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It’s not theotries about statrs;
it’s the stars that count.”
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Note: Called “Self-Organizing” System (Kalman)
& “Self-Tuning” Regulator ( Astrom)



Direct Adaptive Model Following Control

“‘1‘ y (Wen-Balas 1989)
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Direct Adaptive Persistent Disturbance Rejection
(Fuentes-Balas 2000)
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Persistent Disturbance Example
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Adaptive Control Is Not Complicated !
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“Simplicity” via Infinite
Dimensional Spaces P

X
ot
X(0) = x, € X Banach or Hilbert Space = X(t,w,) = U)X,

= A(X) + B(x)u

%r_/
y = C(X) Linear or Nonlinear

Evolution
in X

“Boil Away” all the special properties of



Infinite-Dimensional Space
Viewpoint: Semigroups

Hilbert Space
OX with inner
E = AX+F product
X(0) =X,
: : o
A:D(A) c X — X closed, densely defined linear operator = 3
o

= X(t,W,) =U ()X, +'EU(t—r)F(T)dre XVt >0

e

J. Wen & M.Balas, “Robust Adaptive Control in Hilbert

C, —Semigroup of Bounded OperatorsU (t) : e
J. Mathematical. Analysis and Applications, Vol 143,

Ut+s)=U(@{)U(s) (semigroup property) REESEELRE::)

%U (t) — AU (t) ~U (t) A ( A genera.tes U(t)) J. Wen & M.Balas ,"Direct Model Reference Adaptive

Control in Infinite-Dimensional Hilbert Space," Chapter in
Applications of Adaptive Control Theory, Vol.11,
K. S. Narendra, Ed., Academic Press, 1987

U (t)X, —=—> X, (continuous at t = 0)
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Example: Heat Diffusion

b(z) € D(A) = {x/smooth and BC:x(t,0) = x(t,I) = 0}
c X =L5(Q)

with (x,y) jQ x(t) y(t)dt

X(0) =x, € D(A)

y=(c,x); c¢(z)eD(A)
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Euler-Bernoulli Beam
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Symmetric Hyperbolic Systems

0 n 0
_Q:Z A _24_ A, Q;ZED(A)CXELZ(Q;ERl)
L =1 1y c:’n-ét_ant i IxI (;nHStant
symmetric
Ag

Boundary
Conditions : A(2)p(z,1) =0Vz € 0Q;t >0

Theorem: (Balas 1974, w help from Lax - Phillips1967)

1) Symbol: A(¢) = D &Alis nonsingularv & =0 e R"
i=1

2)A, + A, <0
3)dim N (A) < o

Sobolev
Norm
—

4) Boundary Conditions are Coercive ( ‘?H . < HQH + HAQH)

= (Ag,9) + (¢, Ap) = 0and A has compact resolvent.
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Examples

Wave Equation

. _9%x 9% 9%x
2 - dim wave equation —— = (5—+—;
ot 0%z, 0z,

X
X where Xx=

0
0
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Dirac Equation: %:—C(Z A
ot =1 paul
Spin
Matrices




Stability via Lyapunov-Barbalat
X = f(X)

x(0) = x, e R"

Find Energy - like Function:V (x)

V (X)>0when x=0
V(0)=0

Nonlinear Dynamics{
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Infinite-Dimensional Lyapunov-Barbalat Theory: PDE & Systems

X Hilbert or Banach Space

V(t,x,AG) =V (t,X) + %tr(AGy‘lAGT)
<

(with x(t) =U (t)x, € X;t =0

Linear or Nonlinear
Evolution

a(|(x, AG)|) <V (t, x, AG) < B(|(x, AG)|)
V(t,X,AG) <-W (X) <0

dW (x(t)) ( oW ) ox(t)
da

Frechet
Deri varive

If W(x) is coercive in the partial state x ,orW (x) > y(|x|), then x(t) ———0.

Theorem: If {

and

Is bounded, then W (x(t)) ——=—0 and AG bounded.




Adaptive Model Tl’ﬂCkiﬂg Reference Model

in the Presence
of Disturbances

!

AX = X—X.———00r N(O,R.)

=L ¢,

e, ———00r N(O,R.)

X=AX+BuU+Tug
y = CX

Controller

Q) €—c-[G. G G, Gol--hee, u, v,
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Adaptive Control Law

u=Gu, +G w_+

Model Tracking

where
G, =—¢, U,
G, =-€, X
I
GD =€, ¢[T>
G, =-¢, e

Using Ideal Trajectories

C:‘lD¢D
N—

+ G.e,

—_—

Disturban® Rejection  Stabilization

Gain

Adaptation

Laws
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Solar Power System Satellite
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Hubble, Bubble, Toil and Trouble NASA MSFC

V3

V2“\\\\I////"W

APERTURE DOOR

M5 LIGH-GAIN ANTENNA

SUPPORT SYSTEMS MODULE

STAR TRACKER

Figure 1-1.' Hubble Space Telescope



Deployable
Optical Telescope
DOT

Primary Mirror

Supports

AFRI.-Kirtland



Deployable Optical Telescope Experiment

R. Fuentes, M. Balas, K. Schrader, and R.S. Erwin "Direct Adaptive Disturbance Rejection and Control for a Deployable
Space Telescope, Theory and Application”, Proceedings of ACC, Arlington, VA, June 2001.




[
Evolving SySpetiE

Evolving Systems=

Autonomously
Assembled

Active Structures

Or Self-Assembling
Structures,

which Aspire to a
Higher Purpose;

Guidance Modeling Estimation
& Dynamics|
et

NASA-JPL & MSFC



Genetics of Evolving
Systems: Inheritance
of

Component Traits

Stability “ g -
Optlmahty SfabiIi;:y is Nécessﬁry Ijl;.ring the

Entire Evolution Process
Robustness

Disturbance Rejection/Signal Tracking

- Irony: Synthetic Biology #??



omposability in Synthetic Bio
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PROTEINS

Proteins perform many of life’s most essentil functions. To carry out their
specific roles, they often waork together in the cell os protein machines.
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200,
COMPUTATIONAL
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TO UNDERSTAND
COMPLEX
BIOLOGICAL
SYSTEMS

Many protein
machines interact
through complex,

interconnected
pelhways, Anclyzing
these dynamic processes
will lead to models of life
processes.

[ (5 X
gQ{ZRACTIRlz! GENE
REGULATORY NETWORKS URL DOEGenomesTolife.org
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“It 1s difficult to define signal exchanges between
biological units unambiguously”



F-16 Flexible Structure Model:
Fluid-Structure Interaction

Flutter

USAF-Edwards AFB
Flight Test Center
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One Possible Solution



http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&docid=1UOujYXmHizhBM&tbnid=Q0kZIpdmFrLavM:&ved=0CAUQjRw&url=http%3A%2F%2Fwww.eaa983.org%2Fnewsletters%2FEAAnewsletter0404.htm&ei=P43SUr6pG7PQsATizoHoCw&bvm=bv.59026428,d.cWc&psig=AFQjCNGW6io76cbgrTgDHsWqMp6cuHH5yA&ust=1389616654710711

Smart Grids:
Virtual Interconnecting Forces

SMART GRID Smartappliances
A rt ure — a network ¢ W Demand management
h frequency fluct e Use can be shifted to off
: peak times to save money

Seolar panels

'€

Storage Y
Energy generated at off-
peak time re

" Central power

plant
Industria

plant

“It is surprising how quickly we replace a human operator
with an algorithm and call it SMART”
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Wind Energy

1979: 40 cents/kWh

2000: 4= ts/kWh

Ajrbus AJED
wing span
a0m

Rotor diameter (m)

2006: 3 - 5 cents/kWh

”"?ﬂ ———

|yooms 01 03 0% K
i 4.3 i BHD M

15t year of operation
installed powaear

R & D Advances

Increased Turbine Size

Manufacturing

Improvements

Large Wind Farms

210 MW Lake Benton Wind Farm 4 cents/kWh
NREL-NWTC



Flow Control of Wind
Turbine Aerodynamics

2,25 meter

Principles of Wind Turbine Aerodynamic Lift




POWER SYSTEM
PERTURBED WITH A WIND FARM

When a wind farm is placed at
a distance of a, the perturbed
power system becomes :

00(u, 1)y ,0%0(u,t)

+ 7 y — V' = W(u,t)

ou=

Induction
Generator

-  Power flow at a distance u 1s :




Adaptive Control in
Quantum Information Systems

This might be the most
fundamemntal application
of direct adaptive comtrol

1

|
| N
‘ !. (‘ “ 'L>
- | ~4
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Quantum Computing

A Quantum computer will operate differently from a Classical one.
It will be involved w physical systems on an atomic scale,
eg atoms, photons, trapped ions, or nuclear magnetic moments

—_ —
Quantum Gate S

Unitaty |:> REESHIE

Could be improved with Adaptive Control

So Quantum Error Correctiton can work!!!
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Quantum Information Systems

Erwin Schrédinger’s Cat (19395)

efficient
detector

radioactive «—— sealed box
particle

poison capsule

At “half-life of particle, cat is dead and alive!
‘superposition”

v= |O)@)+|C)




Quantum Basics
(Dirac & Von Neumann)

bounded Orthonormal

Observable A: X —=ef-adiont Eigen —Basis for X

Compact Resolvent = Ax = > 4, (X, ¢
k=1

B X

Pure States : ¢, eigenfunct ions of A

State ¢ € X complex Hilbert Space :

w o 2
(p.p)=1orlg] =1= 9= c.p, &1=[o] =X |c/]
k=1 k=1

. "Astateis a convex combination of purestates”
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Schrodinger Wave Equation

@ € X complex Hilbert Space N Diffusion with
23 Imaginary Time:
HO ¢+ HC (U)¢ Tnew EItOLD
—_— —_— ) (¢ n
Self —Adjoint Control
Compact Hamilton
Resolvent -lan 23
b &
b &

: : Marginally
=U,(t): X — X Unitary Group (reversible)  [SSEIERR

andU, (t)p = iemkt <€0’ Oy >¢k with <¢k P > = Oy b

\ 4 35



Quantum Measurement

Entangleme nt
X=X, ®X,

¢:Zakl(¢ks ®@p")=h®Ow
K

YOW!!
Back

Action @ |

Ontology ( what is) vs Epistemology ( What is measured)
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Uncertainty Principle

bounded
self-adjoint

Observable A: X ———"=— X Hilbert
Mean (A)=Tr(pA)
where pis astateor density operator (o >0&Tr(p) =1)
Dispersion 44 = [Tr(p(A-(A))?) -

Heisenberg Uncertainty Principle : Simultaneous M easurement of A& B

2 25 7 _ ﬁ 2
(AA)? (AB)? > Z‘Tr(p[A, B])|; commutator[A,B] = AB —BA el @i =rolz ol =)

2

A Hilbert Space Propertydue to
Cauchy - Schwarz Inequality

0 < |(xy)| < [Xv]

| In fact ALL of Quantum Mechanics is based on a Hilbert space
of states and a (C*) algebra of bounded linear self adjoint observables




Small Quantum Systems

m We can begin to experiment with just one
electron, atom or small molecule

m Need:
Precise control
Isolation from the environment

Simple small systems : single particles or
small groups of particles

...... David Wineland NIST
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Control of Individual Quantum

Systems: Quantum Feedback Loop

Physics Nobel Prize 2012
S. Haroche & D. Wineland

Purpose:
Use information from weak QND measurements to prepare photon number
(Fock) states of a cavity field and

protect them against decoherence.
Method:

Quantum feedback realized by atoms as QND probes and
small coherent field injections into the cavity mode as an
actuatof.
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Reference Model:

Adaptive Quantum Closed System
Desired

Model Tracking to Reduce Hamiltonian
Decoherence

Ym

e, ——>00rN(O,R,)

Open Physical System
R —

., O
in? — H, o+H- We+H .42 ‘
at —_ R —_——

Self —Adjoint Control Disturbanes
Compact
Resolvent

QND Measurement
&Quantum Error Correction

Adaptive Quantum Controller

Q) €—c-[G. G G, Gol--hee, u, v,
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Infinite-Dimensional Adaptive
Control Theory

“Phytics  1s like sex: sure, it may give
some practical results, but that's not why

we do it.”
— Richard P. Feynman

In a tile motif on the back of the Ross Dress For Less building
on Lake Ave, Pasadena, CA
41
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