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Autonomy:
Greek autonomia =independence
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F-16 Flexible Structure Model:
Fluid-Structure Interaction

Flutter

USAF-Edwards AFB
Flight Test Center




Hypersonic Aircraft X51A Wave Rider
—

AFRL-
Wright Patterson AFB

6 Minutes at Mach 5.1

The X-51A WaveRider is an unmanned, autonomous supersonic combustion,
ramjet-powered hypersonic flight-test demonstrator for the U.S. Air Force.

The X-51A demonstrates a scalable, robust endothermic hydrocarbon-fueled

scramjet propulsion system in flight, as well as high temperature materials,

airframe/engine integration and other key technologies within the
hypersonic range of Mach 4.5 to 6.5. 6
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Evolving Systems=
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Wind Energy

1979: 40 cents/kWh

2000: 4= ts/kWh

2006: 3 - 5 cents/kWh

|

210 MW Lake Benton Wind Farm 4 cents/kWh

Airbus AJB0
wing span
BOm

Rotor diameter (m)

|y oo\ M 03 05 ¥
2 . I - B0 MW 1st year of operation
’ o installed power

Who Needs Control Anyway?
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R & D Advances
Increased Turbine Size

Manufacturing
Improvements

Large Wind Farms

NREL-NWTC



Flow Control of Wind
Turbine Aerodynamics

Rise A1-21

2,25 meter
NACA 64-418

Principles of Wind Turbine Aerodynamic Lift




Fondest Hopes Wildest Dreams:
Control the Whole Wind Farm

as One Turbine!




Smart Grids:
Virtual Interconnecting Forces

SM

“It 1s surprisine how quickly we replace a human operator
p g q y p p

with an algorithm and call it SMART”
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POWER SYSTEM
PERTURBED WITH A WIND FEARM

- When a wind farm is placed at Inter-Area
. e
a distance of a, the perturbed Lsciations
power system becomes :

oo(u.t)  ~0%0(u.t) o
= P = W(u, 1)

ou=

-  Power flow at a distance u 1s :

I do(u,t)

y ou




Cyber Security of Electric Power Grids

False D2t
Injectio®

ieci Adaptive Disturbance Tracking Control
Tra nsmission for Large Horizontal Axis Wind Turbines
with Disturbance Estimator in Region II
Operation

Mark J. Balas. Kaman S. Thapa Magar and Qian Li
ASME 2014

:‘i Transmission Substation

Distribution Distribution

Substations

Customers
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Universal Infinite Dimensional
Example: Heat Diffusion

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

with (x,y) jﬂ x(t) y(t)dt

X(0) =x, € D(A)

y=(c,X); c¢(z)e D(A)

14



Symmetric Hyperbolic Systems

Op 2/
—+ A ¢;xe D(A) c X = L*(O;R')

i—1 —— .
— Ixl constant ! Ixl constant
symmetric

. /

Ap

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

0°x  0*x  0°x

= + +
ot (6221 0°z,
%/—/

2 - dim wave equation

. 0 3 0¢
Dirac Equation: —=-C —
waon o3 A 5000
Spin
Matrices

|)¢




“Simplicity” via Infinite

¢ Dimensional Spaces
%z AX+ Bu = AX+iZml:biUi
X(0) =%, € D(A) c X = X(t,w,) :L&,)_XQ;W >0
y=Cx=[(c,,x) (c,,x) .. (¢, %] A @

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

J. Mathematical. Analysis and
Applications, Vol 143, pp 1-
26,1989.

“Boil Away” all the special properties of

C, —Semigroup of Bounded OperatorsU (t) :

. J. Wen & M.Balas ,"Direct Model
U (t + S) = U (t)U (S) (Semlgroup property) Reference Adaptive Control in Infinite-

d Dimensional Hilbert Space," Chapter in
—U (t) = AU (t) =U (t) A ( A generates U(t)) Applications of Adaptive Control
dt Theoty, Vol.11,

. K. S. Narendra, Ed., Academic Press,
U (t)X, —=— X, (continuousat t = 0) 1987
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The Devil Lurks in the Details
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Semigroups

Closed Linear
Operator

Q = AX
Solve< ot = X(t) =U ()X,
X(0) = x, € D(A)

C, —Semigroup
U (t) : X — X bounded operatorst > 0
U(t)x—x

t—0+

Generator : Ax = lim with D(A) = {x/lim_, exists }densein X

t—>0+

L(U (1)) = (Al — A)™ = R(4, A) Resolvent Operator
L (R(A, A) =U (1)

LaPlace Transform {

18



Spectrum of A

Resolvent Set p(A) = {/1/ R(A4,A): X — X bounded linear op on X}
SpeCtrum G(A) = /O(A)C — Gpoint (A) J Gcont (A) - Gresidual (A)

O (A) =141 A1 — AisNOT1-1}={1/3¢ = 05 1$ = Ad}
o...(A) ={1/Al — Ais1-1,butits range is only dense in X |
G o (A) = {41 A1 — Ais1-1, but range is a proper subspace of X |
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When 1s a Semigroup Exponentially Stable ?

Lumer — Phillips (Renardy & Rogers1993) :
D(A) dense in complex Hilbert space X,

Re(AXx, X) < —aHxHZVX eD(A),a >0

and

dreal . > —-a > A-A.lisonto
Resolvent

= |U(t)|<e™';t >0 (exponentially stable semigroup)

Theorem (Gearhart, Pruss,&Greiner) :
Assume Ageneratesa C, -semigpU (t)on a Hilbert space X.

U (t) is exponentially stable << Re4A >0= 1 € p(A) and
IR(4, A)| <M <o, for all such complex A

20



N

y Direct Adaptive Model Following Control
N ‘éThe Godfather } (Wen-Balas 1989)

‘. %777 .)/m
Reference

Model

Infinite
Dimensional _
=
G, Plant —>€B—>+
e, ————>0
—>0

(U X, €,) Known Signals
Adaptive
Gain Laws
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Direct Adaptive Persistent Disturbance Rejection
(Fuentes-Balas 2000)

%/77 _)/m
Reference
model
Xiﬂ
Disturbance
Generator '
" Plant J —
ey—T———ao
—00
K
(U X €y 22 ) Known Signals
: Disturbane Basis
Adaptive

Gain Laws
Z



Stability via Lyapunov-Barbalat
X = f(t,X)

x(0) = x, € R"

Find Energy - like Function :V (x)

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

Nonlinear Dynamics{

23



Infinite-Dimensional Lyapunov-Barbalat Theory: PDE & Systems

X Hilbert or Banach Space [ -~ fwwi

V(t,x,AG) =V (t, X) +%tr(AGy‘1AGT)
<

\with x(t) =U(t)x, € X;t =0

Linear or Nonlinear
Evolution

a(H(x, AG)H) <V (t, x,AG) < ﬂ(H(x, AG)H)

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

dW (x(t)) ~( oW ) oX(t)
dt ox ot

Frechet
Derivarive

If W(X) is coercive in the partial

Theorem: If {

and

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




Linear System Strict Dissipativity

_ V(x)=(x,Px)>0;vx=0
Energy Storage Function :
V(0)=0

A Linear Dynamic Infinite-Dimensional System 1s STRICTLY DISSIPATIVE when

Linear Op
Self —Adjoint

HP X Positive X

pmmeH2 <V (x) = (Px, x) < pmaxHXHZ R DISSIPATIVE when =0

Re(PAX, X) = %[(PAX, X) + (X, PAX)] < —a||x *:Vx e D(A)

W (x)

When P = | = Lumer - Phillips

1 v _ Re(Px, x) + (x,PBu) < (y,u) - “HXHZ
2 t N — e

%r_J
—— <—a|x|} (y.u) External Internally
Energy Power Dissipated

Storage
Rate Power




For Finite & Infinite
Dimensions

All Roads Lead To Rome ~ “

%: Ax+Bu = Ax+ > bu,

i=1

X(0)=x,e D(A)c X
y=Cx=[(c,,x) (%) .. (X))

with(A, B,C) Almost Strictly Dissipative (ASD)

. . u =Gy
= Direct Adaptive Controller

G=-yyo,0>0

produces X(t) ———0
with bounded adaptive gains G(t)

26



LINEAR ASD:
Two Simple Open-Loop Propertles‘

High Frequency Gain is Sign-Detinite (CB>0)

Open-Loop Transfer Function is Minimum Phase

(1.e. Transmission Zeros are all stable)

(=) | Almost Strictly Dissipative

u=_Gy
Adaptive Regulation
G=-yyo,0>0

j> produces X(t) ———0
with bounded adaptive gains G(t)

27



Transmission Zeros: Infinite Dimensional

( x Systems

— = AX + BU
For< ot

Yy =Cx; x(0) =X,

A. 1sa transmission ( or transmission - blocking ) zero

of (A, B,C) when, T —
. I1Sa transmission zero

forx, =0, u=e™w=y=0 |of (AB,C)when
when N (H (4.)) = {0}

A-A1l B
where H(A)s{ c O]

D(A)XRY — XxR"
closed linear operator

28




CBnonsingular= X = R(B) @ N(C)
Normal Form St

Via Non-Orthogonal Projections
P, = B(CB)*C onto R(B)

P, =1 - P, onto N(C)

Normal Form:yeR" &z <l,

X = AX + Bu

)

_ —_ A ya
y= CX CB nonsing L= Py + Aot

(A, Ay, A,) called the " zero dynamics”

Result: Z(A,B,C) =oa(. z\zz ) Also (A,B,C) ASD if and only if
%r_/

Normal Form is ASD

Transmission Zeros



Zero Dynamics (Normal Form)

M- Dimensional

! y=A,y+V, +CBU
h

Zero Dynamics

—>
#mmgular

Note: Zero Dynamics are Invariant under Output Feedback
30
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My Infinite-Dimensional Version of the “Two
Simple Open Loop Properties” Theorem

X
ot
X(0) =x, e D(A) c X

y=Cx=[(c,,x) (C,,X) ... (c,,X)];bi,c; e D(A)

= AX+ Bu = Ax+ Zbiui ; Ageneratesa C, semigroup
i=1

Pretty
Close !l

Theorem : Def : A. € C isa transmission zero of (A, B,C)when N(H(A.)) = {0}

A-

B
where H(A) z{ c }: D(A)xRY — XxR"closed linear operator

0

(A, B,C) is Almost Strictly Dissipative if and only if
CB = [(cj,bi)]mxm >0 and Transmission Zeros(A,B,C) = {4 IN(H (1)) #{0}} =0 ,(A,,) "stable"

(i.e., A, generates exponentially stable semigroup)

31



Adaptive Augmentation
o
O

Nonlinear System

{J'c =A(x)+B(x)u+Tu,
y=C(x)

Fixed Gain Controller

{” =L,y+L,¢

é; =L, y+L,¢

Adaptive Regulator




NASA Space Launch System SLS

SL.S 130 Metric Ton

Evolved Configuration

Adaptive Control
=Risk Management

NASA MSFC

Vehicle Dynamics

Adaptive Augmenting Control Algorithm


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://imgkid.com/cowboys-on-horses-clipart.shtml&ei=XVLUVKu6HoqXyATHrIDQDA&bvm=bv.85464276,d.aWw&psig=AFQjCNE7aoFP5816cziyJCSLqSZF3yIX9g&ust=1423287082967863
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://imgkid.com/cowboys-on-horses-clipart.shtml&ei=XVLUVKu6HoqXyATHrIDQDA&bvm=bv.85464276,d.aWw&psig=AFQjCNE7aoFP5816cziyJCSLqSZF3yIX9g&ust=1423287082967863

Adaptive Control in
Quantum Information Systems

This muight be the most
fundamemtal application
of direct adaptive comtrol




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

> —
Erwin Schrédinger’s Cat (1935) Quantum Gate
i ' > m—

efficient
detector

poisor'wll capsule Uﬂltar y |:> RCVCI‘ Sible

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

v= [C)|&) +O)E) Could be improved with Adaptive Control

So that Quantum Error Correctiion can work!!!

35
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Quantum Basics
(Dirac & Von Neumann)

bounded Orthonormal

Observable A; X —=f-adoint o % Eigen —Basis for X

Compact Resolvent = Ax =Y 4, (X, @)@,
k=t T

P X

Pure States : ¢, eigenfunctions of A

Mixed State ¢ € X complex Hilbert Space :

© © 2
(0.0) =10rfp|=1= 0 =D c,p, &1=]| = [cy
k=1 k=1

. " A mixed state is a linear combination of pure states"

36



Schrodinger Wave Equation

H, »+H- (U)o

Skew Self — Adjoint
Compact

Resolvent

: : Marginally
= U, (t) : X = X Unitary Group ( reversible) Stable

and U, (t)p = iewt <(0’ P, >¢k with <¢k ) ¢|> =0y

37



Quantum Measurement

Entanglement
X =X, ®X,

¢:Zakl(§0ks ®p")=hOw
il

_/_
S

Back

Action 00 )
=

Ontology ( what 1s) vs Epistemology ( What is measured)

Existence =Interaction

38



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 ot particles

...... David Wineland NIST

Physics Nobel Prize 2012
S. Haroche & D. Wineland 3


javascript:;
javascript:;

Reference Model:

Adaptive Quantum Closed System
Desired

Model Tracking to Reduce Hamiltonian

Decoherence

H 0
——
Self —Adjoint

Compact
Resolvent

QND Measurement ?°2??
&Quantum Error Correction

Adaptive Quantum Controller

.X‘ eG = [Ge Gu Gm GD]: _h(eylum’ ym '¢D)

40



Famous
Lisbon Poet

“No intelligent idea can gain general
acceptance unless some stupidity is mixed
in with 1it” .. ...

Fernando Pessoa, The Book of Disquiet
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