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e “I believe control theory is just in its infancy”.

® “Nonlinear systems theory, almost everything [is open]”

Blongdel V, Gevers M, Lindquist A. Survey on the state of systems and control.
European Journal of Control, 1995, 1(1):1--5
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2010 "“¥==#H455018" - Control Is Dead

1982 2010

1892 1995

new approach. Same thing need to happen again. “Control is dead” until
it is reborn like Lazarus by a Jesus miracle. In this sense, one can argue
CONTROL is certainly not dead and now may be waiting for the “second
coming” of another golden age of control. But chances are it won't be
from extending the current mature theory.
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| did not say anything!
 What i1s more, what | said would not matter much!

|t is them who have said something which indicate at least the
fact that

“State-space control theory has entered into a hard time! ”
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2.1 Motivation v

2.2 From physical to mathematical



YITREIXZR S (physical FAS)

BIA—2£R SR, cl)EEREFERTE, elJERRE, SRA
g, Bl ZFET U, kS
— 2 IRZE%E Fully actuated system (FAS)
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Models of FAS

AR < Lagraigian &% O

M (X, X, )X+ D(X, X, D)X+ K(X,X,t)x=u
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Models of FAS

AW < Lagraigian B% O
M (X, X, )X+ D(X, X,)X + K(X, X,t)X =
\rxé;ﬁmmﬁ\ \Eﬂéé%é%ﬁ
ZHrdEz R -
X=f(x,X1t)+B(x Xt)u
|11 5> F 4R

C BHIn e R— AR




Control of FAS

X = f(x,%0)+B(x X )

FRIME RIS HFIE - U
u=-B7()[AX+AX+ f(x,%t)—V]
X+ AX+ AX=V

— AT LG AL, LHESIANANTIUAEERE




Control of FAS

X = f(x%0)+B(xX )

FRIME RIS HFIE - U
u=-B7()[AX+AX+ f(x,%t)—V]
X+ AX+ AX=V

— AR L GALN, AGEESAXNTREEZRE!

—The best result, better than global stability,
better than exponentially global stability!

The world would be great if every system is a FAS!
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a4 (Inverse thinking)

When most people are converting the model of a physical system
Into a first-order SS model, we are thinking inversely

L AR BEORARARA IR R —LENABEAAR/
Can we create more high-order FAS mathematically?

2. RBERURAUVIABEOEATURARERE/

If yes, can a physically UAS be converted into a
mathematical FAS?

These lead to the genemlization!
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First-order systems

X =A(X,t)X +@u

Requiring the B matrix to be square and nonsingular is generally
unreasonable




First-order systems

X =A(X,t)X +@u

Requiring the B matrix to be square and nonsingular is generally
unreasonable

. 0 | 0
X = X
{—A)(x,t) —A(x,t)} {“

However, requiring the B, matrix to be square and nonsingular
may be reasonable




—FZE{IRE (An equivalence)

. { 0 I } { 0
X = X + u
_AO(X !t) _Al(x !t) BO(X 1t):|

e i
=2 JT
i 7t
I by

X4+ A (XX D)X+ A (X X 1)x =B, (X X, t)u
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%, (An embarrassment)

T m& H0 kG

: 0
X =
Lﬁb(x’t)

X4+ A (XX D)X+ A (X X 1)x =B, (X X, t)u

\l:
Al

ol
-A(X,1) B, (X,1)

S ol

=
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NS B R =0/ ;

Hlas AU RIIAIR 5 5CEk o




—Fh3|ER (An indication)

. { 0 | } { 0 }
X = X + u
-A(X,1) -A(X,1) B,(X,1)

e i
= T
1 F
T gy

X4+ A (XX D)X+ A (X X 1)x =B, (X X, t)u

e Afirst-order UAS Is equivalent to a second-order FAS
e \What would be the general case?

— Can a first-order UAS be converted into a third-order FAS?
— Can a second-order UAS be converted into a higher order FAS?

—These questions lead to our extension...




The extension (Mathematical FAS)

SM2IE (HOFA) AR%: / |14y 7o 48R
X(m) — f (X(O~m—1)’é/’t) n B(X(O~m_1),§,t)u
where ] )
X xO~m=V(t —7,)
X(m—1) _x(0~m—1.) (t . Tp)_

=8 M AEMEBE — Al AR

4= (1) ,Duan (1,VII,X)




Control of FAS

SM£Ik (HOFA) &%t

x™ = f(xO"™P £0)+BXO™, Lt
ALHIRES

u=-B1 ("™, £ [ A x0TI 4 £ (YL ) V]

FIF RS
X™ 4 Ay X0 =y Aa=[A A - A]

— R4 AL, AHMESAXNTIRELERE
—2BIBAE!

B4 (1) ,Duan (1,VI,X)




PIXZEG—E(HEHER, (Non-affine FAS)

. | W [EIRE
SEIiX (HOFA) ZE%4g / homeomorphism

X™ = £ (xXO™D £ 1) 4 g(xO™ D, £ u,t)

e
u=-g"(w)
w=A __ XUV 4 (x0T £t) -y
A ERSG

™+ A x0T =y

— R IR SN XTI F L E !




LIKZE G SMER (Multiple order FAS)

_ - | 0~ -1 _
" f1 (xl(c A P t)
0~np—1
xénz) _ f, (x’(c ng—1) k=1~m ¢ t) +B(x’(co~nk—1) k=1~m> ¢ t)u
.(nm) 0: -1
_xm | _fm (x](( Tt )‘ k=1~m 6; t)_
where o 07m)
1
k=1~m
(0~1y,)
m

In contrast, the former one is called single-order FAS.

In the following we will use only the single-order affine FAS

for demonstration!
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3.1 From SSS \/

3.2 From physical laws




Model conversion

. { 0 | } { 0 }
X = X + u
-A(X,1) -A(X,1) B,(X,1)

e i
==} JT
1 Ft
I by
X4+ A (XX D)X+ A (X X 1)x =B, (X X, t)u
a second-order FAS and a type of first-order SSS
= WAL -
M| | B | | s
A HEs | |8 | | et
I W




From high-order to lower order

= WEATEL
X
MET{K | =
FREAHES E
| BN A% |
e Method: variable extension
o Effect: order gets lower but

the number of equations gets larger
e Final results: get a state-space model with
the lowest order and the maximal number of equations




From high-order to lower order

= 4 | ENFEG |
BT £
FRNMTS E
| BN E% |
e Method: variable extension Almost anytime
d h
o Effect: order gets lower but and anywhere

e Final results:

the number of equations gets larger
get a state-space model with
the lowest order and the maximal number of equations




From low-order to higher order

REAEZ

&S

TTETHED

S 3 Al T

| BMES |

e Method: variable elimination (with the help of transformation)
e Effect: order gets higher but

the number of equations gets smaller
e Final results: get a high-order FAS model, with

the highest order and the minimal number of equations




From low-order to higher order
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e Method: variable elimination

o Effect: order gets higher but sie ol glonne
the number of equations gets smaller

e Final results: get a high-order FAS model, with
the highest order and the minimal number of equations




From SSS to FAS
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From SSS to FAS
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From SSS to FAS
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J = B
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(A, Fif, B /e, 1997)
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From SSS to FAS

- | MRS | =
M| | B | | Bt
pR gEs| |8 | | mrEA R
J = B
=1/
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(A, Fif, B /e, 1997)
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From SSS to FAS

- | MRS | =
M| | B | | Bt
pR gEs| |8 | | mrEA R
J = B
=1/
- FrBRIBEEERE RS [ 1 (D . Duan (X
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(A, Fif, B /e, 1997)
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Example 1- Re] ikt (Brockett, 1983)

—
= Yy Afamous example!

. .

02
|

Brockett, R. W. (1983). Asymptotic stability and feedback stabilization.
Differential Geometric Control Theory, Birkhauser, Boston, 112-121.

in



Example 1- ReJiRekit/t (Brockett, 1983)

r=u

= <:>

P =y

Model 1 [;]_[%:S][z] if £ 0
Model 2 [3}][0 i][t] ity #£0

Brockett, R. W. (1983). Asymptotic stability and feedback stabilization.
Differential Geometric Control Theory, Birkhauser, Boston, 112-121.

o
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3.1 From SSS

3.2 From physical laws \/



Modelling by mechanism



Modelling by mechanism (simple cases)

o FINERE (Newton’s Law)

mX=u

M (X, X, D)X+ D(x, X,t)x+ K(X,X,t)x=u




Modelling by mechanism (simple cases)

o HIMEE (Newton’s Law)

o ZI=TEIE (Theorem of Linear Momentum)

%(Zﬂ;mixij:u

M (X, X, t)X+ D(X, X, t)x+ K(X, X, 1)x =U




Modelling by mechanism (simple cases)

o HIMEE (Newton’s Law)
o J= IR (Theorem of Linear Momentum)

o J=fEIE (Theorem of Angular Momentum)

il 3rema
— Zrixmixi = U
dt\ =

M (X, X, t)X+ D(X, X, t)x+ K(X,X,1)x =u




Modelling by mechanism (simple cases)

o FINERE (Newton’s Law)
o ZI=TEIE (Theorem of Linear Momentum)
o =B FEIE (Theorem of Angular Momentum)

o HWIRBAH 2 (Lagrange Equation)

d o1 a1 _\ k=12...s
dtag, oq
1S L -
Tzizmlrl n:n(q11q21"°lq51t)) |:1121'“1n
i=1

M (@) +C(a,4)G+G(q) + F () +T, =7




Modelling by mechanism (simple cases)

o FINERE (Newton’s Law)

o ZI=TEIE (Theorem of Linear Momentum)

o =B FEIE (Theorem of Angular Momentum)

e HIZBEEHFE (Lagrange Equation)

o E/REX (BJf) EE (Kirchhoff’s Law of Voltage)

F2E 1) FE

LCX+ RCX+Xx=uU

FEL 25 A i ) PR




Modelling by mechanism (simple cases)

o FINERE (Newton’s Law)

o ZI=TEIE (Theorem of Linear Momentum)

o =B FEIE (Theorem of Angular Momentum)

e HIZBEEHFE (Lagrange Equation)

Ex (BBJ£) & (Kirchhoff’s Law of Voltage)

o
pl
=]
il

J

o
gl
=
o)

=k (BBiR) TFE (Kirchhoff’s Law of Current)
25 1) FL

LCX+%X+X=U

A I FRLJRR R FLAD
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0%v ,
Froie k“(x,y,z,t)Av = u(x,y, z,t)
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A=

022 9y2 " 972

N. H. Ibragimov, F¥i. #dl. PEAR. SHE 3 DB Mok n e
SE AR ), mAFAE Wk, dba, 2013



A TIZFHHIN-STE

mef-Brit s B (Navier-Stokes equations) 5 #2
fAN-SH R, TR THAREZNFTE, T UEIELREZHNF
WE . AT RSN FHmAR, #UEE

P (Z—Z‘ +x- vx) — —Vp+V. (u(vx + (Va)T) = (v x)l) +u

HEHxz i iLE, prihEd, pranh®s g, w3
NPT A XA TRE, K, BTy, DLRAE R AR s
7 o

g0 4e-Hr e o HT 7 AR e B 404 dE AL 24 R v T 4R on T T 18274 2

184548 2 A 48 3 H K 1 o
LS BI%r, ORI, Bibsiiee: (iR mbe) » Blesdiied, JBst, 1981,

(L.Plandtl, etal-, Fiihrer Durch die Str&émungslehre, Fredr.Vieweg and Sohn
Braunschweig, 1969.)
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Modelling by mechanism (Complicated cases)

o ETXLYIBEEHITERN, BiPRE—F9—M
5 _ Mo AR, FRAEMEE

(ql ql)q1+ D(ql ql)q1+k(q1 qz)
(q1(0 1) Cléo 1))qz +D(q1(° 1) Cléo 1))q2 _k(q1 q2)=u

=y

k

Figure 1. A robot system with elastic joints.
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SS models
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Modelling by mechanism (Complicated cases)

o ETIXEMIEEEAITERNT, BRRE—FRI—M
s MMM oRE, RAERSIE

o —[i8%L (=1L A, BBMNE) - ™TIRZ
o SN (BITE. FBR) - L1TH%

& EEmT Basic equations
FEEgE, SRAE! \ o :
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SS model HOFA model
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Example 2- A robot system with an elastic joint

J (qliql)ql + D(ql,ql)ql + k(q1 —qz) =0
J (q1(0~1)’q§0~1))q2 n D(ql(o~1)’q50~1) )q2 _ k(ch _ qz) — 4

g, =h(a"?)

Figure 1. A robot system with elastic joints.



Example 2- A robot system with an elastic joint

J (qliql)ql + D(ql,ql)ql + k(q1 —qz) =0
J (q1(0~1)’q§0~1))q2 n D(ql(o~1)’q50~1) )q2 _ k(ch _ qz) — 4

\ 1. =h (0~3)
{qZ (ql ) < q2 _ h(q1(0~2))

4, =h(a,"™")

Figure 1. A robot system with elastic joints.



Example 2- A robot system with an elastic joint

J (.6 )0 +D(0,,6,)d +k(%,—a,)=0
°, 0™ )d, + D(a"?,qP™ )d, —k (g, —q,) =u

J (o
\ Yy — (0~3)
{qZ - h(ql ) < q2 _ h(q1(0~2))

4, =h(a,"™")

e (6 ) (a7 )+, 62+ (07, -0, (4 -

q1

Jl,

M

T

Figure 1. A robot system with elastic joints.



FIXRFTAZD?

Before generalization

After generalization

Nonlinear systems may be very complicated, we would always
have some UASs which are unable to be converted into FASs

In this world, no one dares to say that he or she can handle all
nonlinear control problems!
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53418 (The two methodologies)

Basic equations

SS models

HOFA models | <k
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X

f(x,t)+B(x,t)u

/

X = (x40 + BT, Lt
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X=f(x,t)+B(x,t)u X = F(xO"P, 20+ BT,
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FIXRG L (FASA)

—

X=f(x,t)+B(x,t)u X = F(xO"P, 20+ BT,
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FIXRG L (FASA)

—

X=f(x,t)+B(x,t)u x™ = f(xO"Y, £,0)+B(xO"Y, £t
ITEREIR G A
N\ ) ‘j\s\\ X \ val
PURSAE (ATRABRHESR) IEHIERAE (ATLARRESR)

BiE AT IRS KA

N e N I L LSS A

MBOME M, RS
N—_— LS | R ORISR L G2
nEEER TR TR (R0

\N] H-/2.

\ This impiies the first point
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Powerfulness of FAS approach

1. IEEZ28RJXIAFAT E=R/REE

Allow more systems possess global stability!

NOt Only thiS,

RIVIREI—

REZETEVSER R T TE (1)
— NE B EEITRERH AL




Powerfulness of FAS approach

ILE S RAMAIT =R/REKE
ILARXRIERARA T GV REIZT L
g2 : -
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ILIR 2833 RV IZH RN ALY )8l 2L
LRIERSRAT IR A R It

If understood rather than

udience puzzled

Saying less 10 let yourse

to let your a

saying more




Powerfulness of FAS approach
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Powerfulness of FAS approach

ILE S RAWMAT AL
ILAERE RAKAT SRV AEITE
ikLyapunovik s Fo $R 58 46 7~ &2 L5 S R o T2 $A SR
LTI SR R ARGy U B T R f L 25 T R I§- 2 S
IL—L e BAR, fmMorgansaizE, 5-LAiEFeAR R

SLAR S 093 R A I A R AL A 20 0aE A/

| GE—

© N o kW D

AR 2 B 5 FR So b 24U IR TR 59 81 2L
L RGE AT EIEM AR 2 )/

— 6. Let the control of many time-varying systems remain

no longer a problem
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EME (Stability)

#(t) = Ax(t) w(t) = A()x(t)

=H

—

Alt) = 1 —4cos?(2t) 2+ 2sin (4¢
| =2+ 2sin(4t) 1 —4sin®(2

~—
| W—
\/

T ﬁ%%ﬁl )\(A (t)) . {—1= —1}
E ARYHFAEE
4 B A(t)= —2+4cos(t) cos(t)
o sin(t) —2+4cos(t)

Re 1, +Re 4, =—-4+8cos(t)

12t)

B —-151 - 1—258in(12t) -12§cos
Alt) = :
in (12t)

1—25 cos (12t) —12—1 -

(

2

MA(1) = {2, -13)
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EME (Stability)

-

R.E. Kalman v e aumn | Control System Analysis and Design

Research Institute for Advanced

I IEEI IR B A setraee i\l the “‘Second Method™” of Lyapunov’

KalmaniEsg £ I& | waE::ER:TCR:T | Continuous-Time Systems
EEERN RS
SERZFERRLT
EEIIERRL
IEEERERE

|

1 The *'second method” of Lyapunov is the most general approach currently in the theory

1 of stability of dynamic systems. After a rigorous exposition of the fundamental con-
cepls of this theory, applications are made to (a) stability of linear stationary, linear

1 nonstationary, and nonlinear systems; (b)estimation of transient behavior; (c) control-

1 system optimization; (d) design of relay servos. The discussion 1s essentially self-

I contained, with emphasis on the thorough development of the principal ideas and
mathematical tools. Only systems governed by differential equations are lreated here.

1 Systems governed by difference equations are the subject of a companion paper.

|

|

7.2 Stability of Linear Nonstationary Systems. No procedure simi-
lar to Corollary 3.1 is available so far which would permit deter-
mination of the stability of general linear nonstationary systems
in an algebraic way. Fhere is little hope that this state of affairs
will change soon. A1 is therefore necessary to use ingenuity in

[ ERENFERMUTE
BARGAFRFI IR E T,
lige FELRIIZIbHE)- 2978
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E. D. Sontag

® MIN-RSREMRLE :
® |EEEITHIRGZRISE E Jnen Prohle

EME (Stability)

-

® |EEE Fellow/SIAM Fellow

J. C. Willems

o HEHARFIBLIRLAE
® |EEEITHIRGRISE
® |EEE Fellow/IFAC Fellow

V. Vidyasagar

® K[EERFXFellow _
® |EEEITHIRZRISE Contents
® |EEE Fellow/IFAC Fellow

1 Uniform asymptotic stability of linear time-varying sys-
tems

1999
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E ,Er__ﬂjx/ \éff‘, (Nonlinear time-varying systems)
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5”5216 |‘EH§L§, \éff‘, (Nonlinear time-varying systems)

o GMRTRAN ML, RIS ERAT?
HREED R E DA TRER
o BHRVE(ERHISIIRS I

. — Nonlinear Control NON LINEAR
* =100+ gxu e SYSTEMS

HASSAN K KHALIL
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AELMERTZE 24T (Nonlinear time-varying systems)

o LMITZ ARG BULZME, (aRAFSERT TR G
HiREEDTIEE S 2 EVER !

o HAVE/FRIIRHVARST

f=f0)+gtou  fe e
o HNEHAH |
x=f(x,t)+g(x,t)u T e
ERLEs _

pm—
\ Great contributiort:
o BEZVEET AR LURIEAIL? tC
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HASSAN K. KHALIL




Why stability analysis?

e Design requires

e More accurately, it is that the SSA requires

e What if we do not use SSA?

e Is there a different approach which is not dependent on the

stability results of nonlinear systems?

RGBEHEZ—RLD? RNTE, AR TRG?

To realize this, we need to get rid of the bound of SSA!
RS B 3 ANESRHI SR A |
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Powerfulness of FAS approach

ILE S RSIART BRI
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— 8. Let the linear system control theories be thoroughly utilized
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e A pure linear system does not exist!
e It is an approximation to a nonlinear one

e Linear problems are easy and solvable

: - “ Sy
Martin Luther King
“I have a dream”




A E 5

e A pure linear system does not exist!
e It is an approximation to a nonlinear one

e Linear problems are easy and solvable 2NN -
e \We have a dream: Martin Luther King
' “I have a dream”
~ 1EARE IR (U /9 2 P O] RICR AR R
- — AT ER@ T RS

— “We have a dream that one day all nonlinear problems are
converted into linear ones and therefore can be all completely

solved!”

FASA makes our dream partially come true!




MM RGO EIES T AR

|

sAagmm 1. $HZE (Stabilization)
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saomm 1, $HxE (Stabilization)
2 AMEERER  (Asymptotical tracking)

B E /1S 1l .
Z\ I
|3 wtiEH]  (Optimal control)

‘4 WMBEIFIT  (Observer design)
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RAIEICEHIES 7 HE it

EAaEm 1 $HIE

(Stabilization)

FERER  (Asymptotical tracking)

3. mitiE®l  (Optimal control)
4 WEMEEEIT  (Observer design)

( 2. /?Fﬁ
e
RY)EI AR

( o. *ﬂ:_
ANERFENE
RY)E| AR

T ( Disturbance rejection )
6. E#54TH]  (Robust control)
53& M35 (Adaptive control)




M RSB EIES TR it

s4am 1, $HAZE (Stabilization)
2. AMEERER  (Asymptotical tracking)

A b e
|3 wtiEH]  (Optimal control)

k TR
4. WMZF&it (Observer design)

All these nonlinear control problems are

TR , .
N converted into linear ones!
AU )6 -

7. BiEMNIEHEl  (Adaptive control)




For example,




Asymptotical tracking

Ak 25 14 5] 51 RAZ A7 3E T
f N N R 5 T FE TR A
x™ = f(x 1D 1) + B(xO", t)u 5 F TR M B 3R
ly = cx0~n-1 sEEs
lim(y(t) —r(t)) =0 -
(m(y® —r®) AR 1

o4 \ A EES
u=—B7Y(f + Agup_1x0 "D —p) A PURIFRE S =2

4L ik 5 5 55

(xM + Agpx©@ D =y IRAS R i
{y = Cx(ONn_l) PID%E%IJTi

Jim (y(®) = () = 0

Duan G. R., IJSS, Part IX. Generalized PID control and model reference tracking.



Robust control

JF 2% 1% [a) REZEFETH
) N ERMEERA,
Z N EER,
= f(x©O =D t) + Af (x (O, ¢) RN g E R A
+ B(x(O“’”‘l), t)u FaEsER
¥ ol g N\ 23R XA EE R
U=—B"Yf + Ay xO "D 1) ﬁg{ﬁﬂu*mﬁ
2% % [a) 1. 2RREBERM

x4 Ay 2@ D _Af(x O ) = ERANORE M

RS EEFRR
X(ONn_l): (D(A0~n_1)x(0~n—1)
+B,Af(x° "V t) + Bv

Duan G. R., IJSS, Part I1l.  Robust control and high-order backstepping, 2021, 52(5),
052-971- D0I:10.1080/00207721.2020.1849863



Adaptive control

JEZe 1 0] @
x (M)
= f(x(ON"‘l), t) + HT(x(O“’"_l), t)@
+ B(x(ON"‘l), t)u
i EETANG R
u=—=B"f + Apep_1x0"H — )
2% % o)
(n) (0~n-1) T(.(0~n—-1) _
X\ + Agen_1X + H (x ,t)@ =V
A RR
x.(0~n—1)
= ®(Agop_1)x "D 4+ B HT(x0~"=V t)g
+ B.v

IRESZEETHETH
THA O] BEE R K,
% AFFIRIEER,
—IRHRERSREB
FREZER

XSRS LN E
B A AR S

SRSEI T AFHE
PR

1. 2RxRBERM
2. £ FAATRE M

Duan G. R., IJSS, Part IV. Adaptive control and high-order backstepping, 2021, 52(5),
972-989. - DOI:10.1080/00207721.2020.184986/



Disturbance rejection

JEL 1 a5 RZSZ 5 3 T
(n) — (0~n—1) (0~n—1) AN O EEE R K,
= fTE ) + BT, u + 2 R 2 5
2 il T A\
u=-B"Yf+ AONn_lx(ONn_l) — ) N N S
Sl FH AR AR
xM™ + Ay x©@ "D =y 4 Ed A BXHY
R ERR
R IEER BEALF 3 B 1S T
0D = @(Agy- x4 By + Bc@ BN RSB —
B 3Kt

EBIMZ e RS LA 2FES28RIT. BalitFik, 2020, 41(7):
1333-1345
Duan G. R., IJSS, Part VI. Disturbance attenuation and decoupling.
- DOI:10.1080/00207721.2021.1879966



Observer-based output feedback control

EZR 4 o) &
x(M = f(x(o’”"‘l), t) + B(y, tu
y = Cx(0~n—1)

= H A\ T

u=—=B"Hf + Agen_1x0"V —v)
2% o) 2
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y = Cx(0~n—1)
RHMERS
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This is the right model for control—FA model

This is the right approach for control—FA approach

This is the approach which makes part of our dream
come true!

Besides,
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* This Is a perfect combination of FAS theories and
linear systems theories!
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What is feedback linearization?

e We check with two books of authority
in the field of nonlinear control

e Onein Chinese

e One in English

EXERS, IEXERFHVIEE, RIFHhkes, 1988
Isidori A., Nonlinear Control Systems I, 3rd ed., Springer Verlag., 1995.

EERIE R G HY
JUITEER

¥ & K a

Nonlinear Control
Systems

Third Edition




Definition in Cheng (1988)

Y. THEHHIRER MM LEE .
EX 6.6 R4 (6.1)F ~ ARERBEEALFARENE . F
TE xo B— 1408 U, RIREEH] o« —alx) +8(x)r, XH alx) €
Co(U), px)e Gi{m, C(U)), WMUB R FBH—1W2H
BT, FRRMAK
£ = f{x) + g(Na(x) + g(x)B(*)
LET PRI SERPE R FR T 4 20— MR 2R A4

z== Az + By
p.238

RAERE, IREMRAITEE, RESHIRIE, 1988 **ﬁﬁfgé*ﬂ’l




Definition in Cheng (1988)

Y. TE4 RS M L RE .
EX 6.6 R4 (6.1) F xn SRR RN PIEBNE . F
TE wo H— 1B U, RMEBE « ~alx) + ()2, XH a(x) €
L), px)€ Gli{m, CUNOMUF R* FEH—~IHS H
BT, BRRMAE |2 HAMENHEO LT |
% = f(«) (XJa(x] + g(ZIF (%)
LT PR ERREER T A H MR LR ENRE RS

z== Az + By
p.238

RAERE, IREMRAITEE, RESHIRIE, 1988 **ﬁﬁfgé*ﬂ’l

¥ & K i




Definition in Isidori (1995)

State-Space Exact Linearization Problem. Given a set of vector
fields f(x) and g;(x),...,9m(x) and an initial state z°, find (if possible), a
neighborhood U of z°, a pair of feedback functions a(z) and 3(z) defined
on U, a coordinates transformation z = &(z) also defined on U, a matrix
A € R**" and a matrix B € R**™, such that

[g%(f(x) + g(:c)a(x))] rri = Az (5.17)
0o B
@8] =B -
and
rank(B AB --- A" lB)=n. g;g::::r Control

0.238-229

Isidori A., Nonlinear Control Systems I, 3rd ed., Springer Verlag., 1995.




Definition in Isidori (1995)

State-Space Exact Linearization Problem. Given a set of vector
fields f(x) and g;(x),...,9m(x) and an initial state z°, find (if possible), a
neighborhood U of z°, a pair of feedback functions a(z) and 3(z) defined
on U, a coordinates transformation z = &(z) also defined on U, a matrix
A € R**™ and a matrix B € R**™ sueh that

oP
[3;(1‘ (z) + I = Az (5.17)
0P
St P
and
rank ( B AB --- An-l B)=n. Nonlinear Control

Systems

Third Edition

. AN
(EAABENR AR | [ P20

Isidori A., Nonlinear Control Systems I, 3rd ed., Springer Verlag., 1995.




Differences observed from the definitions

Requirement FL FASA

Tackles only SS models yes not necessarily
Tackles only constant systems yes not necessarily
Tackles only deterministic systems | yes not necessarily
Smooth controller yes not necessarily
Derive a linear system yes not necessarily
Object system is controllable yes not necessarily




FEZEFI (Main differences)
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FEZRI (Main differences)

5L ZRSE B AN JaEl

ANEZE—T/m=m - Lay)a R
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e problems that feedback linearization does,
and also those that feedback linearization does not!
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FEZRI (Main differences)
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FEZRI (Main differences)
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Example 3- ReJiRek it/ (Brockett, 1983)

T =u

/
Y= A famous example!
z =y

e Not feedback linearizable!

.= Brockett, R. W. (1983). Asymptotic stability and feedback stabilization.
Differential Geometric Control Theory, Birkhauser, Boston, 112-121.




The FA models

T =u
g=v <
z =y

s [2]-[1 2][2]] oo

Model 2: [][” ”[“] if y # 0

Brocket, R. W. (1983). Asymptotic stability and feedback stabilization.
Differential Geometric Control Theory, Birkhauser, Boston, 112-121.

.



The controller

T =u
Yy =0
Z =y

|
1
— 8 N
o=

— < |-

Y
\ 0

Closed-loop system:

z+a1z+apgz =0
r+ Bxr =10

|

Z+a1z+ apz =0
y+py=>0




The conclusion

r=1u
Y=
Z =y

Proposition. The controller realizes

X,¥,Zz—0, uv—>0
If
x4(0) + y%(0) > 0

that is, x(0) and y(0) are not simultaneously zero.

How good is this result? Itis nothing!




Further comments 24

e [t is not global asymptotical stability I

Y

e It is even not local asymptotical stability \/
because of the initial value restriction

e and this I1s why the system Is not
feedback linearizable!

o HILfRTY z KRN — ] R ERKE R R =, X511

e aE), JERS NN E—5E %% —almost
global stability

o [MLyapunov/EaBfaE RIS [N a—1 Bk, FFIRS (13
ARz XL BKIG IR N 2S5,

Initial value space

—Which is better?



Example 4 - Reaction-wheel pendulum

{ J1G1 + Jogo = —asingq

g1 + G2 = u,
1
a= (milo+maly)g, u=-—rT
J9
AJ:J1—J2, ’r]:ﬂ 2, I
J1

e Spong etal (2001) =[S FREMRES, RIS 7 RIRZIEM LT
e Fantoni & Lozano (2001) 315 1 [RIR BRI IR A= HIE
o BERINIRZLIENWIIRBERY, W0 T IRFISMF 7 <t <7

Mark W. Spong, et al., Nonlinear control of the Reaction Wheel Pendulum, Automatica 37
(2001) 1845-1851

Isabelle Fantoni & Rogelio Lozano., Non-linear Control for Underactuated Mechanical
Systems, Springer, 2001, Londen



L_ocal feedback linearization

{ J1G1 + Jogo = —asingq

g1 + go = uq,
1
a= (milo+maly)g, u=-—rT
Jo
J2
AJ = _ — _Z

Spong IAFE

- < ql <
AR eI
IR A X g,

We leave it to the reader to verify that the region
|x{| < m/2 1s the largest possible region in which the
system can be feedback linearizable and that the full
fourth order system, including the disk angular position,
is also locally feedback linearizable in the above fashion
using the output equation

Vv=di1q1 +di>29q>.



What can the FAS approach do?

{ J1G1 + Jogo = —asingq

g1 + g2 = uq,
1 N\l "
a=(milo+mali)g, w =—7
J2 ) my, Iy
AJ:J1—J2, ’r]:é mz,fz
Jl S

HEFLRRSS L ETREANSBRISEMEEE, KR TR
/A

1| 22 4ok —5<%<§

ST T7E qp # + 2 18R PR ER BT R
XA B2
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FAS—Model for control

o "2IN'MSIRAZRYIER, EIREFSHEATEE— MR/NEY

£5, MESHR

o /\ﬂ]ZJH]QTL_ W= EROET, EARIEIRFX
Ixe] LIHE SR

LS TSN EIRE SR E
B LT LEZ RS
Model for Control

l;%ﬁﬁtﬂ‘i RINERAR A F oIS AR IS 2K A




FASA—Approach for control

e It is a general approach for control, which can handle
— Continuous-time systems
— Discrete-time systems
— Time-delay systems

— Stochastic systems

e FASA s only two-years old by now.

e it solves many problems in a better way, while in the
meantime it also leaves many problems unsolved to us at the
present for further investigation.




SSA and FASA

o RET|ENRELZE—HFPT
o RETEHERMNZRIFRFI<

HY—1R A

/N

—BrIR7S=

B8] /5%




SSA and FASA

o RET|ENRELZE—HFPT
o RETEIE ARMNZAFP TR
HO—R A

—HrRSEE A

o ERARFIRELBDE—RIIPF
o RIXRFHARNINZAIPFIRER
HY—15R/ )\

e It needs our watering and care!




TIRZRZGHITIE (A long term seminar)

City No. of persons Persons in charge
bR 52 BHKES
tig 40 18
el 33 <= E
E2) 56 5K
25 89 TKE
R 39 TREA=
/CBH 36 2Bl
IA/RE 153 =B
Activities: EF2~3XXEMIYS, & TRX/NEYS

e REXAZ LM% NERHT

I BT N AR IE R 58




Extending my invitation: o
You are welcome to join /
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g 5!
auEHOTHELE!
Thank you for your attention!
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A. Isidori, Nonlinear Control Systems

Volume |

e Isidori A., Nonlinear Control Systems: an Introduction, SpringerVerIa,
1985.

e Isidori A., Nonlinear Control Systems: an Introduction, 2nd ed., Springer
Verlag, 1989.

e |sidori A., Nonlinear Control Systems, 3rd ed., Springer Verlag., 1995.

e Alberto Isidori(®), 3, EEZR(F) ELMITHI RS E=h. BF
Tl kg #t, 2005.

x=f(x,u)| [x=T1(x)+B(x)u

Volume 11 HomiioarContr
e Isidori A., Nonlinear Control Systems II, Springer i

Verlag., 1999.

e Alberto Isidori(&), ZTBEREE(GF). IEZXMITHI RS
E=hR.EN. BF Tl h4t, 2012.
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