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Example of Single-Parameter Maximum Seeking
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Example of Single-Parameter Maximum Seeking

ES value
o o
o)) o)

o
~

0.2F

— ES value
--- extremum value

16 18 20

1 1 1 1
8 10 12 14
time (sec)



*History

*Single parameter ES, how it works, and stability analysis by
averaging

*ES with plant dynamics and compensators for performance
improvement

Internal model principle for tracking parameter changes
* Multi-parameter ES

*Slope seeking

*ES in discrete time

Limit cycle minimization via ES



Applications

* Anti-skid braking

Compressor instabilities in jet engines
- Combustion instabilities

*Flow separation control in diffusers
*Thermoacoustic coolers

* Automotive engine mapping

Beam matching in particle accelerators
* Formation flight

*Bioreactors

*PID tuning

* Autonomous vehicles without position sensing



* Leblanc (1922) - electric railways

 Early Russian literature (1940’s) - many papers

* Drapper and Li (1951) - application to IC engine spark timing tuning

* Tsien (1954) - a chapter in his book on Engineering Cybernetics

* Feldbaum (1959) - book Computers in Automatic Control Systems

* Blackman (1962 chap. in book by Westcott) - nice intuitive presentation of ES
* Wilde (1964) - a book

* Chinaev (1969) - a handbook on self-tuning systems

« Papers by[Morosanov], [Ostrovskii], [Pervozvanskii], [Kazakevich], [Frey, Deem,
and Altpeter], [Jacobs and Shering], [Korovin and Utkin] - late 50s - early 70’s

* Meerkov (1967, 1968) - papers with averaging analysis
« Sternby (1980) - survey

* Astrom and Wittenmark (1995 book) - rates ES as one of the most promising
areas for adaptive control



Recent Developments

 Krstic and Wang (2000, Automatica) - stability proof for single-parameter
general dynamic nonlinear plants

* Choi, Ariyur, Wang, Krstic - discrete-time, limit cycle minimization, IMC for
parameter tracking, etc.

* Rotea; Walsh; Ariyur - multi-parameter ES
* Ariyur - slope seeking
* Tan, Nesic, Mareels (2005) - semi-global stability of ES

 Other approaches: Guay, Dochain, Titica, and coworkers; Zak, Ozguner, and
coworkers; Banavar, Chichka, Speyer; Popovic, Teel; etc.

» Applications outside of my group:

Electromechanical valve actuator (Peterson and Stephanopoulou)
Artificial heart (Antaki and Paden)

Exercise machine (Zhang and Dawson)

Chemical reactors and petroleum processing (several research groups)
Shape optimization for magnetic head in hard disk drives (UCSD)
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ES Book
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Originally developed as a method of adaptive control for hard-to-model systems,
extremum seeking solves some of the same problems as today’s neural network
rechniques, bur in a more rigorous and practical way. Following the resurgence
in popularity of extremum-secking control in acrospace and automotive enginecring,
Real-Time Optimization by Extremum-Seeking Control presents the theoretical
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Written by authoritics in the field and pioneers in adaptive nonlinear control
systems, this book presents both significant theoretic value and important
practical potential. Filled with in-depth insight and expert advice, Real-Time

Optimization by Fxtremum-Seeking Control:
Develops optimization theory from the points of dynamic
feedback and adapration
]‘!-1|i||j\' A “||is_| ]'rl'iﬂ:_:u ]'ch'.\ 'CCN |]'I{' L‘t:i“i\_'._|| "E” ilt'li(,?ll iclll ||'|u§|'_\.
and modern feedback and adaptation techniques
Provides a collection of useful tools for problems in this complex area
Presents numerous applications of this powerful methodology

| :Iq'|'|!(||'|\.[r,|,tu3. 1h¢' i1'nr'n¢,'n-u;' |,'1|\:|_'r'|||,| af 1hik |'n|_'l;|uu_‘|u||:-|_q.
for future theory development and applications

Real-Time Oprimization by Extrentum-Secking Contral 15 an important resource
for both students and professionals in all areas of engineering—elecrrical, mechani-
cal, acrospace, chemical, biomedical—and is also a valuable reference for prac-

ticing control engineers.

LARTIK B. ARIYUR is a research scicnnist ar Honeywell Acrospace Elecrronic
a research scie ar eywell Acrospace Electronic

Systems in Minncapolis, Minnesota.

MIROSLAV KRSTIC is Professor of Mechanical and Aeraspace Engineering at

the University of California at San Diego.
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Basic Extremum Seeking - Static Map

0 | k
% g X %()4 s+h |

a sin wt sin @t
y = output to be minimized k = adaptation gain (positive) of the integrator —
" .. s
J = minimum (_)f th.e map N . a = amplitude of the probing signal
f * = second derivative (positive - f(0) has a min.) o = frequency of the probing signal
6 = unknown parameter ¢
6 = estimate of 6" h = cut-off frequency of the "washout fllter"S_l_—h

+/%x = modulation/demodulation



How Does It Work?
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Loc. Analysis - neglect a> £ _ a’f"
quadratic terms: y=f + 4 —af "Osinwr + cos 2wt



How Does It Work?
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How Does It Work?

f o Plant
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How Does It Work?
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How Does It Work?

f o Plant
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high frequency terms - attenuated by integrator
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How Does It Work?
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Stability Proof by Averaging
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Stability Proof by Averaging
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Stability Proof by Averaging
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Stability Proof by Averaging
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Theorem. For sufficiently large m there exists a unique exponentially stable
periodic solution of period 2Tt/® and it satisfies
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Stability Proof by Averaging
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Thermo-acoustic instability

Coupling of acoustics with heat release results in pressure oscillations

Fluctuating acoustic pressure and
velocity driven by unsteady heat release

\

— A BN Acoustics

Fuel

Fuel/air mixing nozzle Combustor CombUStion -

\ Fluctuating heat release driven
by fluctuating velocity



i United
Technologies Research Center

i Prait & Whitney

A United Technologies Company

Thermo-acoustic instabilities affect cost and
performance of gas turbines and rocket engines

*Power generation: pressure oscillations
prevent low emission operation

*Military aeroengines: afterburner
screech and rumble limit performance,
passive fixes increase weight,
maintenance costs

* Rockets: passive fixes increase
weight, limit payload

25MW Pratt & Whitney FT8 gas turbine engine

Combustion ]
nstability NOX

0.400.420.440.460.480.500.520.540.560.580.60
Fuel/Air Ratio
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A United Technologies Company

Active fuel control can suppress oscillations

Fuel/air mixing nozzle

Air

Fuel

Fuel valve

Combustor

Controller

Pressure
measurement

 Numerous demonstrations at universities and

industrial rigs

* Rolls-Royce demonstrated control in afterburner

* Siemens implemented control in 260MW gas

turbine engine

* Phase-shifting control effective, but no models to

guide selection of parameters

Amplitude

(psi)

Acoustics ‘l

Control

Combustion

<J

-«

Experiment in UTRC 4MW Single Nozzle Rig

14

12

10

Uncontrolled

6X reduction in amplitude

Decrease in NOy & CO emissions

Controlled

200 400 600 800 1000



i United

Technologies
Summary of results: two extremum seeking schemes were successfully

Research Center

i Prait & Whitney

A United Technologies Company

demonstrated on UTRC 4MW single nozzle rig in August 1998.

Excellent performance at high power
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Formation Flight Optimization

(Acknowledgement: Paolo Binetti)



Benefits of Formation Flight < Ao

\\\—\\‘:’ f/f—:?\\ o
e Reduction in power demand i e
/’"/7//’;
e
e Alleviation of airspace Arports_ 7 -
congestion - T

Obstacles to Attainment Upwash - NASA Vortex Modél, R_=5 ft, x=2b

e Sensitivity to positioning .
100 e o

1o i
50 - |
-100 '

e Difficulty in precise
measurements

W (fps)

150"
0.5

e Absence of precise
modeling

z/b -0.5 -2 y/b



Physics of Aircraft Wakes
and Wake Modeling

e \Wake structure—modeled as two

NASA counter-rotating vortices
I re 1%

Vir)= , 1 =
o) 2nr (r2+r62)

e Wake transport—
a modeling uncertainty

e Wake decay—neglected —-



Selection of the Problem

Why the C-5?

e Large savings in fuel consumption
e Representative of large transports
e They will be in service for the next 40 years

e Availability of wake data



Extremum Seeking for Formation Flight

eZ
*| Estimator
Z : : _\ Objective:
ref . Aircraft with 0.
y formation autopilot A@ >
el + in the wake
k S
o X s + h,
a, sin(o,t) sin(o,t — ¢, )
k 2 5 <
B s [ <><> s+ h,
a, sin(oozt) sin(oazt — ¢2)
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Simulation for brief CAT Encounter ...

(deg, blue), 5 (deg, green)
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Lateral Separation

Ailerons and Rudder Deflection

100 200 300
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100 200 300

30
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Vertical Separation

100 200

Elevator Deflection
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t (sec)

300

Objective

100 200

Engines Output

300

100 200
t (sec)

300

18



Extremum Seeking Control of
Thermoacoustic Coolers
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REF. Extremum Seeking Control of Tunable Thermo-
acoustic Coolers, Y. Li, M. Rotea, G. Chiu, L.
Mongeau, |. Paek, IEEE Transactions on Control
Systems Technology, Vol. 13, No. 4, July 2005



Thermoacoustic Cooling

Electric energy ﬂl]l:> Acoustic energy [||]|:> Heat pumping

Hot-end heat Stack Cold-end heat
exchangers ™\ ¢ exchangers  pesonance tube
: /
1L,
\ = Pressurized He-Ar mixture
Electro-dynamic s
driver // Standing sound wave creates
Solid surface : . .
(stack plate) A LA LA L L l/ the ref”geratlon CyC|e

Qu Q.
Gas particle in a >
standing wave 3 1-2: adiabatic compression and displacement

2-3: isobaric heat transfer (gas to solid)

— 3-4: adiabatic expansion and displacement
Heat Pumping 4-1: isobaric heat transfer (solid to gas)




Thermoacoustic Cooling

« Benefits
— Environmentally benign (inert gases)
— Simple, easy to maintain configuration
« Limitations

— Very hard to model = hard to tune key parameters (driver, stack
location, duct geometry) for best performance

» Existing prototypes
— Acoustic Stirling Heat Engine (Los Alamos National Lab)
— Triton 10 kW refrigerator (Penn State)
— Space Thermo-acoustic Refrigerator (NASA)
— Purdue 300 W standing wave unit
— Miniature thermo-acoustic cooler (Rockwell Science Center)



Tunable Thermoacoustic Cooler

Neck (mass) Volume (stiffness)
A 7
N\ SN
M/ T Moving piston
| o« (\{arying resonator’s
. | stiffness)
EE % 4R\ '}
Electro-dynamic e __ i
Driver Heat Helmholtz resonator
exchangers -

Tuning Variables

Performance and efficiency
sensitive to variations in

— Piston position (acoustic impedance)
— Driver frequency




Extremum Seeking Controller

lSin(th) l a. sin(ot+a.)
+
—X— LPF Integrator ' PD —0) POS Command
lsin(a)ft) la ssin(wt+a,)
+
—D3— LPF Integrator . pp | %) FREQCommand
: : 1
Q. | Cooling Tunable ik
< HPF |« Power
. Cooler 1
Calculation r—
ESC Parameters (Tuning mechanism)

—  High pass filter (HPF)
— Low pass filters (LPF)

—  Dither frequencies, amplitudes
and phases (o a0, o.a_,,)
— PD gains (4 gains)



Cooling Power (Watt)

Driving Frequency (Hz)

Flow Rate (ml/s)

Experiment — Varying Operating Condition

100

Piston Position (in)

I
|
|
s I A MWWM#
/_J:'/ ~
r
% :si) 100 180 200 250 300 350 400
12 : I
|
10 |
. I /’ N
|
| .
’ | - ESC tracks optimum
0 F50 100 150 200 250 300 350 400 ft |d_ d ﬂ t
| | arter cold-side 1iow rate
e | /—4\ is increased
|
150 B |
w. [ ESCON \&
0, :50 100 180 200 250 300 350 400
100 i - Flow Rate Change
80 | 1 ‘ —
:‘ Cold Side MMMWWw
60 | HotSide I
40 . |
20 L ‘ - . .
0 50 100 150 200 250 300 350 400
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Extremum-Seeking Control of Flow
Separation 1in a Planar Diffuser

Andrzej Banaszuk
United Technologies Research Center, E. Hartford, CT, U.S.A.
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Objective of pressure recovery control

Performance Control effort
2
Pexit — Pinie u- h
C (t) — L let Cﬂ (t) — ;eck
2 pUmlet Uinlet H
p inlet Pexis
I 4
H ——>] ; i
U NN > P
inlet u
N D Cp bang
= N —
el (’ buck
f 7
Speaker command
i United

Technologies

Research Center



Experimental Setup

Pressure recovery as function of diffuser angle (no control)

C, (@)

*Optimum uncontrolled performance
Insignificant improvement with control

unsteady

no stall stall

-———

-
U
7’

i 2D stall

---- - fully-develop

UTRC diffuser rig

«fully turbulent BL
40,000 < Re < 140,000
*Rey, >300; M <0.1
*Actuation: C, ~ 0.001

*Poor uncontrolled performance
Significant improvement with control

iy United
Technologies

Research Center



Need: control algorithm to optimize performance

Two frequency control law: U(t)=A,*(sin(2*n*{*t) + sin(2*n*2{*t-0))
U =20m/s U =30m/s

Optimal operating point: f=31Hz, 6 =60, Cp =0.21

50Optimal operating point: f=36Hz, 6 =60, C_ =0.16

50 5

Frequency f
D.15 40

Frequency f

40
35 35(D.
30 30
25 25

20

15

-150 -100 -50 0 50 100 150

Phase 6 Phase 6
Objective:
*Optimize performance without exhaustive search
Challenges:
*Noisy measurement
*Flow transients . United

*Keeping up with operating condition change i



Adaptive control used to optimize performance

Filter noise, wait for transient
to settle, adapt parameters to

improve performance
P perfe Measure performance

C, ()

N
Speaker command U (¢) = Z A sin(2xft—6,)

i=1

Adjustable parameters

A,f.,0,i=1.N

Excite multiple vortices, C (t) = Cconst v United
explore their interactions H Technologies

Research Center



Automatic Control Parameter Tuning to Optimum Values

On-line optimization of pressure recovery using extremum-seeking algorithm demonstrated.

04
0.2
Pressure
recovery
60
40
Frequen%
0
200
Control
phase °
-200

Transient behavior

Optimal pressure recovery
reached & held

Time in seconds

>
10 20 30 40 50 60
_||_ —
—|_| — el — - - . |
|—'_'_'_ -
1 — N
10 20 30 40 50 60
|
4,_|_'_r —I_J—L_\_'_
e e
10 20 30 40 50 60

Dynamics determines

transient time!

Optimal pressure recovery:
- C,=0.21

optimal control parameters

f=31Hz

/9 =60

50 -100 -50 0 50 100 150
Phase

*Mean pressure recovery, control frequency, and phase in four independent adaptive control experiments.

*The control frequency and phase initialized away from the optimal values.

iy United
Technologies

Research Center



Autonomous Vehicle Control
via Extremum Seeking

Antranik A. Siranosian and Miroslav Krstic



Unicycle

v Unicycle Dynamics
X =vcos(0)
y = vsin(0)
0=w

Unicycle Inputs

vV,

W

X

System 1s linearly Uncontrollable (from inputs v,w) and

Unobservable (from output f(x,y) at its peak)



Control Inputs

Unicycle

e Letthe angular velocity input @ be constant

¢ The surge velocity input is composed of a constant, mean velocity (aw ) and a
sinusoidal velocity perturbation

e Y

. s _
. 4| a\f
v(t)=awm+ 2\/(“,z(af)2 + p(1)’ sm‘ ot + tan 1‘ )

.\ B ,-,.‘

e «(t) and f(t) arethe parameters tuned by ES



Block Diagram

Unicycle

a l @
¢, (1)

'1.-' ~
L om Y, J=F(xy
——” Surge ( Unicycle ) Nonlinear Map ,‘ﬂb‘})
e ) control MOl xye LX) F(x,)
. le oc(t) ?X
si( @t ) 5 -«
s+h
c, e £t <><) |
—cos( ar)



Simulation Results — Trajectory

Unicycle
2,4 3 2 1 (IJ 1 2 3 4 ‘34
— trajectory
initial location
e |ocation of source
3F 3
2 42

)
OF 10
1k -1
2 12
34 3 2 1 0 1I 2 3 4 53



Simulation Results — ES Value

Unicycle

ES value
o o
o)) 00 -
)

o
~

0.2F

— ES value
- extremum value

18 20

10 12 14 16
time (sec)
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PARTICLE ACCELERATORS

Front-End Buildin
. g =
S --_____”_

= W _d Klystron Building v~

¥ iy ,,"_I
Central Helitfige =™
Liquefaction = Linac Tunnel
Building e -

Radio-Frequency

Central Laboratory for

and Office Complex Materials

ol . 3 % 1._ } . " 2
; Ay e o N Sciences
. NN

Joint Institute for
MNedatron Sciences

The Spallation Neutron Source (SNS), being built in Oak Ridge,
Tennessee, by the U.S. Department of Energy with a cost of $1.4 billion,
is the most intense accelerator-based neutron source in the world.



SPALLLATION NEUTRON SOURCE

Front-End Systems Accumulator Ring
(Lowrence Berkeley) (Brookhaven)

& Target
= (Dak Ridge)

(Los Alamos and
Jefferson)

Instrument Systems [
{Argonne and 0ok Ridge)




BEAM MATCHING CHANNEL

K0,

K0,




BEAM MATCHING OPTIMIZATION

(X ini X Jin (X tar
4 / '
Xini = A X fin = e s Xggr = Y
Yim’ Y fin Ymr
| Y RL | Ve

J=kJ +k,J,+kiJ,

Jl = KX(Xﬁn _Xtar)z +KY(Yﬁn _Ytar)z
J2 = KdX(X}m _Xt’ar)z +KdY(Yj’7n _th’zr)z

Jy= [ K oy (X ()~ X g (D) + Ky (V(2) = Yy () iz




BEAM MATCHING OPTIMIZATION

0 J Plant
|

20 @ J(0(k)

‘ -7 | E(k) RAGIFES
Pl e PRV

a COS (a)k) Low-Pass  pcos (a)k _ ¢) High-Pass
Filter Filter

J (k)==hJ  (k=1)+J(k)-J(k-1)
E(k)=J (k)bcos(wk —¢)
Ok +1)=0(k)- y& (k)
O(k +1)=60(k +1)+ acos(w(k +1))




BEAM MATCHING OPTIMIZATION -4D

[ 0.001094 | [ 0.001070 | TERMINAL CONSTRAINTS ONLY
| 0.007864 X = = 0.006730 K, =2000, K, =1000,K , =1, K, =1,K,, =K,, =0,
0.003290 0.003289 k=1 k=1 k =0.
| 0.011726 | 0.011034

Cost Function

a,5,=[225 2 175 15] if -40dB<J
a,5,=[025 075 05 05] if -50dB<J < -40dB
a,5,=[01 025 01 01] if -55dB<J < -50dB

005 0.05 005 0.05] if -60dB<J < -55dB
001 001 0025 0.025] if J < -60dB
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PID Tuning using Extremum
Seeking



Extremum Seeking Tuning Scheme
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b) Evolution of PID Parameters
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