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What It IS?

Evolving Systems=
Autonomously
Assembled

Active Structures

Or Self-Assembling
Structures,

which Aspireto a
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How It Works

Evolved System




The Process of Evolving Systems

Active
Component 2

Active
Component 3

Active
Component 1

Evolved System

Active Active Active
Component 1 | Component 2 Component 3




It's not theories about stars; it’s the stars that count.”
Freeman Dyson




Evolving Systems Applications

m Autonomous Assembly in Space




Evolving Systems Applications

‘m Autonomous Rendezvous and Docking
m Servicing and System Upgrades




Stabllity i1s Essential During the
Entire Evolution Process




Launch Vehicles: Devolving
Systems

NASA-MSFC E Ares-Orion
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Constellations and Formations of
Spacecraft (NASA-JPL)




Global Persistent Survelllance:
Constellations-Formations-
“Evolving-Systems (NRO/DARPA)

The next step in network-centric warfare will be the creation of
networked sensing suites that tailor their observations to the
adversary’srate of activity. These various sensors will concentrate
on observing changes rather than on observing scenery ...

Signal Magazine

: Devolution
Formations ~ Mated Systems

Constel I ations

Evolution




Evolving
Spacecraft Formations

Joining Spacecraft




Smart Grids:
Virtual Interconnecting Forces

SMART G R1 D Smart appliances
Demand management

A vision far the future — a netwark Can shut off in response to
of integrated microgrids that can frequency fluctuations. o Lize can be shifted to off-
manitor and heal itself o ; peak times to save money.

_J‘I_ Solar panels

& Disturbance
i the grid

[
Execute spegial protection Dietect fluctuations and \
schemes in micraseconds. @ disturbances, and can signal
for areas to be isolated,

<

Storage 3 .
Energy generated at off-
peak times could be stored
in batterbes for later use

o
‘ -

Generators ; i ’l e
i T | i o Central powier

Energy from smallgenerators )

and solar panels can réduce . peant

overall demand on the grid,

“It is surprising how quickly we replace a human operator
with an algorithm and call it SMART” '
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Affine Nonlinear Systems

(x = A(X)+ B(X)u
Ly =C(x)

With smooth vector fields. [CReIRCIRNI)
defined on a neighborhood a smooth manifold, or




Evolving Systems: General

| th Component
{x = A (%) + B (x)uf
y, =Ci(X)

{)‘(z A(X) + B(X)u
—
y =C(x)

U’ =h(z)+u

Local Controller :
2i zli(zi’yi’ui)

Evolved System with x =

where X = A (X)+ B (X)U + 2 A (% % Uiy

|nter connections
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Evolving Systems: 2 Components
0<g,=¢,=6=1
Component 1 | Component 2
{Xl = A (%) + B (X)u + A, (X, X, Uy) %, = A (X,) + B, (%), + A, (X,, %, )
Y. = Cl(xl) Y, = Cz(xz)

A(X) B(x)

r A\ r A\

X{A(&)}{Bl(xl) 0 }M{Az(xl,xz,uz)}
A (%) 0 By(x) Ao (%, %, W)

TCu(%)
y{@(xz)

— Evolved System-

}z C(¥

& = 0 unconnecte d
¢ =1fully connected
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Evolving Systems:
Evolution=Homotopy

Evolved System

Active Active
Component 1  Component 2

Controller 1 Controller 2

0<e<]




Genetics of Evolving
Systems:
Inheritance of
Component Traits

Controllability/Observability

Stability

Dissipativity

Optimality

Robustness

Disturbance Regjection/Signal Tracking
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How To Analyze Evolving Systems

o Admittance/Impedance
0 Perturbation Methods

dGraph Theory

 Differential Geometry- Lie Groups
dOther stuff




Impedance and Admittance of Components

Vi =X =X,
X =%

~

Component 1 | Component 2

<

Z = Impedance Operator : F =2(V)
Y = Admittance Operator: V =Y (F)
Z=Y'tY=Z7"

Linear Case: C. M. Harris and A. G. Piersol,
Shock and Vibration Handbook, McGraw-Hill,
2ITNY , 2001




Fully Evolved System

Component 1
Vi = Yl( fl)

Component 2
fz =Z, (Vz)




Nonlinear State Space Version: Admittance-I mpedance

(% = A (%) +eB,(x)u + B (x)u)
Y. = Cl(xl)
kY1A :C1A(X1)

Component 1

().(2 = A, (%) +€B,(X)U, + By (X;)uy
Y, =C,(X%)
\yzA = CzA(Xz)

Component 2




Characterize Evolved System Stability

System 2
f,=2,v,

Q: Given System 1, can we find all System 2 so that
connected system is stable ? |
Use Youla Parametrization for | mpedances/ Admittances.




Youla or Q Parameterization

Component 1
Yu=ND"u

where N,D are

coprime andstable

Component 2

Z,=(Y-QN)™(X +QD)
Let X,Y becoprime and stable,
and NX + DY = |,andQ beany
stablerational function.

*

All controllers
that make the
closed-loop
stable.

M. Vidyasagar,

Control System Synthesis:
A Factorization Approach,
MIT Press,1985




Dissipativity:
“Higher” Form of Stability

Energy Stored < Energy Supplied

e.d. Springs and M asses
Inductors and Capacitors
Roommates/Spouses



Definition of Dissipativity

u

{)’(z A(X) + B(X)u y

y =C(x)

_ V(X)>0;vVx=0;
Energy Storage Function : y

©=0 _ aV (x(1)) / dt = VV(t) = VV[A(X) + B(X)u]

System is Dissipativ € when mergyTstorage rate T Fxternal
LaoV = VVA(X) <0 <0+C' (XYu=y' (Ru(t) =(y.u) Power
LoV = VVB(X) =C" (%) o

V(x(t) <V(X(0)) + j y,u)d External
EnergyStored Initial \I Energy

EnergyStoed




Strict Dissipativity

_ V(X)>0; Vx =0,
Energy Storage Function
V(0)=0

System i< Strictly Dissipativ € when

{LA(@V = VVA(X) < -S(x) = AV (x(1))/dt = VVX(t) = VV[A) + BO)u

LB(x)V = VVB(X) — CT (X) energy StorageT rate
<-8(x)+C" (x)u={(y,u)—S(x)

.

Internal
Power
Dissipated




Positive Realhess (PR)

Given (A,B,C)

and T(s)=C(sl — A)'B+D:
There is P > 0 so that

‘ _Y{ATP+PA - -L'L=Q <0

PB = CT A Frequency
Domain
Condition

ReT(jo) =(T(|o) +T*(ja>))/220foralla>
Thisis often taken as the definition
of Positive Real (PR)

For Linear Systems. PR= Dissipative= Passive




What does Positive Real (SPR) mean?

Answer: Lotsa Things, Not all equivalent!! (See J.Wen,AC-33,1988)
Here is ONE Definition of SPR:

Thereis u > Osothat

ReT(jo-u) =(T(jo-u) +T (jo—-1u))/2 isPR

RelationtoK -Y :

Strictly
A'P+PA=-L"L-2uP=-Q<0 Dissipative

PB=C'

For Linear Systems. SPR=Strictly Dissipative=Strictly Passive




Almost Strictly Dissipative (ASD)

Nonlinear

System Strictly
Dissipative

y
X = A(X) + B(x)u |
{y =C(x) /

u

Output FB

- (A (X) = A(X) + B(X)GC(x), B(x),C(x)) Is ASD




Linear ASPR via Non-Orthogonal
Projections

Balas&Fuentes :
1) (A,B,C) Almost SPR if and only it CB an

open-loop transter functiofOEINC I -

1S

(1.e. all transmission zeros stable)

2) Almost PR if and only it
CB :
open-loop transfer tunction is
(1.e. can have some marginally stable transmission zeros),
and




Inheritance of Almost Strictly Dissipative Property

(%, = A (%) +B,(x)u, + BA(x)u;"
Y= Cl(xl)
kylA = ClA(Xl)

Component 1

(%, = A, (X,) +€B,(%,)u, + BA(X,)u2
Y, =C, (%)
Y, =C, (%) Component 2




Two Component Flexible Structure
Evolving System

Component 1 Component 2

Contact

oaint Example where

stability is lost during
evolution will follow!




System That Does Inherit
‘Stability

Poles of Evolving System as Epsilon Steps from 0 to 1

{mlch = U, —ek;, (g, — )

Y1 = [q1’ ql]T
(mzqz = U, —Ky3(0, — 05) —&k;,(0, — qy)
My, = Us _k23(Q3 — CI2)

= [qziqz]T
Ys = [Q3’q3]T

35




Evolving Systems. Completely Connected

Systeml

mUE

Subsystem 3

Evolved System

Systeml

1T

Subsystem 3




Evolving Systems: Failure to Connect

System?2

T

Subsystem 3

Evolved System with Failure

Systeml System?2

) Subsystem 3
i 1 Should connect
to System 2, BUT

Subsystem 3




Key Component Evolving Controller

Evolving Component 2 Component N
Controller

Function ;
of epsilon Controller 1 Controller 2 Controller N

Local Controllers1 ... N and their
components’ input-output ports remain
unchanged




Closed Loop Poles of Example

System with Key Component
Evolving Controller

Poles of Evolving System as Epsilon Steps from O to 1 Poles of Evolving System as Epsilon Steps from 0 to 1
251 ; 251
f B epsilon=0 f f
2F * i 2F * x
« X ® : 0 {-Tpﬁ'ﬁlm? <1 x." X ®
BRSHON =
1581 u P ; 168F
h“x xow h“x » xhﬁx ®ow
1k x 1k » ]
| .
058+ ; 05
=
o O - e Rt R DR L L L L LR »------ By
a5t : a5t
- .
1 - » H -1 - » .
awocxx * i ook X Xgaoix % X
151 | 1.5 1
u " ; B cepsilon=10 [ -
X 5 : . * % X x
2t x ' 21 ® 0 < epsilon <1 x X
‘5& ®  epsilon=1 ‘5&

25 1 1 1 1 ] | 25 1 1 1 1 |

0.3 -0.25 0.z -0.15 0.1 -0.05 1] 0.05 -0.35 0.3 -0.25 0.2 015 0.1 -0.05 1]

Real Axis Real Axis




Benefits of Key Component
Evolving Controllers

Controller 1 Controller 2 Controller N

Maintains stability during Evolution
Interchangeability of non-key components
Cost savings & risk mitigation




ADAPTIVE Key Component
Evolving Controller

ADAPTIVE
K ey Component Component 2 Component N

Controller

Controller 1 Controller 2 Controller N




Direct Adaptive Model Following Control
(Wen-Balas 1989)

Un, Reference

Model

7 IR
u
Plant

(G|

(Up» Xy €,) Known Signals

Adaptive
Gain Laws




Direct Adaptive Persistent Disturbance Rejection
(Fuentes-Balas 2000)

Un, Reference Ym

model

Disturbance
Generator

o—>

Plant

[Ce.

(Up X0 €y ?B ) Known Signals
Disturban& Basis

Adaptive
Gain Laws




Adaptive Key Component Control

Adaptive
Gain

, v
% = A (%) + 6B, (% )U, + BAX)U, e

Y1 = Cl(xl)
\ylA — C1A(X1)

Key Component 1

X, = A (X,) + B, (X,)U,

Y, = Cz(xz)
All Other Components




A Theorem | s Worth
A Thousand Simulations

(despite its limitations)




Adaptive Key Component Controller Theorem

|f Kéy Component 1 -(uf,yf) ISAlmost Strictly Dissipative and
Component 2 (u,,y,) IS Strictly Dissipative, then

Adaptive {UIA Gy

Key Component

Controller Gy =-YA(Y) 717, >0

Produces x,x, ———0and G, is bounded

throughout the entireevolution 0<g <1




Now Let's See Some Detalled
Mathematical Proofs

No No Please, I’ d Rather Be Eaten
Alive by Radioactive Spiders

/] LT N === S
i e - —ra
s i w\\// N~ —
' S g/ TN, = —
7, y 4 1 "-" /i —\f/'y'-‘
2 G
o -
<
3
%

e

e




System 1

Strictly Dissipative
System

= AG y*
Y2 o System 2
AG,

AG, =G, =-y,' (¥{) 7,

VAE %traceAG-AGT >0

= V, =traceAG,y; 'AG, =trace(y (y) y,7,*AG")
= (AGY)"y{ =(y,,u,) . System 2is dissipativ €




Adaptive Key Component Control Can

Adaptive
Gain

% = A0)+eB, )+ By u’ + Tup

Persistent
Disturbane

Y. = Cl(Xl)
y2=Ci(x) [Key Component 1

;).(2 = A, (%) +€B,(%,)u,

Y2 = C, (Xz)
All Other Components




Adaptive Key Component Control
of Nonlinear Plant

Mass Displacement with No Adaptive Control
I I T T 1 1 T T

Mass 1
Mass 2
Mass 3

Mass Displacement with Adaptive Control on Mass 1

Position

Position

1 1 1 1 1 1
80 100 120 140 160 180
Time (seconds)

1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200
Time (seconds)




Adaptive Key Comp
Controller

Mass Displacement with Adaptive Control on Mass 1 hass Displacement with Adaptive Control on Mass 3

— Mass 1
Mass 2
— Mass 3

— Masgs 2
— Mass 3

Pasition
Position

1 | 1 1 | 1 | 1 - 1 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Time (seconds) Time (seconds)




AreYou Lookin' at Me?

Evolving

Joining Spacecraft




Control Based on Relative State

Uni-directiond
Newton’s 3rdLaw

:gp(qz_q1_ré)+go(q2_q1_ré
%f—/ %K—J

preloaded preloaded
spring damper




Reciprocity= Usual Newton’s Laws

:gp(qz_ql_ré)+go(q2 _ql_ré)
%K—J %f—/

preloaded preloaded
spring damper




i |dentical
Spacecraft Dynamics Spacecrat

C, % =Ax, +Bu +Tu’;k=1...,N
D
u’ =

2. =

Disturbance Generator : {




Open Chain Formation




Relative Measurements
-- : .- = k—l = C(Xk — X1 — rk—l)

ruk =Gy, +G, ZkD =GCq,, +Gp ZE
u =0
= AU, = U,y — U, =G(Yis — Vi) = GC(&, — &) + GpAZ,

Chained Output Feedback : <

~E = A& +BAu, +TAu
_ (A+BGC)& —BGCE, | +(BG, +T0)Az%: k> 2

—0or R(I')<R(B)

& & =(A+BGC)E,




Open Chain Stabllity

= & =(A+BGC)¢&, — BGCE,

£, A+ BGC 0 0
Leté=|&, |=E=| —BGC A+BGC 0 |

£, 0 ~BGC A+BGC

A. stable < A+ BGC stable




Open Chain Formation with
Reciprocity 3




Stability Open Chain with
Reciprocity

e
GCé&, + G,z
Output Feedback : 4 21+ Coa

GCéE, + Gz, +(-GCE))

GCé, +G, 2P

"A+BGC 0 0
Leté = ‘—~| —-BGC A+BGC -BGC
0 ~-BGC A+2BGC

A. stable <> A+ BGC and 77 **®




Theorem: Open Chain with Reciprocity

A+ BGC 0 0
-BGC A+BGC -BGC
0 -BGC A+2BGC

Ac
< A+BGCand A+ (2+a)BGC, A+ (1- a)BGC stable

/

wherea = —%i%x/g =0.62,-1.62 (or a” + o —1=0)

Proof : {
0

| —al}{A+ZBGC ~BGC }{I al}{Aﬂzm)BGc (a2+a—1)BGC}#

| | -BGC A+BGC|0 | _BGC A+ (1-a)BGC

0 1 0) _
Cor. AE{O O}BEL}CE[]— O.l]:>A:stabIeVG:g>O




Open Chain Formation




Theorem:

A+BGC O 0
A.=| -BGC A+BGC 0 |stable
BGC A+2BGC

Ac
< A+ BGC and A+ 2BGC stable

},Cs[l 0.1]= A. stableVG=-g <0




Closed Chain Formation




A+(1+¢)BGC  BGC eBGC
- BGC A+ BGC 0
0 -BGC A+BGC

A+BGC 0 0 'BGC BGC BGC’
~BGC A+BGC O 0 0 O
0 ~-BGC A+BGC| | 0 0

0
AA

A, stable<> A+BGC and A+2BGC stable

= Jg,>03,V0<e<¢g,, A.(¢)isstable.

Cor.Az[g ﬂ,szm,cz[l 0.1]

= A.(¢) stablev0 < ¢ < g, = 0.02(theory ~10™), and unstablefor £ =1




ADAPTIVE Key Component
Controller

ADAPTIVE 2o
Key Component a3 sSC 2 Component N

Controller >
\ Component 2

Controller 1 Controller N
Controller 2

Was Unstable, but
Adaptive Key Component Controller Restores Stability




01 0
Double Integrator: A= B=
00 1

C(9) = —(10+%)

REREREH
K ey Component Adaptive Controller
GCS; + 536374 + Gy =1

SV
Original
SC4 Control

Adaptive
Control

Ge = _(V4)2ye; ye =100
Gy = _V4¢D7/e;7/e =1
Measured Output : y, = CX,

Adaptive Gains

E3 Response

Key Component Adaptive Control

E3=x4-x3-r3

| | | | L
25 30 35 40 45 50
Time (sec)

E4 Response

Key Component Adaptive Control

E4=x4-x1-r1

| | | | |
25 30 35 40 45 50
Time (sec)




Conjecto-Theorem

j | individual spacecraft dynamics(A, B, C) are ASPR,
ie CB > 0and P(s) = C(sl — A) " Bis minimum phase, then

Key Component Adaptive Controller (on the joining spacecraft)
u, = GC&,, +G.Y, +G,4,; ¢, bounded

Origi n\él AdaBtive
SC N Control Control

G, =—(Yu)?7e 7. =100

Gp =—YnbpVer Ve =1
Measured Output : y,, = Cx,,

Adaptive Gai ns{

producesé, = X, — X, —T,

—> 0VkK
(and rejects bounded disturbances)
with bounded adaptive gains

t—




Proof: WLOGuse4sC

LetS =| ¢, " _
Y4 :C4X4 =C¢&

51} _ {5 — A.()E+Bu,
Sa

where A_(g) = - BGC A+BGC 0
0 -BGC A+BGC

A+e)G G &G
-G 0

0

0

C
%K—J

0

A+(1+¢)BGC &BGC eBGC }
0
C
0
c




FindG.>u, =G.Y,
0
= A.()=A(e)+|0|G[0 0 C]

0T(l+£)G G G| C
of -G G o]0
Bl 0 -G G

/\o

> O > O

G(e)

|

{

O O
s O W O

I
|
ve]

ClearlyCB >0< CB>0
and P (s) minimum phase <> P(s) minimum phase.
.(AB,C)ASPR= (A, B,C)ASPR= (A.(¢), B,C) ASPR#




Future Formation Stuff

Nonlinear: {Xk =0 g0y) B

Lipschitz & weak enough

Yi = CX,

*Harder but Doable {xk = A(X) + B(x,)u,

Yi = C(%)

*Maintaining a Formation Shape (Tracking); Immutability of
Formation Shapes

Swarms. George Hill’s Egs
(or Johnny-Come-L ately: Clohessy-Wiltshire)




A Sortof Paradigm

f

New

Adaptive
Controller

~

Exciting

S/

Wonderful New Survivable System

/Old Decrepit

P Broken-down :
System ;

—> (eg US

power grids) ||

o




