INTRODUCTION TO NONLINEAR SYSTEMS

 Linear and Nonlinear Models T,MA;,,;mJ& ._

— Linear analysis and design procedure

—_—

— Nonlinear analysis and design procedure

« Unique Phenomena of Nonlinear
T

Systems Kimear (L $phean
— Finite escape time _
— Multiple isolated equilibrium points ‘rL\s Cowise .
— Limit cycles T Linear
— Subharmonic, harmonic, or almost-periodiesPv#
oscillations

— Chaos (more complicated steady-state behavior
other than the above)

— Multiple models of behavior Nedineor CL yyk/"
 Examples
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Nonlinear System Models

Finite Dimensional Systems only:
At any time t, status of the system is completely characterized by a finite

number of independent variables o tx) A ), -. . K. () e ) (0 m7 .
State Space Component Form %ty :z| o n’(“ wws o [ek
bt [HO=1 (60O 0.,y O, W W, (D) ) R
(1) = W,H) ¢ = [5] -
ek KO0 X0 AOUO- OO W©) o \fv\ CF| TR
%, (0= £, (£ X 00y X, (0, Uy (1), Uy (0, W (D), W, (1) | Wa) fo |
: 3 jk’ KP T . h) Kf
Ovepes V0= (£ XX, 0 Uy (O Uy O, W O W, (D) ) L.w]‘ ' “1 "‘r \4
- 8\ : I
AR Y0 =, (£ X Orr X, O, Uy U O, WO .
- Graphically:
Compact Vector Form irShort notation 7] e 3‘:{&.&,@) y
) =£(t, x(t), u(t), wit)) {Xff(t,x,ulw) - ht a5
YO =h(t,x(t), u(t), w)) y=h(t,x,u,w) o
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System Models

* Time-Invariant (or Autonomous) Nonlinear Systems
State functions and output functions are independent of time

{X:f(x, u,w)

y=h(x,u, w)
7 T - Anaw 4 BOU 1 B, )

e Linear Systems 3
State functionsjand output functions are linear functions of state
and external input variables at any time R
- nx v D g ER
. ) (R B&¢ :
x =Ax+B (Hu+B (Hw Ak) € - O Kf*?'
y =C0x+D, (Hu+D, (H)w Cl) ¢ KM' D€ K , Dyt

* Linear Time-Invariant (LTI) Systems

—_

x =Ax+Bu+Bw
y=CG+Du+D,w
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Nonlinear Models For Analysis

 Feedback Control Law
— Static State-feedback —
U= 3G, %)
— Static output feedback

L LED),
8@, =)

UL)
e

t, L, 7)
i) = 3,(+ gw) - jwn—ﬂjw)

e Closed-Loop Nonlinear System Models for Analysi s

t,x,u,w' :fﬂ,z.gu,x).u)
L

y:h(txu w) = hl, irL

 Unforced Closed-Loop System for AnaIyS|s

H rx)w
hhe, (£, X

%)

———

W WiY=0 M

»
{
=

=F (4,
7={‘|c|,(+1

Intro Nonlinear Systems

RK= §r, Fm) fe——

W

A

7

7

>§

%F@ 5 3-&-, 5?)1)‘ |
L

Bin Yao
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v 7;( T j(*u( “/“)

Lihedr Analysis and Design Procedure

 Linearization at a partlcular equilibrium point (e, de, We , J.)
{:FH 'XQ»V\C-NC) a-'o

= "*g \A(,Wg j-e)

A Aoak (51.) ,_t_f?.’ﬁlv_ 7
ler AR) = Ko t A) ;« 36, % w2) X Redww) - 5 )
) - o = Fon - A s T R) S A %
o) = Wt WY = =2l 2 4 3}:) Ut + a_j:\ o
ye) = 2% | e e Y¥e

w
)!. — 4 2h
w\wl ”%jj" YW Wit —:%1 %é,. T _Ri'( o ‘5‘;’"5
Aw= |25 . 2b | 6C Rans| ek B
7:, _‘;2- ) a.f .ee lf'“ / Y L) L. gﬁ ¢
e - Rl [ S Tk LS oV
A
Note
— Q: When are the neglected hlgher Order erms important?
1) Wide. opecrt oz 7o HIDIEENS el gt

4 m
() /hw(o( ﬂ‘V‘Aﬁﬂ(ﬂK\)hM ;w‘ M (o‘MLNL /ﬂ‘ﬂ""" E ’:,-
Intro Nonlinear Systems IN
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* Model of Linear_Time-Invariant (LTI) Systems
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3’:67"”®u%’{-p\\’6/

) %
— Equilibrium of unforced system: (R==, W ") = { :‘7
—_— — < NN [
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A

— Asymptotic stability of unforced system: '
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/"\\H ' eAt_ao ~ 4 - , wt\hlA W w’ /,_Iu/ afe nft ;WG.LL
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’v‘(:ﬂhly‘)[ Crabla LTL l Ja) == Ik = |64
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Properties of Nonlinear Systems

* Model of Tilne-lnvariant Nonlinear Systems
%:f(%,a,0n)
J=h(x AW Geo) {?'-';H.on)’;u(a)

— Equilibrium of unforced system: (u=o, W=o 7 -TIA, 0 ) =Nl %)

}_q (770.) = 7( =0 = &t ) No eiv.).x.\:dm 'dw“‘} | ‘
oA e S Il sdad epklieapsa,
t . ‘in-/id,u Nwmkov Uf .

— Stability of unforced system:
— Forced Responses:

7
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Common Nonlinearities

* Memoryless Nonlinearities

AZ = Awf (u)

o) =Ausetlin)

A\A'

Saturation
s 1

n
7 vnett) T
Dead zone Quantization
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Common Nonlinearities

- Memory and Hysteresis Nonlinearities
- - L=
d f/ : y
1&:«/’27ﬂ Ww 7
—]
Hysteresis Relay with hysteresis

/

Backlash
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Example

* Mass-Spring System with Friction
’)ﬂ'\j P -£ \-_, Fj -\""kj l’j Fc()

For w=1, u=F .

=X,
’{9( y"%’)h LAy - FH?-)

% %)= Jex)
x,0)=YR)

. @ and.\llnear viscous friction with Stribeck effect
:F, thv

v |§
Fe[de+ Ueed0€ v J 54 0)
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Example (cts)

» Equilibrium Points | f«r “"‘f""-"\ 7% e u=o)

™ 213
{mf-\ax -bx, - (4. J,(f £0 lT;] ]:\rm)

= (K lee" o = '*7‘ 1::\‘ }
(o b ,‘L%/W’”

foads-fo= s igle ) ¢ “rA’LA
S WYV Aok
= A, Cow be oy (nsermt ek L e v Jobn WF"
i * 4'\M‘e['if}
=) drforke wwmbsr of fuidibrina prds A e [0} e K 6T R
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