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Research on Stability of Nonlinear Time-Varying Systems with

Event-Triggered Mechanism under DoS Attacks

ABSTRACT

As an important research object of modern complex engineering
systems, nonlinear time-varying systems show significant advantages in
intelligent control, robot systems, aerospace and other fields with their
dynamic characteristics. Such systems can effectively deal with complex
engineering scenarios such as uncertain disturbances through the
adjustment mechanism of time-varying parameters, and their flexibility
features have become technical support for improving the intelligent level
of industrial equipment. It is worth noting that with the deep application
of the industrial Internet of Things architecture, the system inevitably
faces network constraints, the open sharing of the communication
network not only enhances the flexibility of the system control, but also
exposes the system to the problem of resource consumption and
information loss in the transmission process due to network attacks. In
particular, (Denial-of-Service, DoS) attacks pose a threat to system
stability and security.

In view of this, it is particularly necessary to study the stability of

nonlinear time-varying systems under event-triggered network attacks.
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This thesis discusses the finite-time stability and input-to-state stability of
nonlinear time-varying systems with event-triggered mechanism under
DoS attack. Based on the innovative time-varying event-triggered
strategy and reasonable assumptions about the duration and frequency of
DoS attacks, the aperiodic DoS attack model is constructed, which not
only demonstrates two types of stability of the system from the
theoretical level, but also verifies the feasibility of the method through
numerical simulation, which mainly covers two aspects:

The conditions of finite-time stability for nonlinear time-varying
systems with event-triggered control under DoS attacks are studied. The
time-varying event-triggered mechanism is designed to ensure the
finite-time stability of the system, and two new inferences are derived to
expand the traditional theoretical framework of the time-varying system
finite-time stability. In order to solve the problem of data loss caused by
DoS attacks, a hybrid time-varying event-triggered mechanism is further
created. By setting attack duration and frequency parameters, sufficient
conditions for system stability in finite time under such attacks are
deduced. Finally, the effectiveness of the method is verified by numerical
simulation.

The input-to-state stability of nonlinear time-varying systems with
event-triggered mechanism under DoS attacks is studied. By designing

the triggered mechanism of specific time-varying events, the interval set
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of system state trajectory is defined, and the asymptotic stability and
uniform final boundedness of the system under event triggering are
established by analyzing the state trajectory inside and outside the
interval set. Considering the factors of DoS attack, the duration and
frequency of DoS attack are assumed and the stability of the system in
DOS attack environment is analyzed according to different situations.
Finally, two numerical simulation cases, including the case applied to the
medical hematological disease model, are used to confirm the practical

value of the method.

KEY WORDS: Nonlinear time-varying systems, event-triggered

mechanisms, DoS attacks, finite-time stability, input-to-state stability
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BRI R] A IR BRI, IS 2 SR R SOy

3.2 [O]REEIR

U R AR A R 5

x(0) = f(t,x(0),u(t)).t >0, (3-1)

Hp, x()eR"ARGRSE, u@) eR"AEHTAN . BIVBERS (3-1D) 1
BREL (¢, x,u) Ry xR xR™ — R" %} x #4E, % ¢ flu 7 Bi%ES:, H £(0,0,00=0,
W RGAE x = 0 B BIFERES, JHEHNRG (3-1) BPHT . 2 RBHE S &
ut)=x(t,), telt, t.,), TREETRT (), KBRS R AL
SRIERZE e(t) = x(t,) — x(t) , X T4 AR BRI KT x(0) = x,, FAMEK RS
(3-1) {FAEME— HAME HIE x(F) -

B 3.1: 4 T =T(x(0)) 2 —A5 x, A RIEFE, k, AKTF 0 WHEL o
o, yRK BE, k() e[K,+oo)fl u(r) e RERIES B, HXNT RS B-1)

{E1E Lyapunov BRELV (1, x(1)): R, xR" > R,,, MH:

k(e (|x@)|) <V (t,x(1)),Vt €[0,T),Vx e R", (3-2)
V(0,x(0)) < a, ([[(0)]), vx e R", (3-3)
V(t,x(0) < u@V (t,x0) +7 (fe@)])- (3-4)

TR, TAV T BA SRR M AN AR RS (3-1) KA BRI (a) A5 5E 1
ForboRAEIS 8]l DR Sevh (S LR i« I ARl A LR E SCan T

11
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{, = inf{t >t |y (Je)]) > a(t)V(t,x(t))} , (3-5)

b, a() AER ) EBUER IEES R {1}, WK EF 5. O 1
T Z WA, BATIHAE ISR

|®i% 3. 2: SF kM (3-5) FHIEE a(t)F—IE LR K.

R 3.2 KI5 T, KSR (3-5) KRS (3-1) 7] LUk 6=
IR .

SIEE1: FAAENLE] (3-5) JLFAATZ RS .

ERR: X T 1 €t,,1,,,) » IRIEFAMABLE] (3-5), 0113y (||le)]]) < a()V (¢, x(2)) -
FE[43]F, R AH

aa—Vf (x(0), k(x(t) + e(1)) < ~a (|x@)) + 7 (le)]),
x(2)

BBy Fl o™ K, %, HOA Lipschitz 42 HL MBI T y([e()|) < Ko(x)
HIHEA AR BLEI S LA T Z 0B R . R 3.2 26 4F T, AT LA RIASE
Ky (e)|) <a(®o(x)<Ko(x), BTy fy 3 JLFAbAEREF Lipschitz 8%, R
YE[43]F I B TIL 1, AT DS AR Al R L] (3-5) JLFAL A EZ RIS,
.

R BRI 2 Ja, BAG AT T ZE R

33 EEER

EIE 3.1: % Lyapunov B 5 V(t,x()) 3 2 R % 3.1, R &E
(1) =In(xc(t) — [ (u(s) + a(s))ds AT RIS T FE SCER 4, MR RGE (3-1) 4
JE A PRI TR A2 F o

WERA: ARAEEBE 3.1 MGl HLE] (3-5) , FRARE:

V(t,x(0) < @)V (1,x(0)) + 7 (Je()])
< (O (£, x(0)) + a()V (8,x(1)) (3-6)
= (u(t) + a@)V (1, x(1)).
X R

12
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J«V(t,x(t))

V(O,x(O))

SV <[ () + a() .
45 T A5
V (¢, x(1)) <V (0, x(0)) exp (jo( 4(s) +a(s))ds ) . (3-7)
gt (3-2) . (3-3) M (3-7) "
k(e ([x () <V (63 (1)) < exp ( J{ (1 (s )+a (s))is )a (k). -8
WMo, HFVe>0, ffE—MERMS25(s), (573
exp(—p(D)a, (8)< a, (¢).

Lk, WA |x(0)| <6, BATATLIG

exp| [/ (u(s)+a(s))ds
AZODE al (#Km m%(\\x(o)\\)

= exp(—p(t)a, ([x(0)])

<exp(—p(1)a, (5)

<o (e),
XEMAHE RS (3-1) /& Lyapunov FE W H4h, HIT p(¢) /2 BRI ) e SCeg
H, WA LA H).

lim p(¢) = +oo. (3-9)
e LA (3-8, AT
lim e, ([lx(0)]) < limexp(~p(0)e, ([x(0)]) = 0. (3-10)

R, HAFAARHLE] (3-5) IR RS (3-1) A RE aFE
[, EEE.

R 3.1 SCER[44) R TR RGN BRI AR E N, X RO
TAERHE[45]. fEEEL 3.1, —J7, FRATHE—DHETT T A R
B AR R G0 10 4 S A BIR AN TR AR M, vt 7 BT 2 S o A L 1 SR 8 0 SR A% B
W) 3 —J0 T, BB 3.1 K [46]H I AN R G0 1A BRI (A1 Fe e M5 SR HE T 21 It
ARG,

13
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5[44] R (4R 1 280, R TR H 2R T Sl R LA ) B R 2R G0 BRI
T8 PEIAH REAHE .

IR 3.1 BIAE— 5 x(0) B RIIEHH T =T(x(0)), Lyapunov k%L
W(t,x(1): Ry xR" > R_,, K E&EL, (,, FIHANEE u@t)eR, at)eR,,,
15

0,(x) < (1,x(1)) < 0,(x) . V1 €[0,T), (3-1D
LK

ﬂ:,qgﬁ@oyag)%, (3-12)
WAL, #5 6

KI(X) S ln((e@(o) _l)ejo(ﬂ(s)+a(s))ds + 1] ,

WFRBA AR BLE] (3-5) MRS (3-1) 2&F BRI R E .
ERR: AV (r,x(1)) =€) -1, WA
" 1<V (1,x(r))< e 1. (3-13)
L) =1, aq(x)=e"" -1, a,(x)=e"" -1, MAZENX (3-13) A[EHENH:
a,(x) <V (t,x(1)) <y (%),
RAHTET RV (¢, x(2)) 5 A% 3.1, B—5H, B (3-12) Al

V(t,x(t) =" (1,x(1))

(t,x(1)) eq‘(t’x(t)) -1
e (u(t)+a(t) —m

=(u(e)+a(n))(e" " 1)

=(u(r )+a(t)) (.x(1)).
ZEEH 3.1 X (3-6) L. @IS e 3. MHFEIMTHE TR, AT BLE
— IS H A5

a,(x) <exp (J.Ot(,u (s)+a (S))ds )az(x) .

L, T DM AR AL) (3-5) MRS (-1 A IR R RE 1,
.

14
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SERERHER IR, T T VR R UE A SR A BRI R A R 1k (10 45 R AE[46] 1
e MR ROLI . BATSR 1A S F AR Ak A A LA -

(.= inf{z >,

(e > ca=py e, xw}. (3-14)
Heh, kS8 c>0, 0<p<1, 0<h<l.
IR 3.2 REAFAE N5 x(0) AR IEHET =T(x(0)), Lyapunov %L
Y, x(1): R xR" >R_,, K Ky, 5
V(tx(t) <=V (Lx(6))+7(|e()]). (3-15)
MIATLAfH RS (3-1) AR FIREN, WSt T2 T
AN URIY)

T=T(x(0))= B—h) (3-16)
WERR: SE AR LR (3-14) R (3-15) , Alfg:
V(x(t)) <=V (x(t))+c(1-BW" (t.x (1))
=—cpV" (1,x(1)). e
WFeel0,T), WAIFINM T R
v(t)=—cpv' (),
HAv(0)=v, =V (0,x(0))>0, Z\AME—fEAN
V()= (v —e (=R )T (3-18)
MR LLEE I, AT A E:
V(t,x(t))<v(t). (3-19)

%1 €[0,T), A HFA RIS ILT B L. WHV (¢,x(0) =0, #1350 (3-16).
(3-19) , FATATAFF 2
V(tx(t))<—cpy” (t,x(t))
=—cpV" " (t,x(@0))V (t,x(1))
<=V )V (1,x(1))

-1

=—cp(v" —cp(1-h)t) V(t.x(1)) (320)

15
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1 v(l)’h B B
__l—h(cﬂ(l—h) tJ Vi)

WERV(E,x(t) =0, %X (3-200 ATHEZEHNA (3-15) Bl Bk, 1%
L (3-20) B AEKAT .
R EM 3.1 FRIAZER (3-6) Mz (3-20) , AT LAIGAIE

)—A
‘ -
k‘
-

p(t)+a(t) =———

~
|

s ZLIIYRCEIIR
1

I (s als s =] 1 = o L2,

ZAEY:
lim ;(,u(s)+a(s))ds =-0,

t—>T

/&\K(t) =1, AJ15:
lim p(r) = lim (ln(ic(t)) ~ [ Cuts) + a(s)ds ): 400

Rk, S5iGE B 3.1, AT LS BAE FAF R VLS (3-14) NI A R4
(3-1) A BRI R ER, UEE.

TEAS H S ok ML R 2R PRI AR 22 50 (1) PR I () 8 e 1 4518 R L AH G HE
WiE, IR, BIEZRURGERZ DoS BB T, REHA R AR E M
TH .

BT 2.1, Rk 2.2 A 2.3, BTG HME RS (3-1) £ DoS Miifi
TR A Al AL AT .

TELD W ¢, ASTE DoS ARG, WU — Mk & Bk 18] 52 XA T -

t, = inf{t > 1|y (4]e]) > a(t)V(t,x(t))} . (321)

THOL@ ke, 75 DoS [AIRG R, I~ — A FARBRA SO ST A, =1, —¢,
A

16
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Ace[AA], (3-22)

Hoep A> O A> 04 Il S 0F IR I F AR E 7

gy R B IR AT, BATHE S H LTS5 #E.

5138 3. 2: HELOM@5E SN KRG FAl L LA T Z E IR .

WERR : 40 5L fih A 1 B R) % 6] ¢, ASAE DoS TR F@ A, W H 51 38 3.1 B] LLiE A
FAFfR AL (3-21) RZHEIRN; W RS- bR BRI A £, 7€ DosS [HIB& AN »
HOEMRALE] (3-22) AR MBR FIFEAS0, T LR Z W% . HIk,
53 3.2 IE e,

5138 3.3: WIRERIX 2.1 2.2 F1 2.3 or, WTIREMERAE RS (3-1) , &
£, 16 DOS MK, 1, ., For RALE DoS R £, 2 JF i85 AT B TR I ] %
6, Mokt Frelt,t.,), AR

X2V el Do | @) o)+ 2660 ). (329)

by,

WERR: T4 7E DoS AR, JEH G =6+ A, Bl SES b0, NI

Mws%A@@V@Am%

()

< Hx(tk(tk)ﬂ)

< H'x(tk(tk)ﬂ)

+ He(tk(tk)ﬂ )

+ %7_1 (a(f)V(x(tk(;k)+1)))
< %7/1 (é:(t)V(tk(tk)H’x(tk(tk)”)))

|
+Z7 (a(t)V(tk(tk)ﬂax(tk(tk)+1)))a (3-24)
B IMARSER A% (3-21) FREE 3.5 HESEE. T4 e K, mEy M
ANAEFSEE m F o0, B y(m+n) <y2m)+y2n) ®aL, FEH et) = x(t,, ) —x(¢) H.

Ly Sty A .
7(Je()) <7 (ZH’“(’M)) )*7 (2] ()
g(g@)+agnv(%mﬂJ(%mﬂ»+y(4p@m)

17
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S(é(t)-i-a(t))V(tk(t,()+1’x(tk(tk)+1))+§(t)V(t’x(t))’
ERE AAEH (3-224) 158, FEAAFEANHMBK 23528, 1BEER
(3-4) 5 XTFrelty, ntin) ATEGE]:

V(t’x(t)) < (a (£)+ ‘f(t))V(tkok)wx(tk<rk>+1))
(o) £V (6x(0)
< max {V(tk(tk )12 x(tk(tk )+1 N,V (¢, x(t))}
x(a(t)+u(t)+2£(t)).
NI IR AER (3-25) , FErelt, .t) AL T7HE:
o0 =(a(t)+ (1) + 28 (1)) max v 1) (1)} (3-26)
ﬁﬂ%max{v(tk(tk)ﬂ),v(t)}=v(tk(tk)+1)ﬁfcﬁ, M= (3-26) FTLUEAL Y-
‘}(t):(a(t)+ﬂ(t)+2§(t))v(tk(tk)+l)’
I PR IAAA Sy, FRATTAT AR )

(3-25)

f —dv(s) vis)=|  (a(s)+u(s)+2£(s))ds. (327
FHEAS H
V(t)zv(tkonﬂ)exp(f (a(s)+ pu(s)+2£(6s )isj (3-28)

A5, ﬁﬂ%max{v(tk(tk)ﬂ),v(t)}:v(t) s, MR (3-26) 17 LA 55 s
v(2)=(a(t)+p(t)+2£()v@),
A GEAAER (3-27) R (3-28) Bo MR v (14101 ) =V (tegpeo ¥ (B ) ) 1
V(t,x(t))<v(t), FATTUAHEH AR (3-23) mior, k.
ol FORRBIRFEREIN T FH], 64 A7 XN Lyapunov Bt

v (x(e)) AT fle 88 00 i 6D 1) B i 4, R A(r)=[ U bt A, )] ;A5

meN,

Lyapunov & AT RES 0K IN TR) B () S5 & — 35 RN, 8 SCA° (¢) 9 A(e) 7 T )

18



LTI RAFW I FAIEX

W [0,1) ERORME, BIAS (1) =[0,0)\A(¢) , MR 2.1 FIfEE 2.2 HhX) DoS 4K
RS [ (O, T AR

IAQ)| Sg+£+[n+LjZ
0 2 (3-29)

=n(HA+[E(1)].
B T,(0,6) N [0,1) 8 K £ DoS i BN EL, T, (0,¢) Ay DoS Bk &
A EEANI R BE . 248, NAE DoS [RIFE NI, FRATAT LIS 31
V(tx(t))<eV (15, x(t,)),

EﬁPa)l:L (a(s)+u(s))ds s 244 J&F DoS G, FATR LI H]:

4 (t’ x(t)) <e” V(tk(tk e x(tk(tk Jol )) )
Horbto, = [ (a(s)+p(s)+28(s))ds o St BIRSPHT 51 3.3 T3

Vit,x(¢))<V(0,x(0))e”e™
(1x(0)) <V (0.(0) .
= V(O,)C(O))e"““’2 )
T Eiksrtr, DLR @B T M RAE 2 DoS B f it T HA PR A [H] £2
EME
EIE 3.2: BRI 2.1, 22 F1 23 K, WA LR &M, N EARGK AR
H R AL TR AR R4 (3-1) %2 DoS By N A PRI H) F2 5 1«
1A | (@) ps)ds
0 rt, 2M ’

(3-3D)

M= sup {l5(s)]}-

seTy (0,¢)

gt

¢=2M(g+An).
w(t)= I;(a(s)+ ,u(s) + S)ds ,

‘9=2M(l+£].
0 7,
JERR: E4e, HRIE (3-29) , A1

19
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a)1+a)2:j-TS(0)(a s)+u(s )ds+j (5)+2&(s))ds

b(O)

:L—A(t) )ds I A(t)\ +2§( ))ds
= 2_|“A(t)‘§(s)ds+j0(a(s)+ ,u(s))ds

<S2MIA(2)| +JZ (a (s) + ,u(s))ds

szML(ngZn) [é+ﬁ}]+j (s)+u(s)ds

<2M(g+An) +9t+j )+ w(s) s

<2M(g+An)+] (a(s)+u(s)+I)s
=P+ a(?).
WRAE (3-300 , FATaT LUt — 2545
V(t.x(2)) <V (0,x(0))exp(¢+a(1)). (3-32)
Zit\ (3-2) .« (3-3) 5§ (3-32) "L
zc(t)al(Hx(t)H)gV(z,x(t))
<exp(g+a(®)a, (|x(0)])-
HTFVe>0, FEE—NERESL5(s), fHfd
exp(—p(D)a, (5)< a, ().
ik, X vee[o,T), WA |x(0)|< o mar, WA:

(3-33)

(=) < A (lx(o))

=exp(=p(0) e (|+(0)])

<exp(—p(1))a, ()< a (e),
XK RS (3-1) & Lyapunov F2EIT. HT p(r) & — M PRI JIF: iR 4
i 1Ay AR E

lim p () =+o0. (3-34)

t—>T

20
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9 ERGR (333) Lok, Aol

lime, ([x(1)])) < limexp (—p(1)) &z, (|x(0)]) = 0 (3-35)

t—>T

Rk, BAREFMHEMARNHEIRIELERN RS -1 A RN EREER,
FEE

AR 3. 208 Bt — ARG N AR Al R L, AR E B R TN AR RS (3-1D)
£ DoS Brah T A BRI (A28 E P 1) @ . 5 SCER[461HH EL, 2 2 3.2 I TTIkA I
— BRI —MPE: e 3.2 B OCHER[46) AR KA T R BN AR KRR
i, TR T ASSCHE AR R FsE s = BRI i 79k SCRR[46] 4 1
JHEA YL T DoS Buahi ™I AR 22 i 1) BRIN [R] A2 € PR ie) L, X A7 vE AN T H
TINERS, M2, @32 57— thris, @l s A2
RIE N RGN AR, AT RERS 73 B BRGEAE DoS MUy T A BRIN [R) £ g 1

34 HERE
RS ENE A S8
N3 N
x(t)—4(T+t)(x (l) X (t))+u(t), (3-36)
ﬁ¢%%ﬁk%u0:-aiﬁ(@+4» LA B

Lo :inf{t>tk Tlftez(t)> 4(T1+z)xz(t )} (3-37)

1

2(T+1)
(3-37) I R %5 (3-36) AT BRI AR & 11 . 4 Lyapunov BECA Y (x(¢)) = %xz (¢),

ERA (32D Fia(l)= L EFCR, RAREM T T H R AL

ﬁﬁ(&@%n@s)E%OFWAH=%Wﬁ&j,ﬂu%ﬁ:
V(x(t)) = x(t)x(t)

3x(r) (3-38)

= AT (xz (1)—x° (t)—Zx(t)—2e(t))
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3 3 4 2
:4(T+t)(x (t)—x (t)—2x (t)—2e(t)x(t))
3 3 4 2 2 1 2
S‘“T+”(x(ﬁ—x(Q—Zx(ﬂ+cx(ﬂ+ze(ﬂ)
St EAAER B RSSO, ¢ REEEIH, Rilbe=T, wul
.
3 3 4 2 2
4Uw¢ﬂ%(ﬂ—x(0——x(ﬂ+x(ﬁj
_ 3x? (t) 200 1
N 4(T+4)(x (1) x(04_4j
__ 3O (1)
- 4(T+¢)(x(” 2) =0
(g
3 3 4 2 2
P (x(0)) < (T+0(x(0—x(0——x(ﬁ+—e(ﬂJ
3 2 2
4Uw¢ﬂ}x(ﬂ+§e(ﬂj
3 1 )
2T V(x (t))+(T+t)e(t).
R AE (1) = 2U?Oﬁﬂ@ TR G4) . ik

FIFEH 3.1, WAVEHE L, RS (3-36) &FREEFREH.
S K=—, X 32 FAEBEE a@) WIE LR, K5, AT ISR

””‘ngt) x(0) < —woam PRI, HRAE S 3 3.0, FOH R L)

(3-37) JL P T ZE IS
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1.5

147

13F

=12}

) N

0.9

time
Kl 3-1 ANFasE R x(r) $Lik 1A
Kl 3-1 Bon, EERAEGRANELT, KRG (3-36) A2A MR AFE 1,
ST AFEERE

1.5

051

time
K 3-2 R R x(r) B K
M2 T, mRgGEHMAERRAN, B 3-2RHRS (3-36) LI 7 HRE
HfaE . BT REMERKN S, Fr=2.82)5, BAEIEBEMERE, &
4t (3-36) fEA RIS AN MATEEE x(0) =1.5 R E =%
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0
02+
-04
5
% 1.2
= W
Lc_: -06 *g
O £
kel L€ Q P QO
08 o L
@«
209
=
1 0.8
1 1.2 1.4
time
_1-2 1 1 1 1
0 2 4 6 8 10
time

K] 3-3 FARf A sk AF R PR &
B 3-3 Bon T BB HHOR NS (3-37) MRS (3-36) Mt u(t),
Fer i) /N IR T AR R A AR I
FEROk, IRAVIAE T P th R & FA R HLIE DoS Buli FIMERE, R

2

A 2.3, Ty (4]) <6 (er () #5F a (r) =5 Fp () = T

T+t
DEEET]
T—H” A <& —||x||
MR £(1) = o , TERIRA RN A, =A=A=001, FEAEAIE

P32 PR EMSE, JATAT LA E] DoS [a] b AR AN 2L 1] i) _EFR . iR o
Mz, w2 L&A, WRS (3-36) LRIGAH BRI AIFEE

t a(s) + u(s))ds
l+0'01<—J°( 6)+p(s) ~0.015.
6 r, 2M

XA TR 1, AESEBRE 0L Al e B BRI 51 o ORSF IR 2 BT LA
re A ONAEBE 2.3 Xt Lyapunov b 35501 800 1 BRI, 10545 € i ARLeE R 5t
Tk
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TR ITRAFM I FAL X

1.2

1.1 |

1.05

et

1P @ o 0 0 000600 POOOOH

095

0.9 |

0.85 |

0.8

time
& 3-4 DoS Hili I RAF ] B 12
TE A B AR 2L, FATTE I 16 14 B [0,1.5] POBE HLAE B DoS Teiti, 4i%
n(1.5)=31, FFEERTEEQ1.5)=0.837, WK 3-4 fior, EHEBEKEOFKSERR
DoS Buifi B i 1. 7E DoS Brids A% 2 AR 6 A b3k SRk %Ak, FFAE
DoS K 4 A, =0.01, £5F K] DoS 155 13 2 LN 55.8%, X &
kG B I (] (RS, P39 55.8% M N AR T HE 464

3.5 KBTI

fEAF S, WHFC T DoS Hrih ™ HA HA Al A LI AR L I 42 R GE 1A IR
I RIRSEVE. B, Wit 2SR WL R RS A BRI A2 € 1, B4t
AREYJE T RTIALRRGA R e e S e . FINN 7 # R DoS
AT HE R B R, R T MRS R AL, SRR,
fE5E DoS Ml [ RpEE A AN, AT DL S/ A7 BRI (8 R e PRI e 70 46 1o e
L B 5 FAESE 1 B A A R
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£ 45 FEMRTRGEBAN-RSRE MR

41 5|8

Bt BB, BAE R R G A AL T AT AR E PR —
BURZ&A L, BEMA RGN MA-RESREER B, 46 L 8T R
A BRI T Ae e PRI 7E, A2 L& AT FUAE DoS BUdifzmi b, KA FH Al AL
i A AF LRI A2 R G R A -GS A E P AT BT 1 — Rk AR S A i A AL,
LT E RGURS PUL X S &, 7P RSB S I AR S DL T 18,
FSL R GAE AL T RN -IRSTE M FIN, H 82| RGATREE 2 DoS B,
X B S TR AR AR BB, AR A B S AR T R IZIA 5T T S -
WSt fJa, MPINEUE T FRGIRUE T A Rtk Hed By s il
TR R S PR N IR B T 5%

4.2 [G)RaEEiA

F &L AR I AR R 4t
x(2) = f(t,x(2),u(?)) ,t 20, (4-1)
RS EXEHEIBEPRS (3-1) —H.

FEARTIH, 8T FAFAUR AL T 2 R B i N JEZ A N AR R G
N-IRSHFENE, RIS X RGETE 52 DoS Bl th L T M N-IRAES T2 € AT 1
Flo FLHFSRAFEI A] HH DA 520 (10 B 28 25 A ik A ML g

t,, =inf{t>1, ‘7/ (le)])) > a)V (2, x(2))}, (4-2)
Hralt) R, MIEELREL {1}, WFIHMEREUTH . AT B R
PURI R Z 3R, FTRLH 25 3 v s 3.1 A5 3 3.1, [RIFE AT LR B A
R HILE (4-2) AT ZHEILG .
SR EIR T e, TRANGE AR A~ 2245
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43 FEHER

EH 4. 1: SR -Lyapunov BV (2, x() )i /2 € X 2.4, WIHEL AR
ARG (4-D REMARERER .
MEBH: M4 oel0o) RRABZARDSHP T XIEANESR

Q= {x eR” Hx(t)” < ;((sup

0<i<t

()] ) v 00 8 RAVIAL S A, e RO
X, € Q\ {0} P Bl 5 AT 407 2K 52 AT W
fHOL: Hx, eQ I, XTVvrel0,0], AILIFGEH]
(o) sup 0]
IR (2-5) 5 WAV (@,x(0) < u@V @ x@) +7 (|e@)]) » 4EF bR L]

(4‘2) ’ ﬂ?%:

V (t.x(0)) < u@)W (t:x0) + 7 (e (2)])
< (W (1,x(0) )+ a(t)V (¢, x(t)) (4-3)

= (u(t)+a))V (1,x(1)),
XA

jV(t (1)

V(0.4(0)

AV < [ (u(s) + a(s)ds,
i —B AT AR 2
V(t,x(1)) <V (0, x(0)) exp ( [{Cuts) +a(s)ps ) (4-4)
g (2-3) L (2-4) Al (4-4) AL H:
a0 V()< o{[uto) el o). oo
g FIR AR LA
”x(tﬂ|£¢2{1(exp(J:(;z(s)+—a(s))dk)¢12(”x(OﬂD). (4-6)
HOUL: M x, e Q\{O} I, XfTve>0, BEATUMAH:

(0] < 2 supl0)] ).

0<i<t
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Zaal w82 T b L LR g v NPT ST P
(o) = s ex [ s+ ) (O . supl0)]
Sﬂ( ,t)+7_/(sup u() j,

ﬁﬁiﬂ?(r)#[ggﬂ \D (ol r) =ec* (exp [, (1 (5) (5 s s (1]
B BATHPERENLED (4-2) MARHRIE RS (4D BHA-RERGEN, i

5,

B K, BREARY (4-1) B3 DoS Uik, iR 2.1 ik 2.2 %f DoS
Yoty (RS ) AR BEAT R, W T AR LRI AR R G fE LU R T B % N -1k

BAN B2 R GE (4-1) 7 DoS By F IR A H - RALHI 0T
LD W t, ASTE DoS [AIRG 1, WU — Mk & Bk 18] 52 XA T
Q+l=inf{z>tkp(4”eaﬂp:>aa)V(nx(ﬂ)}. (4-7)
THE@ R 78 DoS [RRH, W~ — NSRBI E SO XA, =1, -1,
IIESE
Ace[AA] (4-8)
ot A> 081 A > 04 B2 I i F SR 17t
N T G AT AR AL K Z IR, ATLLH 2 3 mA g 2 3.2, [FREET
PAE B ER VR & FAF Al LRI AR AL E Z IR, AL A F B IR
H5 3.3, WaxtTtreelt,,t,,,), AT LIER].

V(t,3(0) SV (1, 10Xy 1)) EXP ( j (a(s)+ (s)+2 f(s))ds). (4-9)
558 3 BRI, AL rT AR 2

IAQ)| £g+£+(7y+i]5
0 T

D

(4-10)
=n(NA+|=(1)|.
DL
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V(t,x(t)) < V(O,)C(O))e“"e“’2
=V(0,x(0))e”*.
BT BT, DN EEIA T M RGUE 2 DoS B E LT IR TR
SEE
IR 4.2: WRAELMER B RG (4-1) FHE LN &M, WAA RS AR HELF
fu R LA R SETE I % DoS Bty N A2 i A\ -IRAFE 2 1

(4-11)

1A [ (ats)+ u(s))ds 12
7, 2M ’
S M= sup {l&(s)]f-
$=2M(g+An),
w(t)= I;(a(s)+u(s)+3)ds ,
9= 2/\/1(l +§]
0 7,

WERR: E4G, RAE LA THE, AT
a)1+a)2=J‘TS(OY ( s)+u(s )ds+j (s)+2&(s ))d

:L—A(t) )ds I A(t)‘ +2§( ))dy
= 2.“‘/\([)‘§(s)ds+j0(a(s)+ ,u(s))ds

S2M|A®?)| +JZ (a (s) + y(s))ds

<2 (o) o 2 e e al) s o

<2M(g+An) +19t+J. s)+p(s) s

< 2/\/l(g+Zn)+j;(a(s)+y(s)+l9)ds
=p+a(t).
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T AT A ocel0,0) X " R GRS & v Rk #tENEE

@{mRuxuq@w H}W%ﬁ@ﬁ,ﬁM@ﬁ%%ﬁ%e@ﬁ

0<i<t

x, € Q\ {0} FIA L HE A7 457 K55 AE B
Bl Yx, cQ i, MFvre[0,0], ALAEH

0] (el 0]

Zia (4-1D) , "1,

V(t,x(1)) <V (0,x(0))exp(p+w(2)). (4-13)
Ziaa (2-3) . (2-4) A1 (4-4) ATLIASH:
a, (Hx(t) ) <V(t,x(t))<exp(¢+@(t))a, (Hx(O)H) : (4-14)

Zh 4 Bk il LIAS H -
0)]))- (4-15)

Hx(t)” <a,’ (exp(¢ +a(t))a, (Hx(

HOUL: M x, e Q\{O} I, XfTve>0, BEATUMAH:

()] < 2 supl0)] ).

£ B EMINIE A, A%

()= (exp @+ @) 0)) + 2 supl0)]
<Al +7(supu )

ﬁﬁljj_/(r)zz(ggg”u H) ||x0|| (exp(¢+w(t))052(H)C(O)H))o Kk, HE

ARG ERRNLE R ARLVEN Z R G (4-1) REAN-RSEER, IR,

FRE 401 B EE R — MRS R Sl R T DoS Bt
PR RG R AGRSEE MR, €2 4.2 B A-IRSTE ER - e 21
AR RS, §7K T ASCHR HHIBAAE DoS Moy FHIIE M PE. e 42 5| 7 —Hh
FHI 7, 8 SN AR S HORE MR G AR, AT RES 70 BT DoS
Bl T A A-IRES R E .
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A2 PSR 5 FLA) T ORAE I 4518 1A Rk
Bl 4. 1: &L N AR AR 22 R 4
x(@) =% (1)—1*% (t)+u (t), (4-16)
Frp sl AN u(r) = =207 (x(1) +e(r)) o FAT2FARRARBLEI A

2

tn :inf{z > 1, %tzez (t)thzxz (t)} (4-17)
ERX (47 HFifa@) =1, £ F3CF, FATEY 7T HEMAILE 4-17)

WR% (416) RHN-REFEN . 4 Lyaspunov EENY (x(1) =36 (1) .

® (2-3) 1 (2-4) Eal(r)wz(r)%rz s, AT RAASF):
V(x(1)) = x(£)%(t)
=x(t)x(t3x2 (£)—t*x (t)-2x (t)- 212e(t))

=0 (1) =% (1) =200 (1) = 2% () (1) (4-18)
<t'x (1) —1'x* (1) - 262X (¢) +(ct2x2 (7) LR (z‘)) ,
c
3
ot ERASE B RIS G, o RERESEL ff1ec=,, L
(EEEIE
t3x3(t)—t4x4(t)—%tzxz(t)+t2x2(t)
=—12x2(t)(tzxz(t)—tx(t)+ij
=—t2x2(t)(tx(t)——j <0
a1
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:—2t2V(x(t))+§t2e2(t) .

ﬁ%%%ﬁymzﬁﬁﬂﬂm=%%W%%ﬂﬁﬁQd)&joﬁﬁiﬁﬁ

W, WAREATE X 23 A (2-5) A
u (z)Hj = V(t,x(t)) <20V (x(¢)) +§t2e2 (1),

Hx(t)” >y (sup

0<i<t

Rk, FAHEH 4.1, BAMFHER, KRG (4-16) ZEA-REFER .

o)

sup

Hx(t)” <a;' (exp (_[(: (—2s2 +5° }Zs )a2 (Hx (o )H))+ X (qu

25

1.5

051

10

-0.5 - :
0 2 4 6
time
Kl 4-1 FaetRE x () Pt
15 F =R A WL (4-17) 5 R %8 (4-16) HPIRS BT INE 4-1 fiis. fE ¢ =2.46

WABIEEL G KL, RS (4-16) DHIIEE x(0)=2Fac &%,

Jai
K 4-2 BOR T BEFHAENE (4-17) MRS (4-16) FHEHlHNu(t),
Forb i)/ B SRR T AR S AR A A A B
£, 1R

PR, BMTHE T FTR (KIS PE A S HLBIZE DoS Zeie T b
), AL

Jefr 2.3, ATLMSH p(4]x) <& (1)a, (|x
64 ., 2 Ly e
= O =)l
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-05

Caontrol input
o

e
-

157
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Triggered instants
e o

L [e=] w -
p——0

F [t}
et}
—
—

-25 L
0 2 4 6 8 10
time
Kl 4-2 Sl SFAF TR FaE A\ B
128

ﬁ%%%ﬂw}?ﬁ,@ﬁﬁ%@%%#%ﬁﬂ%g=&q¥0m,#ﬁ%%

P42 PR ENSEL JATT LIRS DoS [a] b AR AN 35 2L 1] i) _EFR . iR o
Mz, R LR &M, WRSG (4-16) REFHA-RETEE:

"(a(s) + p(s))ds 2 _pp
l+o.01<_fo __! 1228f ~ 0.011.
0 r, 2M, 2><Tt2

XA FRARSE 1, TESERRAE OL T T e 2 g B 1 5t o ORSF 1 2 BT LA AR
& MR 2.3 % Lyapunov B30 S 2050 1 BRI, 1 5% € ARLe i R4
ToR, XM XA TG T e Bk 2.3 AT IR R 5.

FERXA BB A Frb, BATTLERT (8] (8] B [0,1.5] A BEAL A B DoS Beili, Sl
n(2)=20, FFEEEEIZQ)=1.1, WK 4-3 Frx, KA R TEE K GBS R~ DoS
Kot Bt i 9. 72 DoS Brai i ARG 3h 1 E) A6 F B ik SRl & 564, FFAE DoS
WA A, =001, Z550R DoS 55 P15 5 LN 55%, XERERE
EITEHER, FIH S5%M AL RgIE 4.
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0.12

0.100MOO 0D OOEOO O QOO OO O COO OO CEOLY Y GEPCEY G
L 0.09F
oot
0.07
0.06

0.05 ! ! .
0 05 1 1.5 2
time
K] 4-3 DoS Bk R AF: 8] &
5 4. 2: 5B CRR[47]7 ) Mackey-Glass #5754 ;

. bx(t—h)
x(t) = —ax(t)+m.

U T ARG SRR, DRIGE E sk, 45 i IR SR 4
SEERVEE 0, IR, 7EARFEIN T 68 x(0) M, ok i 7 AT LU

HERIEME RS, KPR EmMmie gl NIELRERN . A, HraRis=0h:
)'c(t)z—ax(t)+qx2(t)+sx3(t)+u(t), (4-19)

Hrfa. g s WJULZFEL B IRYESCPR TR 22 BAT « (22T, X NMUE
PEBITH, av g s TP BORBUT ¢ FIRFART, AT u(r) = -0.5e(r) » X

FER T RE AT DUSE S B AR I3h S R4, Hohm sy 5 ARG RN . AT
G IRIVSE
o =inf {t> 1, ||e(t)] > 1.5x(1)} . (4-20)
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0 200 400 600 800 1000

time
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IR 10000 N R B 4-4 BOR T RGE (4-19) ARGEI x(2) FIIRES
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1.2

0.8

o6l

0.4r

02r

0 2I0 4‘[] SID 8IU 100
time
Kl 4-5 FooEIRA T x(2) Pk
R T RIBTEM, FRATRIRZS PUE B s (A Rl AL AR F2 2) 100 #0. K] 4-5 7]
DLEH, AiiniEslm AR S H MR ERIN, R% (4-19) £ ENENR
o [ 4-6 TR T FH BRI 0 RGN u(f) -
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06T 0 0.5 1 1.5 2 4
time
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A TR E SN MR GORIR IR, Iy RS B 2 5 . & R SR
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F5E REERE
5.1 €54

FEARSCH, FATIETE T BA Sl R L] I AR 21 I A8 R G421 52 DoS I
d AR E PR . B RIR T RAM A BRI RIFE M, BEJE 2 RGN -IR
SRENE . 8IS BT R AL F A e SRS AT DoS Bk (15 2 (8] AN AT
AR B9 DoS Mrih, FATAUAEEI EIRUE 1 2 Gt K4 BRI (8] F5 58 1 A1
BON-IRFSFETE, BUS AR RE R, I HAEBUE 07 55 LR R i 56
E T FATITERIA R XL RCRAMOY AR LA R GeA € PRI B R sk 18
FIRLA, WO R TSR 1 DS m AT AR R TT 2 o ASCEZWHA TAEI T
ITidk -

B, FATRN T DoS BUifmi T, RIS fid 2 1) (O AR e P v AR
R G SEEAT BRI (8] Y B RS E P AT SRt 1 — i AR S A L,
Hilr RS AE R AT BRI AL R . b, B HES M PSE S, § 8 T8k
TR S R G0 BRI (A e 1 Y BRAE LS, IX e B R E B . %) DoS
Wi 3 RGHEE R 8, JATEE— PR T MR A I A F AR L .
WL BE DoS Bk (HRFEEIN ISR S 4, JATRES HE T tH AR X M B 2641 T
RGA BRI AR e PE 7 20 2 AF o 2%, TR AR LIGE T AT R A
Rtk

By, AT T AE DoS BUsm R, SR H A fid AL AR
ARG IMANRSREN: . AT T — Fh AR Al LS, Gl E RS
RES VUL X (B 5L &, SPIRASPULAE LG H AR S TR AN [F 1550 7331
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P, WA H T RAEMRN-GRSTREN. FR, BRI RS/ Z DoS Kilil
G OL, FRATT Bes BRI TRl AR AT 1 e, RIS A RS OUR T 1 R4t
F DoS Uili TR EE F RIS N-IRS R k. ek, @l AN SUE 07 K R BIRIE R
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R R T S M 1E
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