROi+W70vZSnkWRwocgiOQBxa4ABVwC6qgBjB4Bq/gHXwYL8ab8Wl8TVuXjNnMAfgDY/QDgMCfYw==</latexit>

Kj,i(⌧), j 2 D+
iThe local gains can be computed locally in

<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti

But the propagation of 
<latexit sha1_base64="y9EVBxYCEDyoI8wc0YQQw2RcGmA=">AAACAXicbVDLSsNAFJ3UV62vqAsFN4NFqCglkaIuC250V8E+oAlxMp20YycPZiZCCXHjr7hxoYgbF/6FO3/Apd/gpO1CWw9cOJxzL/fe40aMCmkYn1puZnZufiG/WFhaXlld09c3GiKMOSZ1HLKQt1wkCKMBqUsqGWlFnCDfZaTp9s8yv3lLuKBhcCUHEbF91A2oRzGSSnL0bctHsud6SS11kptDmpYsieIDc9/Ri0bZGAJOE3NMitWti6/vt9x1zdE/rE6IY58EEjMkRNs0ImkniEuKGUkLVixIhHAfdUlb0QD5RNjJ8IMU7imlA72QqwokHKq/JxLkCzHwXdWZ3SsmvUz8z2vH0ju1ExpEsSQBHi3yYgZlCLM4YIdygiUbKIIwp+pWiHuIIyxVaAUVgjn58jRpHJXN43LlUqVRASPkwQ7YBSVgghNQBeegBuoAgzvwAJ7As3avPWov2uuoNaeNZzbBH2jvP27Wmd4=</latexit>

Pj,i(⌧ + 1) cannot!
Block matrix 

decomposition

<latexit sha1_base64="CjPTNVkWnOg0qkiJU4HOptuyK2Q="></latexit>

Pp,q(⌧) =
X

r2D+
p \D+

q

H
T
r,i(⌧)Qr(⌧)Hr,j(⌧) +

X

r2D+
p \D+

q

K
T
r,i(⌧)Rr(⌧)Kr,j(⌧)

+
X

r2D+
p

X

s2D+
q

(Ap(⌧)�pr �Br(⌧)Kr,p(⌧))
T
Pr,s(⌧ + 1) (Aq(⌧)�qs �Bs(⌧)Ks,q(⌧))



Leonardo Pedroso Distributed Decentralized Control 31/46May 2023

Distributed and decentralized RHC 
Gain synthesis decoupling

Decoupled dynamic coupling graph and
<latexit sha1_base64="tEYYlbzZIdlAyb/BSr3O9dWZDJ0=">AAACFnicbVDLSgMxFM3UV62vUZdugq3gxjJTiroRCi50WcE+oB2GTJppQzPJkGSEMvQr3Pgrblwo4lbc+Tdm2i768EDg3HPuJfeeIGZUacf5tXJr6xubW/ntws7u3v6BfXjUVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGt5nfeiJSUcEf9SgmXoT6nIYUI20k374odSOkBxix9G7sY3gD52uxWJd8u+iUnQngKnFnpAhmqPv2T7cncBIRrjFDSnVcJ9ZeiqSmmJFxoZsoEiM8RH3SMZSjiCgvnZw1hmdG6cFQSPO4hhN1fiJFkVKjKDCd2Y5q2cvE/7xOosNrL6U8TjThePpRmDCoBcwygj0qCdZsZAjCkppdIR4gibA2SRZMCO7yyaukWSm7l+XqQ6VYq87iyIMTcArOgQuuQA3cgzpoAAyewSt4Bx/Wi/VmfVpf09acNZs5Bguwvv8A+N6elw==</latexit>

Gc = Go = G

Relaxed original one-step conditions:
<latexit sha1_base64="im1CaoIZmvetywub3RocmExcdUc="></latexit>(⇥

S(⌧)K(⌧)�BT (⌧)P(⌧ + 1)A(⌧)
⇤
ji
= 0, [EGc ]ji 6= 0

[K(⌧)]ji = 0, [EGc ]ji = 0

Block matrix 
decomposition

Thoughtful 
approximation

<latexit sha1_base64="U6kJbvHzZsSsLOJcMYPcUFmjflE=">AAACGHicbVDLSsNAFJ34rPVVdelmsBUqlpqUooKbgi4ENxXsA5oaJtNJO+1kEmYmQgn5DDf+ihsXirjtzr9x+lho64ELh3Pu5d573JBRqUzz21haXlldW09tpDe3tnd2M3v7dRlEApMaDlggmi6ShFFOaooqRpqhIMh3GWm4g+ux33giQtKAP6hhSNo+6nLqUYyUlpzMWc72keq5XnyXOHG/QJO8rVB0UrCv+jblcOJixOKb5PHUoTknkzWL5gRwkVgzkgUzVJ3MyO4EOPIJV5ghKVuWGap2jISimJEkbUeShAgPUJe0NOXIJ7IdTx5L4LFWOtALhC6u4ET9PREjX8qh7+rO8Z1y3huL/3mtSHmX7ZjyMFKE4+kiL2JQBXCcEuxQQbBiQ00QFlTfCnEPCYSVzjKtQ7DmX14k9VLROi+W70vZSnkWRwocgiOQBxa4ABVwC6qgBjB4Bq/gHXwYL8ab8Wl8TVuXjNnMAfgDY/QDgMCfYw==</latexit>

Kj,i(⌧), j 2 D+
iThe local gains can be computed locally in

<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti

But the propagation of 
<latexit sha1_base64="y9EVBxYCEDyoI8wc0YQQw2RcGmA=">AAACAXicbVDLSsNAFJ3UV62vqAsFN4NFqCglkaIuC250V8E+oAlxMp20YycPZiZCCXHjr7hxoYgbF/6FO3/Apd/gpO1CWw9cOJxzL/fe40aMCmkYn1puZnZufiG/WFhaXlld09c3GiKMOSZ1HLKQt1wkCKMBqUsqGWlFnCDfZaTp9s8yv3lLuKBhcCUHEbF91A2oRzGSSnL0bctHsud6SS11kptDmpYsieIDc9/Ri0bZGAJOE3NMitWti6/vt9x1zdE/rE6IY58EEjMkRNs0ImkniEuKGUkLVixIhHAfdUlb0QD5RNjJ8IMU7imlA72QqwokHKq/JxLkCzHwXdWZ3SsmvUz8z2vH0ju1ExpEsSQBHi3yYgZlCLM4YIdygiUbKIIwp+pWiHuIIyxVaAUVgjn58jRpHJXN43LlUqVRASPkwQ7YBSVgghNQBeegBuoAgzvwAJ7As3avPWov2uuoNaeNZzbBH2jvP27Wmd4=</latexit>

Pj,i(⌧ + 1) cannot!
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Distributed and decentralized RHC 
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Thoughtful approximation to decouple it

Computation unit
<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti

computed in
<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti
<latexit sha1_base64="M/IfuhZ05EIc3nPDwZoUA/7A+QQ=">AAACAXicbVDLSsNAFJ3UV62vqAsFN4NFqCglkaIuC250V8E+oAlxMp3UoZNJmJkIJdSNv+LGhSJuXPgX7vwBl36Dk7YLbT1w4XDOvdx7jx8zKpVlfRq5mdm5+YX8YmFpeWV1zVzfaMgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jT751lfvOWCEkjfqX6MXFD1OU0oBgpLXnmthMideMHaW3gpeJQDkqOQsmBve+ZRatsDQGniT0mxerWxdf3W+665pkfTifCSUi4wgxJ2batWLkpEopiRgYFJ5EkRriHuqStKUchkW46/GAA97TSgUEkdHEFh+rviRSFUvZDX3dm98pJLxP/89qJCk7dlPI4UYTj0aIgYVBFMIsDdqggWLG+JggLqm+F+AYJhJUOraBDsCdfniaNo7J9XK5c6jQqYIQ82AG7oARscAKq4BzUQB1gcAcewBN4Nu6NR+PFeB215ozxzCb4A+P9B4rQmfA=</latexit>

Pr,s(⌧ + 1) denoted as
<latexit sha1_base64="i9PhdbjKNudLVb8tMgDQwuFE+LI=">AAACBXicbVDLSsNAFJ3UV62vqEu7CBahxVISLdZlwY3LCvYBTQiT6aQdOpmEmYlQQjZu/AlXrty4UIpb/8GV/o3Tx0JbD1w4nHMv997jRZQIaZrfWmZldW19I7uZ29re2d3T9w9aIow5wk0U0pB3PCgwJQw3JZEUdyKOYeBR3PaGVxO/fYe5ICG7laMIOwHsM+ITBKWSXD1vB1AOPD9ppG5CykVeFqW0aEsYn1olVy+YFXMKY5lYc1Ko579q46fzx4arf9q9EMUBZhJRKETXMiPpJJBLgihOc3YscATREPZxV1EGAyycZPpFapwopWf4IVfFpDFVf08kMBBiFHiqc3KzWPQm4n9eN5b+pZMQFsUSMzRb5MfUkKExicToEY6RpCNFIOJE3WqgAeQQSRVcToVgLb68TFpnFeuiUr1RaVTBDFlwBI5BEVigBurgGjRAEyBwD57BK3jTHrQXbay9z1oz2nzmEPyB9vEDoLSbAQ==</latexit>

Pi,(r,s)(⌧ + 1)

Approximation:

Exact for some topologies



+
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<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti stores and updates
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i

Can be computed locally in
<latexit sha1_base64="Y9jaGjddbVRqTVV5JU6xmyWOibA=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMUZckunCJCa8EJqRTOtDQ6Qxth4RM+A43LjRGl/6Bf+DKnX9jB1goeJImJ+fcm3t6vIgzpW3728psbG5t72R3c3v7B4dH+eNCU4WxJLRBQh7KtocV5UzQhmaa03YkKQ48Tlve6Cb1WxMqFQtFXU8j6gZ4IJjPCNZGcrsB1kOCeVKf9VgvX7LL9hxonThLUqpmPz8Kt2/FWi//1e2HJA6o0IRjpTqOHWk3wVIzwuks140VjTAZ4QHtGCpwQJWbzEPP0JlR+sgPpXlCo7n6eyPBgVLTwDOTaUi16qXif14n1v61mzARxZoKsjjkxxzpEKUNoD6TlGg+NQQTyUxWRIZYYqJNTzlTgrP65XXSvCg7l+XKvWmjAgtk4RSKcA4OXEEV7qAGDSAwhgd4gmdrYj1aL9brYjRjLXdO4A+s9x8AE5Us</latexit>

Ti

But the propagation of 
<latexit sha1_base64="y9EVBxYCEDyoI8wc0YQQw2RcGmA=">AAACAXicbVDLSsNAFJ3UV62vqAsFN4NFqCglkaIuC250V8E+oAlxMp20YycPZiZCCXHjr7hxoYgbF/6FO3/Apd/gpO1CWw9cOJxzL/fe40aMCmkYn1puZnZufiG/WFhaXlld09c3GiKMOSZ1HLKQt1wkCKMBqUsqGWlFnCDfZaTp9s8yv3lLuKBhcCUHEbF91A2oRzGSSnL0bctHsud6SS11kptDmpYsieIDc9/Ri0bZGAJOE3NMitWti6/vt9x1zdE/rE6IY58EEjMkRNs0ImkniEuKGUkLVixIhHAfdUlb0QD5RNjJ8IMU7imlA72QqwokHKq/JxLkCzHwXdWZ3SsmvUz8z2vH0ju1ExpEsSQBHi3yYgZlCLM4YIdygiUbKIIwp+pWiHuIIyxVaAUVgjn58jRpHJXN43LlUqVRASPkwQ7YBSVgghNQBeegBuoAgzvwAJ7As3avPWov2uuoNaeNZzbBH2jvP27Wmd4=</latexit>

Pj,i(⌧ + 1) cannot!

Block matrix 
decomposition

Thoughtful 
approximation
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Distributed and decentralized RHC 
Scheduling

The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays
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The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays
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Distributed and decentralized RHC 
Scheduling

The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays
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Distributed and decentralized RHC 
Scheduling

The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays

Running Alg. 1 over the window 
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Distributed and decentralized RHC 
Scheduling

The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays
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Distributed and decentralized RHC 
Scheduling

The propagation of 
<latexit sha1_base64="eSUvIariZPOamF+1oHFzLhEBNVw="></latexit>

Pi,(p,q)(⌧), 8p, q 2 D+
i is backward in time!

Local RHC computations scheduling

Satisfies the very large-scale feasibility constraints! 

Obstacle:

Only the first gain in each finite-window used

Computation of a whole finite-window every time instant

Infeasible due to transmission delays
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Overview:

Extension:

Distributed and decentralized RHC 
Overview and extension

Satisfies the very large-scale feasibility constraints! 

Distributed decentralized real-time synthesis

Distributed RHC computations scheduling

Time-varying topology1

1Pedroso, L. and Batista, P., 2022. Distributed decentralized receding horizon control for very large-scale networks with application to LEO satellite 
mega-constellations. arXiv preprint arXiv:2209.14951.
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On-board orbit control of LEO mega-constellations 
Motivation

Single shell of the Starlink mega-constellation 

Low-latency high capacity global broadband connectivity

Soaring demand

Greatest concern is economic viability

Centralized TT&C architecture

Expensive and challenging to maintain

Very large-scale (Starlink: 11 900 satellites planned by 2027)

Inevitably evolving towards an on-board distributed solution

State-of-the-art decentralized solutions fail in this scale
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On-board orbit control of LEO mega-constellations 
Constellation model

Walker constellation 
<latexit sha1_base64="xBQRWGHbMSHxk3azVSnt7c07CEs=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LLaCpzYpRcVTQRCPFVpbaEPZbDft0s0m7G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeX7MmdKO823lNja3tnfyu4W9/YPDI/v45ElFiSS0RSIeyY6PFeVM0JZmmtNOLCkOfU7b/vhu7rcnVCoWiaaextQL8VCwgBGsjdS37VLPxzJls1vUrDQq96W+XXTKzgJonbgZKUKGRt/+6g0ikoRUaMKxUl3XibWXYqkZ4XRW6CWKxpiM8ZB2DRU4pMpLF5fP0IVRBiiIpCmh0UL9PZHiUKlp6JvOEOuRWvXm4n9eN9HBjZcyESeaCrJcFCQc6QjNY0ADJinRfGoIJpKZWxEZYYmJNmEVTAju6svr5Kladq/KtcdqsV7L4sjDGZzDJbhwDXV4gAa0gMAEnuEV3qzUerHerY9la87KZk7hD6zPH1a6kiA=</latexit>

ī : T/P/F

Electric Hall effect thrusters

State of a satellite
<latexit sha1_base64="rsBXJ2sMgroBVn8LhjKWjLIdnKY=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMQZckunCJUR4JTEindKCh0xnbDgmZ8B1uXGiMLv0D/8CVO//GDrBQ8CRNTs65N/f0eBFnStv2t5VZW9/Y3Mpu53Z29/YP8oeFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80WXqt8ZUKhaKOz2JqBvggWA+I1gbye0GWA8J5snttMd6+ZJdtmdAq8RZkFIt+/lRuHor1nv5r24/JHFAhSYcK9Vx7Ei7CZaaEU6nuW6saITJCA9ox1CBA6rcZBZ6ik6M0kd+KM0TGs3U3xsJDpSaBJ6ZTEOqZS8V//M6sfYv3ISJKNZUkPkhP+ZIhyhtAPWZpETziSGYSGayIjLEEhNtesqZEpzlL6+S5lnZqZYrN6aNCsyRhWMowik4cA41uIY6NIDAPTzAEzxbY+vRerFe56MZa7FzBH9gvf8A/n2VKw==</latexit>

Si

<latexit sha1_base64="nbZkxl+0Sm+Xy7n0HVuUD//OuW8="></latexit>

xi(t) =

2

666666666664

ai(t)

ui(t)

exi(t)

eyi(t)

ii(t)

⌦i(t)

3

777777777775

(semi-major axis)

(mean argument of latitude)

(x component of eccentricity vector)

(y component of eccentricity vector)

(inclination)

(longitude of ascending node) Nonsingular orbital elements of circular orbit
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On-board orbit control of LEO mega-constellations 
Nominal constellation

Nonlinear orbital dynamics

Linearization about nominal orbit 
<latexit sha1_base64="JjPPu591bxl7iPsp0IaQydhwKro="></latexit>

x̄i(t) =
⇥
āi(t) ūi(t) ēxi(t) ēyi(t) īi(t) ⌦̄i(t)

⇤T

<latexit sha1_base64="wiyowq6rLvV3CH5NuPNpiEmSrdw="></latexit>8
>>>>>>>><

>>>>>>>>:

āi(t) = ā

ūi(t) = ūt0 + ((i� 1) mod T/P ) 2⇡P/T + b(i�1)P/T c2⇡F/T + (Ṁ + !̇)(t� t0)

ēx,i(t) = 0

ēy,i(t) = 0

īi(t) = ī

⌦̄i(t) = ⌦̄t0 + b(i�1)P/T c2⇡/P + ⌦̇(t� t0)
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Nonlinear orbital dynamics

Linearization about nominal orbit 
<latexit sha1_base64="JjPPu591bxl7iPsp0IaQydhwKro="></latexit>

x̄i(t) =
⇥
āi(t) ūi(t) ēxi(t) ēyi(t) īi(t) ⌦̄i(t)

⇤T

Secular perturbations due to 
<latexit sha1_base64="30dL9+YsKkimbM0x05c2l/ZUTfI=">AAAB6nicbVDLSgNBEOz1GeMrxqOXIUHwFHZDUI8BPYiniOYByRJmJ7PJkJnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7K4g508Z1v52V1bX1jc3MVnZ7Z3dvP3eQb+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8mfvOeKs0ieWdGMfUF7ksWMoKNlW6vu+VuruiW3CnQMvHmpFjNfH7kL98LtW7uq9OLSCKoNIRjrdueGxs/xcowwuk420k0jTEZ4j5tWyqxoNpPp6eO0bFVeiiMlC1p0FT9PZFiofVIBLZTYDPQi95E/M9rJyY891Mm48RQSWaLwoQjE6HJ36jHFCWGjyzBRDF7KyIDrDAxNp2sDcFbfHmZNMol77RUubFpVGCGDBxBAU7AgzOowhXUoA4E+vAAT/DscOfReXFeZ60rznzmEP7AefsBt2SQWQ==</latexit>

J2

On-board orbit control of LEO mega-constellations 
Nominal constellation
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Nonlinear orbital dynamics

Linearization about nominal orbit 
<latexit sha1_base64="JjPPu591bxl7iPsp0IaQydhwKro="></latexit>

x̄i(t) =
⇥
āi(t) ūi(t) ēxi(t) ēyi(t) īi(t) ⌦̄i(t)

⇤T

Secular perturbations due to 
<latexit sha1_base64="30dL9+YsKkimbM0x05c2l/ZUTfI=">AAAB6nicbVDLSgNBEOz1GeMrxqOXIUHwFHZDUI8BPYiniOYByRJmJ7PJkJnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7K4g508Z1v52V1bX1jc3MVnZ7Z3dvP3eQb+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8mfvOeKs0ieWdGMfUF7ksWMoKNlW6vu+VuruiW3CnQMvHmpFjNfH7kL98LtW7uq9OLSCKoNIRjrdueGxs/xcowwuk420k0jTEZ4j5tWyqxoNpPp6eO0bFVeiiMlC1p0FT9PZFiofVIBLZTYDPQi95E/M9rJyY891Mm48RQSWaLwoQjE6HJ36jHFCWGjyzBRDF7KyIDrDAxNp2sDcFbfHmZNMol77RUubFpVGCGDBxBAU7AgzOowhXUoA4E+vAAT/DscOfReXFeZ60rznzmEP7AefsBt2SQWQ==</latexit>

J2

is the anchor of the nominal constellation
<latexit sha1_base64="X9ta0nwD8SL5DaajkR6O2jTSC2U=">AAACEXicbVDLSgMxFM3UV62vUZdugq1QQcpMKeqy4MadFewDOsOQSTNtaJIZkoxQhv6CG3/FjQtF3Lpz59+YtrPQ6oHAuefcy809YcKo0o7zZRVWVtfWN4qbpa3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpr53XsiFY3FnZ4kxOdoKGhEMdJGCuxqpaoD58wLkczSaZCZYrqovBtOhiiXTiuBXXZqzhzwL3FzUgY5WoH96Q1inHIiNGZIqb7rJNrPkNQUMzIteakiCcJjNCR9QwXiRPnZ/KIpPDHKAEaxNE9oOFd/TmSIKzXhoenkSI/UsjcT//P6qY4u/YyKJNVE4MWiKGVQx3AWDxxQSbBmE0MQltT8FeIRkghrE2LJhOAun/yXdOo197zWuK2Xm408jiI4AsegClxwAZrgGrRAG2DwAJ7AC3i1Hq1n6816X7QWrHzmEPyC9fENTG+cqA==</latexit>

(t0, ūt0 , ⌦̄t0)

On-board orbit control of LEO mega-constellations 
Nominal constellation
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On-board orbit control of LEO mega-constellations 
Linearization

<latexit sha1_base64="9hOQzH1F4QcTRQL4tIdoq9Jeum8="></latexit>

�xi(t) :=

2

6666664

ai(t)
�ui(t)
�ex,i(t)
�ey,i(t)
�ii(t)
�⌦i(t)

3

7777775
=

2

6666664

ai(t)/āi(t)� 1
ui(t)�ūi(t) +

�
⌦i(t)�⌦̄i(t)

�
cos īi(t)

ex,i(t)� ēx,i(t)
ey,i(t)� ēy,i(t)
ii(t)� īi(t)�

⌦i(t)� ⌦̄i(t)
�
sin īi(t)

3

7777775

<latexit sha1_base64="59A6g9tnG1JNqOHPwb6cQmYRQGI="></latexit>

�xi((k + 1)Tc) = Ai(k)�xi(kTc) +Bi(k)ui(kTc)/mi(kTc)
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Relative orbital elements (in relation to nominal state)

LTV model
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On-board orbit control of LEO mega-constellations 
Tracking output: Inertial

Decoupled tracking of

Semi-major axis

Eccentricity

Inclination

<latexit sha1_base64="suyIhyNkxrQTowD3PzXKoiw6JWI="></latexit>

zi,in(k) =

2

664

ai(k)� āi(k)
ex,i(k)� ēx,i(k)
ey,i(k)� ēy,i(k)
ii(k)� īi(k)

3

775 =

2

664

āi(k)�ai(k)
�ex,i(k)
�ey,i(k)
�ii(k)

3

775

Inertial tracking output of satellite
<latexit sha1_base64="rsBXJ2sMgroBVn8LhjKWjLIdnKY=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMQZckunCJUR4JTEindKCh0xnbDgmZ8B1uXGiMLv0D/8CVO//GDrBQ8CRNTs65N/f0eBFnStv2t5VZW9/Y3Mpu53Z29/YP8oeFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80WXqt8ZUKhaKOz2JqBvggWA+I1gbye0GWA8J5snttMd6+ZJdtmdAq8RZkFIt+/lRuHor1nv5r24/JHFAhSYcK9Vx7Ei7CZaaEU6nuW6saITJCA9ox1CBA6rcZBZ6ik6M0kd+KM0TGs3U3xsJDpSaBJ6ZTEOqZS8V//M6sfYv3ISJKNZUkPkhP+ZIhyhtAPWZpETziSGYSGayIjLEEhNtesqZEpzlL6+S5lnZqZYrN6aNCsyRhWMowik4cA41uIY6NIDAPTzAEzxbY+vRerFe56MZa7FzBH9gvf8A/n2VKw==</latexit>

Si
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On-board orbit control of LEO mega-constellations 
Tracking output: Relative

Relative tracking of

Mean argument of latitude

Longitude of ascending node

Goal: maintain the constellation shape

Sparse couplings with satellites in close proximity

Within a range
<latexit sha1_base64="3cH+n/SwVsMoRx1pUpXPhmxl5Ww=">AAAB6HicbZDLSgNBEEVr4ivGV9Slm8YguAozIurOgBuXiZgHJEPo6dQkbXoedPcIYcgXuHGhSFz6F/6GO//GniQLTbzQcLi3iq4qLxZcadv+tnIrq2vrG/nNwtb2zu5ecf+goaJEMqyzSESy5VGFgodY11wLbMUSaeAJbHrDmyxvPqJUPArv9ShGN6D9kPucUW2s2l23WLLL9lRkGZw5lK4/J5neq93iV6cXsSTAUDNBlWo7dqzdlErNmcBxoZMojCkb0j62DYY0QOWm00HH5MQ4PeJH0rxQk6n7uyOlgVKjwDOVAdUDtZhl5n9ZO9H+lZvyME40hmz2kZ8IoiOSbU16XCLTYmSAMsnNrIQNqKRMm9sUzBGcxZWXoXFWdi7K5zW7VDmHmfJwBMdwCg5cQgVuoQp1YIDwBC/waj1Yz9abNZmV5qx5zyH8kfXxA8v0kVw=</latexit>

R up to a maximum of 
<latexit sha1_base64="MJDlF1N/PDYORc0/Zm7t481CDEQ=">AAACB3icbVDJSgNBEO1xjXEb9ShIYyJ4McyEoB4DevAYwSyQjENPp5M06VnorpGEydy8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfW8SHAFlvVtLC2vrK6tZzaym1vbO7vm3n5NhbGkrEpDEcqGRxQTPGBV4CBYI5KM+J5gda9/NfbrD0wqHgZ3MIyY45NuwDucEtCSax7lRy2fQI8SkVyn92cjN2kBG0Dik0Ga5l0zZxWsCfAisWckh2aouOZXqx3S2GcBUEGUatpWBE5CJHAqWJptxYpFhPZJlzU1DYjPlJNM/kjxiVbauBNKXQHgifp7IiG+UkPf053jm9W8Nxb/85oxdC6dhAdRDCyg00WdWGAI8TgU3OaSURBDTQiVXN+KaY9IQkFHl9Uh2PMvL5JasWCfF0q3xVy5NIsjgw7RMTpFNrpAZXSDKqiKKHpEz+gVvRlPxovxbnxMW5eM2cwB+gPj8wegEZnD</latexit>

|D�|max satellites in each in-neighborhood

<latexit sha1_base64="/qNr622k00FLFSzv3larCKqsjrs="></latexit>

zrefi,j (k) :=


ui(k)� uj(k)� (ūi(k)� ūj(k))
⌦i(k)� ⌦j(k)�

�
⌦̄i(k)� ⌦̄j(k)

�
�
=


�ui(k)��uj(k)�(�⌦i(k)��⌦j(k)) / tan ī

(�⌦i(k)� �⌦j(k)) / sin ī

�

Relative tracking output of satellite
<latexit sha1_base64="rsBXJ2sMgroBVn8LhjKWjLIdnKY=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMQZckunCJUR4JTEindKCh0xnbDgmZ8B1uXGiMLv0D/8CVO//GDrBQ8CRNTs65N/f0eBFnStv2t5VZW9/Y3Mpu53Z29/YP8oeFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80WXqt8ZUKhaKOz2JqBvggWA+I1gbye0GWA8J5snttMd6+ZJdtmdAq8RZkFIt+/lRuHor1nv5r24/JHFAhSYcK9Vx7Ei7CZaaEU6nuW6saITJCA9ox1CBA6rcZBZ6ik6M0kd+KM0TGs3U3xsJDpSaBJ6ZTEOqZS8V//M6sfYv3ISJKNZUkPkhP+ZIhyhtAPWZpETziSGYSGayIjLEEhNtesqZEpzlL6+S5lnZqZYrN6aNCsyRhWMowik4cA41uIY6NIDAPTzAEzxbY+vRerFe56MZa7FzBH9gvf8A/n2VKw==</latexit>

Si with respect to
<latexit sha1_base64="B9AnAwcLnaBIKhmdcXp3gUt9LHk=">AAACD3icbVC7SgNBFJ2NrxhfUQsLm8GgWGjYlaBiFdBCu4jmAdm4zk5mk0lmZ5eZWSEs+QMbf8UmhSK2tnb+gKXf4OSBaOKBC4dz7uXee9yQUalM88NITE3PzM4l51MLi0vLK+nVtZIMIoFJEQcsEBUXScIoJ0VFFSOVUBDku4yU3fZp3y/fESFpwK9VJyQ1HzU49ShGSktOesf2kWpixOKrrtPag/ZJC9qUwx/5rHuz71AnnTGz5gBwklgjkslvXHx+9RK3BSf9btcDHPmEK8yQlFXLDFUtRkJRzEg3ZUeShAi3UYNUNeXIJ7IWD/7pwm2t1KEXCF1cwYH6eyJGvpQd39Wd/TPluNcX//OqkfKOazHlYaQIx8NFXsSgCmA/HFingmDFOpogLKi+FeImEggrHWFKh2CNvzxJSgdZ6zCbu9Rp5MAQSbAJtsAusMARyINzUABFgME9eARP4Nl4MHrGi/E6bE0Yo5l18AfG2ze4tZ95</latexit>

Sj , j 2 D�
i
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On-board orbit control of LEO mega-constellations 
Tracking output: Relative

Relative tracking output of satellite
<latexit sha1_base64="rsBXJ2sMgroBVn8LhjKWjLIdnKY=">AAAB9HicbVDLTgIxFL2DL8QX4tJNAzFxRWYMQZckunCJUR4JTEindKCh0xnbDgmZ8B1uXGiMLv0D/8CVO//GDrBQ8CRNTs65N/f0eBFnStv2t5VZW9/Y3Mpu53Z29/YP8oeFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80WXqt8ZUKhaKOz2JqBvggWA+I1gbye0GWA8J5snttMd6+ZJdtmdAq8RZkFIt+/lRuHor1nv5r24/JHFAhSYcK9Vx7Ei7CZaaEU6nuW6saITJCA9ox1CBA6rcZBZ6ik6M0kd+KM0TGs3U3xsJDpSaBJ6ZTEOqZS8V//M6sfYv3ISJKNZUkPkhP+ZIhyhtAPWZpETziSGYSGayIjLEEhNtesqZEpzlL6+S5lnZqZYrN6aNCsyRhWMowik4cA41uIY6NIDAPTzAEzxbY+vRerFe56MZa7FzBH9gvf8A/n2VKw==</latexit>

Si

Satellites are not driven towards the nominal constellation!

Drifts away from nominal constellation

Fuel saving!

Novel formulation
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On-board orbit control of LEO mega-constellations 
Illustrative Constellation, Tuning and Simulation

Tuning

Single shell of Starlink mega-constellation

1584 satellites
<latexit sha1_base64="HdTnHl1VeDrw+PXTfUEZSAmV27Q=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgQcKMxOUiBrx4jGAWyAyhp9NJmvQsdNeIwxD/Qy9ePCjiVfA3vPk39iQ5aOKDgsd7VVTV8yLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgpjSVmdhiKULY8oJnjA6sBBsFYkGfE9wZre8DLzm7dMKh4GN5BEzPVJP+A9TgloqWMWB/gcH1cs7Bw6wO4gHfqjjlmyytYYeJ7YU1K6+HzI8FjrmF9ON6SxzwKggijVtq0I3JRI4FSwUcGJFYsIHZI+a2saEJ8pNx0fP8L7WuniXih1BYDH6u+JlPhKJb6nO30CAzXrZeJ/XjuG3pmb8iCKgQV0sqgXCwwhzpLAXS4ZBZFoQqjk+lZMB0QSCjqvgg7Bnn15njSOyvZJuXJtlaoVNEEe7aI9dIBsdIqq6ArVUB1RlKAn9IJejXvj2Xgz3ietOWM6U0R/YHz8AMlbmAY=</latexit>

h = 540 km

<latexit sha1_base64="UhpmRrOeLgHLok7zA0igEbFVT18=">AAAB/HicbVDLSgNBEJyNrxhf0Ry9DAbBg4RdicaLGPDiMYp5QLKE2clsMmRmd5npFcMS/0MvXjwo4lXwN7z5N04eB00saCiquunu8iLBNdj2t5VaWFxaXkmvZtbWNza3sts7NR3GirIqDUWoGh7RTPCAVYGDYI1IMSI9wepe/2Lk12+Z0jwMbmAQMVeSbsB9TgkYqZ3NXeMzXDq2ceuwBewOkr4ctrN5u2CPgeeJMyX588+HER4r7exXqxPSWLIAqCBaNx07AjchCjgVbJhpxZpFhPZJlzUNDYhk2k3Gxw/xvlE62A+VqQDwWP09kRCp9UB6plMS6OlZbyT+5zVj8E/dhAdRDCygk0V+LDCEeJQE7nDFKIiBIYQqbm7FtEcUoWDyypgQnNmX50ntqOCcFIpXdr5cRBOk0S7aQwfIQSVURpeogqqIogF6Qi/o1bq3nq03633SmrKmMzn0B9bHD6ssl/M=</latexit>

R = 750 km
<latexit sha1_base64="Qu0/yYPbw1aeRFz6Q5LeYVgzMrA=">AAACC3icbVC7TgJBFJ31ifhCLW0mgImNZJcQtDEh0cISE3kksJLZYYAJs4/M3DWQZXsbf8XGQmNs/QE7/8YBtlDwJDc5Oefe3HuPEwiuwDS/jZXVtfWNzdRWentnd28/c3BYV34oKatRX/iy6RDFBPdYDTgI1gwkI64jWMMZXk39xgOTivveHYwDZruk7/EepwS01Mlk85O2S2BAiYiu4/uzSSdqAxtB5JJRHONLXM53MjmzYM6Al4mVkBxKUO1kvtpdn4Yu84AKolTLMgOwIyKBU8HidDtULCB0SPqspalHXKbsaPZLjE+00sU9X+ryAM/U3xMRcZUau47unN6tFr2p+J/XCqF3YUfcC0JgHp0v6oUCg4+nweAul4yCGGtCqOT6VkwHRBIKOr60DsFafHmZ1IsFq1wo3RZzlVISRwodoyw6RRY6RxV0g6qohih6RM/oFb0ZT8aL8W58zFtXjGTmCP2B8fkDdWSang==</latexit>

|D�|max = 6

Simulation

High-fidelity orbit propagation (TUDAT Toolbox)

Perturbations: EGM96 gravity potential, NRLMSISE-00 atmospheric drag, 
solar radiation pressure, third body
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On-board orbit control of LEO mega-constellations 
Simulation results
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Meter-level accuracy!
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Conclusion

Inhibiting technical challenges on a very large-scale networked control systems

Convex relaxation of the decentralized problem

Distributed real-time synthesis

Promising performance on the pressing shape-keeping task of LEO mega-constellations

No state-of-the-art solutions can address this problem in such scale
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