ME 233 Advanced Control Il
Lecture 22
Indirect Adaptive Pole Placement,

Disturbance Rejection and Tracking
Control



Adaptive Control

Adaptive Control Principle

Controller parameters are not constant, rather,
they are adjusted in an online fashion by a
Parameter Adaptation Algorithm (PAA)

When is adaptive control used?

« Plant parameters are unknown
« Plant parameters are slowly time varying



Self-Tuning Regulator (STR):
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Self-tuning Regulator Approach

« Control Design Procedure:

— Pole-placement, tracking control and
deterministic disturbance rejection for
ARMA models (Lecture 16).

« Model Identification:

— Series-parallel with Recursive Least
Squares (RLS) identification with or without
forgetting factor.



Certainty Equivalence Principle

Use pole-placement, tracking control and deterministic
disturbance rejection controller synthesis methodology.

1. Estimate plant parameters using RLS PAA.

2. Controller parameters are re-calculated at every
sample instance by assuming that the latest plant
parameters estimates are the real parameters.



Direct vs. Indirect Adaptive Control

Both use pole-placement, tracking control and deterministic
disturbance rejection controller synthesis methodology.

Indirect adaptive control:

1. Plant parameters are estimated using a RLS PAA.

2. Controller parameters are calculated using the certainty
equivalence principle.

— Use with plants that have non-minimum phase zeros.
(Plant unstable zeros are not cancelled).

Direct adaptive control:

1. Controller parameters are updated directly using a RLS
PAA.

— Use with plants that do not have non-minimum phase
zeros. (Plant zeros are cancelled).



Outline

. Review lecture 16: Pole-placement, tracking
control and deterministic disturbance
rejection for ARMA models.

. Formulate the plant’'s Parameter Adaptation
Algorithm (PAA).

. Implement an indirect adaptive controller,
using the certainty equivalence principle.

. For plants with minimum phase zeros, we
will simplify the indirect adaptive controller.



Deterministic SISO ARMA models

SISO ARMA model

AlgHyk) = ¢ 9B ) [u(k) + d(k)]

Where all inputs and outputs are scalars:
« u(k) control input
. d(k) deterministic but unknown disturbance

. y(k) output



Deterministic SISO ARMA models

Al Hyk) = ¢ 9B ) [ulk) + d(k)]

W here polynomials:

1 alq_l

A(g™ )

an(q

—nN

B(gY) = bo+bigt+- Fbpg ™

are co-prime and d is the known pure time delay



Deterministic SISO ARMA models

W e factor the zero polynomial as:
B(¢g~') = B¢ Y B*(¢ 1)

where
B%(g~ 1) is anti-Schur

B%(qg~ 1) has the zeros that we
do not want to cancel
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Control Objectives

1. Pole Placement: The poles of the closed-loop
system must be placed at specific locations in the
complex plane.

« Closed-loop polynomial:

A =B%(¢ Y A(g D)

Where:
chosen by

—1
B°(q7 ") cancelable plant ZV the designer

/
—1
Ac(q ) anti-Schur polynomial of the form

/

/ . / . / —
Ala) =1+acq  + - +acq ™
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Control Objectives

2. Tracking: The output sequence y(k) must follow
a reference sequence ya(k) which is known

In general, y4(k) can be generated by a reference model of

the form
Am(a Dya(k) = ¢4 Bm(g™ 1) ug(k)

\

The design of A,(q 1) and B,,(g ) is not a part of this

anti-Schur polynomial

control design technique and these polynomials do not
enter into the analysis



Control Objectives

3. Disturbance rejection: The closed-loop system
must reject a class of persistent disturbances d(k)

« Disturbance model:

Ag(gHd(k) =0

W here

. Ad(q_l) IS a known annihilating polynomial
with zeros on the unit circle

. Ad(q_l), B(q~ 1) are co-prime

13
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Control Law
« Feedback and feedforward actions:

- reference output

d(k)
Ya(k) —— o+ ] u) + By | I®
_— T(Q,Q) > > > ——
R(q?) AT
) feedforward ”
S(4) |*
u(k) = ——— [r(k) = S y(k)
R(g~1)

r(k) = T(q_l, q) yq (k) Feedforward action
(a-causal)
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Feedback Controller

Diophantine equation: Obtain polynomials R (¢ 1), $(¢~ 1)

that satisfy: /
— /
Al =4, D AW@HR@HD +a 9B (¢ 1) S@h)
t t t $
| | |
Close loop Plant poles Unstable plant zeros

poles minus Disturbance annihilating polynomial
cancelled zeros

A =B%(¢ Y A(g D)

R(gYH) =R (¢ Ag(q 1) B3 (g7 1)




Feedback Controller

l d(k)
r(k)+ 7 | U+ “Bah | YW
—O[ R(q?) A( q’j)
S(a)
—d pur,—1
q “B“(q" ")

y(k) = —7—1— (k)

Ac(q )

¢ 9B YR (¢ 1)

G

Ac(g™1)

Ag(g~Hd(k)

J/

N

—0



Zero-phase error feedforward

ld(k )
v (k) el r(k) + ; u(k) + q_dB(q'I) (k)
R( Q_I) A( q'i)
feedforward S(qh
| |
—d -1
q “BY(q” ")

T,

Ac (q 1 )

B“(q)
[B¥(1)]?

/ —_
T(q 1, q) = A(q7 1) ¢T°
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Outline

. Review lecture 16: Pole-placement, tracking
control and deterministic disturbance
rejection for ARMA models.

. Formulate the plant’'s Parameter Adaptation
Algorithm (PAA).

. Implement an indirect adaptive controller,
using the certainty equivalence principle.

. For plants with minimum phase zeros, we
will simplify the indirect adaptive controller.



Certainty Equivalence Principle

Use pole-placement, tracking control and deterministic
disturbance rejection controller synthesis methodology.

1. Estimate plant parameters using RLS PAA:
. Polynomial estimates: A(¢~'.k) B(g ' k)

~/, ~,
2. Controller polynomials R(g L k) S(g k)
Feedforward compensator T'(q,q~ 1, k)

are computed using Al YL k) B(g 1 k)
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Parameter Adaptation Algorithm (PAA)

1. Use a series-parallel RLS algorithm to estimate plant
parameters.

2. Pre-filter input w(k) and output y(%k) using the
disturbance annihilating polynomial, to prevent
parameter biasing.

3. Use “parameter projection” to prevent unbounded
control input



PAA: sequence pre-filtering

Plant dynamics:

AlgHy(k) = ¢9B(¢ ) [u(k) + d(k)]

Disturbance:

Ag(g~Hd(k) =0

Filtered input and output sequences:

yr(k) = Ag(q D) y(k)

up(k) = Ag(g™) u(k)
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PAA: sequence pre-filtering

Multiply plant dynamics by annihilating polynomial:

Alg™H) g‘\d(q_j)y(k), =q¢ 9B ) Ad(q_j)U(k2+Ad(q_j)d(k2
yr(k) ] ur(k) =0

Alg D yp(k) = a9 B(g HDuyp(k)
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PAA: series parallel RLS

Filtered plant dynamics

Alg™ Y yr(k) = ¢ 9 Bl Huypk)

Can be written as

yr(k) = ¢s(k—1)10

9:[@1 .o ap by bm}TGRn_Fm_I_l

bp(k—1) = [~ys(k—1) - —yp(k—n) usp(k—d) --- uf(k—d—m)f



PAA: parameter projection

Assume that we know:

1. Minimum magnitude of DC gain of B%(q~ 1)

[B*(1)| = Bpin >0

2. Sign and minimum value of leading coefficient of
Blg ) =bo 4+ 4+ bmqg ™

bo > bmz’no > 0
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Series parallel RL with projection
PAA:

e’(k+ 1) = yp(k + 1) — ¢F (k)A(K)

A1(k)
A (k) + ¢F (k) F(k)p (k)
1
A1(k)

e(k+1) = e’(k+1)

0°(k + 1) = 0(k) +

F(k)ps(k) e(k+1)

F(k)pr(k)of (k) F(k)
Ol RS WO FS WS FAB IO IR

F(k+1) =

0 < A(k) <1
0 < (k) <?2

6°(k + 1) : A-priori parameter estimate (prior to projection)



Series parallel RL with projection
PAA: Projection

bo(k)
l
~ §O(k) it Bg(k) > bmino
Q(k) B { [ al(k) "t an(k) bmino T Bvon(k) }T if Bg(k) < bmz’no
{

I
Replace b2(k) by byino if it becomes too
small.
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Outline

. Review lecture 16: Pole-placement, tracking
control and deterministic disturbance
rejection for ARMA models.

. Formulate the plant’'s Parameter Adaptation
Algorithm (PAA).

. Implement an indirect adaptive controller,
using the certainty equivalence principle.

. For plants with minimum phase zeros, we
will simplify the indirect adaptive controller.



Indirect Adaptive Controller

After each PAA iteration:
1) Update A(¢~',k) B(q ' k) polynomials:

Al k) = 14a1(B)g 4+ an(k) g™

B(g 1 k) bo(k) +b01(K) g 1+ +bm(k) g™

2) Factorize B(q~ 1 k) polynomial:

B(q Y k) = B%(¢ 1, k)B%(q 1, k)

B*(q~1,k) : has constant coefficient 1
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Indirect Adaptive Controller

3) Calculate controller polynomials:

~! .
R(g LK) 8Lk

by solving the Diophantine equation:

A(g ) = Ay VAL B)R (L, k) +q 9B (¢, k)S(g L, k)

Y Y

Plant parameter polynomial estimates are used
Instead of actual polynomials

29



Indirect Adaptive Controller

4) Calculate feedforward filter: 7(¢ 1. ¢, k)

qT9A (g~ 1) BY%(q, k)

T(g7 1, q,k) = =
W here;
[ BY(1,k) if |B“(1,k)| > B¥,
BY(k) = «
\ B%m if |B%(1,k) <Bﬁmn

Y

Replace B“(1,k) by Bmin
If it becomes too small.
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Indirect Adaptive Controller
5) Calculate polynomial: R(q™ 1, k)

~ _ _ _ N
R(g k) = Ay HB(¢ L E)R (¢ E)

Notice that Aq(a™) and R(¢ 1, k)
each have constant coefficient 1

Thus,

R(q_l, k) = ro(k) + Fl(k)q—l + ...+ ?nr(k)q_nr

has constant coefficient 7g(k) = bo(k) > byyine



Indirect Adaptive Controller

6) Adaptive control law Is given by:

Rig L E)u(k) =T(q Y, ¢, k) ya(k) — S(g™ 1, k)y(k)

d(k)

yd ( k) r(k) + 1 u(k) + q'dB(q-5 y(k) X

RRERE RN ] — - S

) l , ATH
S(g~t k)|

32
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Outline

. Review lecture 16: Pole-placement, tracking
control and deterministic disturbance
rejection for ARMA models.

. Formulate the plant’'s Parameter Adaptation
Algorithm (PAA).

. Implement an indirect adaptive controller,
using the certainty equivalence principle.

. For plants with minimum phase zeros, we
will simplify the indirect adaptive controller.



Indirect Adaptive Controller with Stable Zeros

After each PAA iteration:

1) Update A(¢~',k) B(q ' k) polynomials:

AlghE) = 14+a1(k)gt+ - +an(k) g™

B(g 7t k) = bo(k) +b1(k) g 4+ +bm(k) g™

. (no need to factorize  B(¢ 1,k) )
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Indirect Adaptive Controller with Stable Zeros

2) Calculate controller polynomials:

~! N
R(g LK) 8Lk

by solving the Diophantine equation:

A(gY) = A0 DAL E)R (¢, k) +q98(¢7 L, k)

Y

Plant parameter polynomial estimates are used
Instead of actual polynomials
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Indirect Adaptive Controller with Stable Zeros

. Feedforward filter T(¢"1,q) is constant and known

T(q1,q) = qt9A. (¢ 1)

Thus, there is no need to update it at every sample step.
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Indirect Adaptive Controller with Stable Zeros

3) Calculate polynomial: R(q™ 1, k)

R(ghk) = Ag(¢ YD) B LK) R (¢, k)

Notice that both 44(¢™*) and R (¢ 1, k)
have constant coefficient 1

Thus,
R(gLE) = 7o(k) +q 17(k) + -+ ¢ V7, (k)
:Bo(k)
t

This coefficient is always = bmino

37



Indirect Adaptive Controller with Stable Zeros

4) Adaptive control law is given by:

R(g™Y, k) ulk) = A(q D) ya(k + d) — S(¢~ L, k)y(k)

d(k)
yq(k +d) r(k) + REor o 7B | oW
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