INTRODUCTION BACKGROUND MAIN RESULTS

EXAMPLES

[] University of

CONCLUSION

Leicester 'f?‘

Anti-windup for Model Reference Adaptive Control Systems

Matthew Turner
University of Leicester, UK

Workshop on Robust LPV Control Techniques and Anti-windup Design
Toulouse

17th April 2018




INTRODUCTION BACKGROUND MAIN RESULTS
:
COLLEAGUE

EXAMPLES

CONCLUSION

Dr. Jorge Sofrony

Nacional University
Colombia




INTRODUCTION BACKGROUND MAIN RESULTS EXAMPLES CONCLUSION

REBRANDING

New University of Leicester logo!

Sad Emoji? Leicester crest?



INTRODUCTION BACKGROUND MAIN RESULTS
REBRANDING

EXAMPLES

CONCLUSION

Old Group:

Control Group

DA



INTRODUCTION
:

BACKGROUND MAIN RESULTS EXAMPLES CONCLUSION
REBRANDING
Old Group:
Control Group
New Group:
Or:

Computational Engineering and Control Group




INTRODUCTION
:

BACKGROUND

EXAMPLES

CONCLUSION

MAIN RESULTS
REBRANDING
Old Group:
Control Group
New Group:
Or:

Computational Engineering and Control Group

The Group Formerly Known As Control




INTRODUCTION BACKGROUND MAIN RESULTS
:
DISCLAIMER

EXAMPLES

CONCLUSION

» Not an expert in adaptive control

» MRAC is not a perfect method

» Encouraging MRAC results from Wise and Lavretsky
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Anti-windup

Inspiration from practical

Instances of saturation

Influenced by constrained/,

nonlinear control literature

Design procedures taken
from robust control
community
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Pre 1990s

Early anti-windup schemes
(ad hoc, no stability guarantees)

l

1990s
= Common framevori,
Goals of anti-windup

l

2000s-

Model-based design
LMI's

Constrained adaptive control

Practical experience? I

Marginal input from “anti-windup” lterature

|

2000s-

1970s

Understanding that
saturation may be problematic

Array of techniques for treating constrained adaptive control systems
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Standard, agreed form of architecture for linear control laws:

— |/‘
CONTROLLER B B PLANT >
— _A
A
Anti-windup

Not much agreed at all with adaptive “anti-windup”....
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EXCEPTIONS

Some systematic approaches to anti-windup for adaptive control exist:

» Kahveci, loannou et al: Anti-windup for indirect adaptive control schemes.
Computationally intensive. Quite well developed. Questionnable stability
guarantees.

» Tregouet, Arzelier, Peaucelle, Pittet, and Zaccarian. Adaptive law used to
de-saturate when gains become too high (sort of saturation avoidance).
Works on satellite.

» E. Johnson et al. “Hedging” schemes. Quite complicated. A lot of
assumptions. Seems to work on examples.

» Lavretsky and Hovakimyan. Positive ;i modification. Actually can be
written as an anti-windup scheme. Inspiration for work here.
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PLANT AND ASSUMPTIONS

Plant:
X = Ax + BAsat(u)
Assumptions:
» A€ R"™" unknown, but Hurwitz
» B € R" known
» X\ € R unknown, but positive

» State x available for feedback
Implication:

A Hurwitz and saturated input imply state is bounded
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TvyricAL MRAC ALGORITHM

Reference Model:

Xr = AmXr + Bmr
State-feedback:

u=K(t)x+ K (t)'r

Adaptation (e = x — x/):

;(X = —Tx(e'PB) T,>0
K, = —T.r(ePB) T,>0

Ensures asymptotic tracking if there exists matrices K}, K, P > 0 such that

Am=A+BMK! Bmn=BMK ALP+ PA,<0

...and no saturation!
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MRAC WITH ANTI-WINDUP (LAVRETSKY’S SCHEME IN DISGUISE)

Modifed Reference Model (£):

Xm = AmXm + Bmr — B(1 + pu(x, xm))Ku(t) Dz(u)
State-feedback ($):

u=K(t)'x + K (t)'r — pu(x,xn)Dz(tr)  p(.,.): R" x R"— R
Adaptation (e = x — xm) (€):

|

—Ix(e'PB) >0
—[,r(e’'PB) r>0
—Tu(1 + p(x, xm))Dz(u)(e'PB) T, >0

>-3>-
Il

S

When no saturation occurs Dz(u) = 0, standard MRAC is recovered.

u]
|
ul
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INTERMEDIATE RESULT

Tracking result 1 (essentially main result of Lavretsky)

The MRAC algorithm (£), ($), (€) ensures
» All closed loop signals are bounded (Lo stability)
» Asymptotic tracking

Jim e(t) = lim (x(£) = xm(t)) =0

But is this what we want?

MRAC reference model:
Xm = AmXm + Bmr — B(1 + j1(x, xm))Ku(t) Dz(u)

Ideal reference model:

Xr = AmXr + Bmr



INTRODUCTION BACKGROUND MAIN RESULTS EXAMPLES CONCLUSION

MORE SATISFACTORY RESULT

Tracking result 2

The MRAC algorithm (£), ($), (€) ensures
» All closed loop signals are bounded (L stability)
» Asymptotic tracking

Jim. em(t) = Jim. (xm(t) —x(t)) =0

if
1. Dz(u™) € L> ut = Kix(t) + Kl r(t)
(ideal nominal control signal)
2. Aue L, Au = AK(t)'x(t) + AK(t) r(t)
where

MRAC with anti-windup terms achieves tracking under anti-windup-like conditions
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» Dz(u™) € L mirrors typical linear anti-windup results

» Only two tuning parameters: u(.,.) and [, >0

ideal values:

» Au € L, essentially means that adaptive gains have to converge to their

Ke(t) = Ki  K(t) — K/
Perhaps not always possible....
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A MODIFIED RESULT

Define:
lim Ki(t) :=Kxss lim AK(t) :=AKy s
t—o0 t—oo
lim K. (t) =K lim AK,(t) :=AK, s
t—o0 t—o0

Auss(t) = DKy ssx(t) + AK, ssr(t)

Tracking result 3

The MRAC algorithm (£), ($), (€) ensures
» All closed loop signals are bounded (Lo stability)
» Asymptotic tracking

Jim en(t) = lim (xn(t) — (1)) = 0
if
1. Dz(u™ + Aus) € L2 (nominal, but not necessarily ideal control signal)

2. Au—Aus € Lo (gains must converge to steady state values)
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HYDRAULIC ACTUATOR - NO SATURATION

25 Plant/Model state evolution 60 Control signal evolution
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Response of adaptive control system without input saturation: left,
plant/model state evolution; right, control signal
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HYDRAULIC ACTUATOR - NO SATURATION

Plant/Model state evolution Control signal evolution

Plant/Model states
Control signal

0 5 10 15
Time [sec] Time [sec]

Response of adaptive control system with input saturation: left, plant/model
state evolution; right, control signal
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HYDRAULIC ACTUATOR - SATURATION, ANTI-WINDUP

Plant/Model state evolution Control signal evolution

Plant/Model states
Control signal

0 5 10 15 0 5 10 15
Time [sec] Time [sec]

Response of adaptive control system with input saturation and anti-windup:
left, plant/model state evolution; right, control signal
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CONCLUSION

Positive © modification exhibits an anti-windup-like structure

» It also provides anti-windup-like solutions

» It requires minimal tuning (Fy, u(.,.))

> It seems to be effective if MRAC itself is effective

» Can be extended to rate-limited actuators (some technical difficulties)

It has some problems:

» Some fundamental difficulties for open-loop unstable plants
(A is unknown and if unknown how can a region of attraction be
estimated?)

» Incorporation into an incremental adaptive scheme may make it more
useful in practice
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