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La rge-scale space systems

Problem fo rmulation

Curse of dimensionalit y

Control of la rge-scale space systems

F o rmation �ying is a new app roach to space missions;

F o r the future w e can fo resee missions (e.g. fo r interferometry)

that will feature several s/c's �ying in fo rmation;

Such kind of distributed systems will require a control

app roach that is b oth:

e�cient (in terms of accuracy , p rop ellant consumption and

computational load);

able to manage a la rge numb er N of s/c's.

In this talk, w e a re going to p resent a novel app roach to this

p roblem.
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Problem fo rmulation

W e consider a fo rmation of N s/c's with identical dynamics ;

The goal of the controller shall b e to k eep the relative

p ositions of the s/c's in the fo rmation ( station k eeping ).
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Problem fo rmulation

W e assume the N s/c's (o r agents ) have the follo wing Linea r

Time V a rying dynamics:
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fo r i = 1 : : : N .

where:

x
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2 Rl

a re the agents' states;

u

i

2 Rm

u ; w

i

2 Rm

w ; a re control inputs (e.g. thrust) and

disturbances (e.g. external fo rces);

y

i

2 Rr

y

a re measured outputs;

k 2 Z is the time index.

W e assume p erio dicit y with p erio d p

(e.g. A ( k + p ) = A ( k ) , etc.) ! o rbits;

Such mo dels can b e obtained from �rst p rinciples o r

numerically .
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Problem fo rmulation

W e also intro duce p erfo rmance outputs z

i

;

The controller goal is the minimization of these outputs;

These z

i

a re not lo cal b ecause they involve relative states

(relative p ositions) and couple all the systems together ;

The z

i

can b e exp ressed using a �pattern matrix� P , e.g.:
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Dimensionalit y issues

The standa rd app roach of computing a centralized controller

might b e unfeasible fo r la rge N :

The computational complexit y is O( N

3 ) ;

A central unit needs to communicate and op erate all agents.
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H 1 synthesis

Befo re sho wing the p rop osed app roach, w e summa rize some

p relimina ry concepts.

H 1 synthesis is a w a y of fo rmulating control synthesis

p roblems as disturbance rejection p roblems ;

If w is the disturbance to a system and z is its p erfo rmance

output, the H 1 no rm of a system from w to z is:

jj G

w ! z

jjH 1 = sup

w 6= 0

jj z jj
jj w jj (a kind of w o rst case system gain)

H 1 synthesis is then the p roblem of �nding the linea r feedback

la w: u = f ( y ) that minimizes jj G

w ! z

jjH 1 fo r the system:
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Linea r Matrix Inequalities

Linea r Matrix Inequalities (LMI's) a re a w a y of app roaching

control design p roblems that can b e considered as an extension

of Ly apunov's stabilit y criterion;

Many classical control p roblems can b e rewritten in terms of

LMI's, e.g.: fo r the system:

�
x ( k + 1 ) = Ax ( k ) + Bu ( k )
y ( k ) = Cx ( k ) + Du ( k )

the Linea r Quadratic Regulato r (LQR) with w eights Q and R

can b e either solved:

with a Riccati equation:

A

T

P A � P + Q � A

T

PB ( R + B

T

PB )� 1

B

T

P A = 0

o r with a set of LMI's:

P aolo Massioni Distributed control of space systems



Intro duction

The novel app roach

Application example: the F AST mission

Conclusions

H 1 synthesis and LMI's

Decomp osition and constraints

Curse of dimensionalit y solved

Linea r Matrix Inequalities

minimize trace ( W ) under:

2
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They a re convex optimization p roblems (solvers a re no w

available);

They can b e easily constrained.
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Decomp osition

Ea rlier w e have sho wn that the set of N indep endent agents

(w e assume of o rder l ) get coupled with each other with the

intro duction of relative p erfo rmance indices:

N systems of o rder l �! one big system of o rder N � l

Mo reover, standa rd control synthesis metho ds w ould yield a

centralized controller;

It is p ossible to p rove that there exists a transfo rmation of

input, output and state that decomp oses the system again:
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Decomp osition

Decomp osition Theo rem If P is diagonalizable, then the

follo wing t w o fo rmulations a re equivalent:
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i

a re the eigenvalues of P

In this last fo rmulation, the N mo dal systems a re decoupled again!
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Decomp osition

The control synthesis can b e then executed indep endently fo r

the N mo dal subsystems indep endently;

If LMI's a re used, it is p ossible to intro duce constraints such as

the controller to o will follo w the pattern matrix - this will yield

a distributed controller :

at the cost of sub optimalit y .
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The N synthesis LMI's a re a�nely dep ending on �
i

(e.g.: state

feedback case):

fo r i = 1 : : : N , minimize 
 2
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a re the optimization va riables.
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Any of the N LMI's sho wn b efo re can b e obtained as a convex

combination of the 2 with maximum and minimum �
i

;

Thanks to the p rop erties of LMI's as a convex optimization

p roblem, this means that w e do not need to check fo r all the

�
i

, but just fo r the max and min:

the computational complexit y of the p roblem do es not

dep end on N any longer!
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Curse of dimensionalit y solved

This will allo w synthesis of controller fo r fo rmations with

N ! 1 with gua ranteed p erfo rmances;

Mo reover, it is alw a ys p ossible to cho ose a pattern matrix P
with b ounded eigenvalues:

P sto chastic matrix: � 1 6 �
i

6 1;

P graph Laplacian matrix: 0 6 �
i

6 2;

The pattern matrix itself do es not app ea r in the synthesis

equations, only its eigenvalues ! the controller can b e the

same even fo r di�erent N (just a controller recon�guration is

needed).

�Curse of dimensionalit y� solved!
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The F AST Mission

A new Dutch-Chinese scien-

ti�c mission

fo r the study of

atmospheric aerosols;

a demonstration of

fo rmation �ying using

micro-satellites.

The baseline fo resees only

2 s/c's, but if features an

op en space segment a rchi-

tecture allo wing other mi-

crosatellites to join.
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Extended F AST mission

W e consider an extended version of the mission with 10

satellites �ying along-track in a circula r o rbit:

Each satellite can communicate with the one p receeding and

the one follo wing.

W e assume a Linea r Time Inva riant setting describ ed b y the

Clohessy-Wiltshire equations:
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Controller p erfo rmances

Reasonable values fo r disturbance fo rces and senso r accuracies

a re assumed:

p osition measured b y GPS receivers;

actuation done b y thrusters, attitude dynamics not considered;

W e compa re the p erfo rmances of 4 di�erent controllers:

1

A centralized H 1 optimal controller, that yields the b est

theo retical optimal;

2

The distributed controller p resented in this talk;

3

A leader-follo w ers controller;

4

A completely decentralized controller ( absolute fo rmation

control ).

The p erfo rmance output is a w eighted sum of relative p osition

accuracies and p rop ellant consumption; results can b e tuned

b y either:

giving higher imp o rtance to accuracy in the p ositions, o r

p referring p rop ellant savings.
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First test: higher w eight on p rop ellant savings .

Metho d H 1 no rm

1. Centralized control 10 :633 � 10

� 3

2. Distributed control 10 :633 � 10

� 3

3. Leader-F ollo w er control 10 :730 � 10

� 3

( + 0 :91 %)

4. Decentralized control 11 :639 � 10

� 3

( + 9 :46 %)

Though theo retically sub optimal, it turns out that the distributed

control (2.) p erfo rms in p ractice quite as w ell as the centralized

control!
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Second test: higher w eight on accuracy of relative p osition .

Metho d H 1 no rm

1. Centralized control 3 :451 � 10

� 3

2. Distributed control 3 :451 � 10

� 3

3. Leader-F ollo w er control 3 :845 � 10

� 3

( + 10 :2 %)

4. Decentralized control 4 :505 � 10

� 3

( + 23 :4 %)

The trend is that the higher is the demand fo r accuracy of the

p ositioning, the w o rst the decentralized app roach p erfo rms.
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Conclusions

W e have sho wn a new linea r optimal controller synthesis

metho d fo r s/c's fo rmations;

The metho d can b e applied to any p erio dic o rbit, and it is

based on H 1 p erfo rmances ( p erfo rmances and stabilit y a re

gua ranteed );

This metho d allo ws a distributed implementation (no leader,

no sup erviso r...) fo r any numb er N of satellites;

Robustness to changes in the fo rmation top ology;

The computational complexit y of do es not dep end on N .

This kind of versatile controller can b e a go o d choice fo r

fo rmations with va riable numb er of satellites (as the new

F AST mission).
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Thank y ou fo r y our attention

Thank y ou!

Questions?
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