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(1) Kartik B. Ariyur, Miroslav Krstic, “Real-time Optimaizatin by
Extremum-Seeking Control,” Wiley, 2003.

(2) IEEE Control System Magazine, Feb. 2006

(3) Shu-Jun Liu and Miroslav Krstic, “Stochastic Averaging and
Stochastic Extremum Seeking, Communications and Control
Engineering,” Springer-Verlag London 2012.

(4) Chunlei Zhang, Raul Ordoénez , “Extremum-Seeking Control and
Applications: A Numerical Optimization-Based Approach (Advances in
Industrial Control),” Advances in Industrial Control, Springer-Verlag
London Limited 2012.

= antilock brake system

= semiconductor plasma-processing chamber

= co-ordinated control of a swarm of agents
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[2-1] Extremum-seeking control by Ozguner, Switching Method

To introduce the basic idea, consider the following fundamental system:

Plant: % =u(t)

dt

unknown

Performance index variable: Z(t) = J(X)

u(t)

—>

Available on line

Problem:

a poorly modeled, often time varying system in
real time, in the absence of a priori knowledge

X(t)

J(X)

Z(t)

—

To maximize the performance index variable of /\//

T

Unknown performance index,
function of x

J(x)

»
»

about how the performance index variable
depends on the unknown states or inputs.

?

X

Unknown setpoint

Seek this point ! 33



unknown g’[)
u(t) 2 L= s
> J(X) —» —>

T X(t)
K |« D(s)

Extremum-seeking control
u(t) =—-kd(s), k >0
d(s) :=sgnsin &(t)j periodic switching function

a
s(t) =z(t)—g(t)
g(t) : Arbitrarily time increasing function, for example g(t)=,0>0

w |

Local Stability is proved based on the Lyapunov function technique in
H. Yu and U. Ozguner, “Extremum-seeking control strategy for ABS system
with time delay,” Proceedings of the American control Conference, pp. 3753-

3758, Anchorage, AK May8-9, 2002.
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cal Simulations Second order plant

( X = Xz(t)

Performance index variable: 10

z(t) = J(x) =-10(x, —5)2 +10

Extremum-seeking control

(q(t) =
L u(t) =

N

s(t) = z(t) — 9(t)

X, =—=30x,(t) =11, (t) +u(t)
, 2=J(%)

—O.OSsgnsin(T)S(t)j o[ 8 \X

30q(t) \

First order controller

g(t)=0.5,9(0)=0 35



Performance index variable z(t)
Max ! ! ! | |

Time[sec]

time(sec)
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Unknown

Time profile of x(t)

setpoint

45
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Conventional Method Proposed method

Gradient=0 switching )

Y F(6) |

F (e)u
0" 0
This is not time variant It may be time-varinat
Extremum ES based on IMC
seeking
Perturbation M. Krstic(1997) Proposed by Ohmori
Switching U. Ozgner(1995) Proposed by Ohmori
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Analysis of SW|tch|ng method based on IMC

------------------------------------------------------------------------------------------------------
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Class of variation Generation function of g(t) 46
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Linear velocity u(t)
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iR [41PID /NS A—5ERH % (BEFRES)
Proportional term: u_ (t) = IT<e(t) e(t):=r(t) - y(t)
gain

Integral term: u, (t) =_:_< j e(r)dr

Derivative term: u, (t) = KT, d‘;it)
1

Integral time

Derivative time

There are many methods of PID Tuning

Some require a plant model or special experiment

- Ziegler-Nichols (ZN) method

- Kappa-Tau Tuning

- Internal model control method (IMC)

Closed loop method

- Relay feedback tuning

- Iterative feedback Tuning (IFT)

We will apply discrete version of ES to tune PID parameters. Goal to optimize step response of a
closed loop system. Method can tune controller for many plants in only a few iterations. Yields
performance at least at good as many popular PID tuning methods. 67



PID Parameter-Tuning using ES

r(t) 1
— K| 1+ —
T,S
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C,(s.0)

v ou® - y()
K(1+L+TDSJ <

T,S

C,(s,0)

Two-degree of freedom PID controller

[ Tuning PID Prameters 6 =|K T, T,] }




Implementation
@ FKEIBDRATYITREREBRTHWSPID/NSA—2ERET S.

Okl =[K[k] T[] T,[k]]

@ >FORFEMH I (0K]) £HHT S

J(6IK]) = ft "(r-y, )t

=1L, Y, (1) HEE DRF TR B

R Q@THKDF-JETR/NZT BPID/INTA—2FBEERIEST IL
JYXLTRDAB.

Ok +1] =[K[k +1] T,[k+1] To[k+1]]
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Simulations [Kilingsworth]

(1) Four Plants:

GO = Gy(5)=—
"7 1420s 7 (1+10s)°
p =208 1-5s
G, (s) 14+ 20s (8) (1+10s)(1+ 20s)

(2) Comparison:
ZN: The Ziegler-Nichols tuning rules

IMC:

"he Internal model control method

IFT: T

ne iterative feedback tuning method (Gevers, 94, 98)
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Fn = F Nd N Fou :)F ™ 1(S)X — Dx
Si V S, X at
QO ds
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Monod model (Michaelis-Menten Law) [1]
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Monod model (Michaelis-Menten Law) [2]
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Haldane model (Andrews)|[1]
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