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(A1 BP){A | B> (2)
2 ACZ"BE " h €R
exp(Ah) (A | BY= (A | B), (3)
(Al exp(Ah)B)= (A | B)e 4)
3 ) A, Ay € 27" By, B, € 727,
(A1l Bi+ Ax| B)+ Ax| By) = (A1l B1)+ (A2 | By)e (5)
4 Ay, - Ay € " By, -.,By € 77", 0<ip< <+ o
{xl x= ZI exp(Ai( - s)) Bau(s)ds, ¥ u}:
<A1| Bl+ -+ Ay | By)* (6)
{xl X = exp(Al(tf— s))Biu(s)ds, V u}: (A1] Bi)- (7)
, [ 1~ 21]*
1
1.1
, = {(L ) s (N, b)) ()
1( ) () L
N-1 i+1
D [l exp(Aiki) CAil [Bi, Dy, - Dix] )+
i=11=N
(Ay | [ By, Dy 1, - DN,K]>= T (8)
) K= 2 , K> 2 .
(1), x0, uo(t), t €[to— T t0], tm= to+ 1211,
=1
(m=1, ..,N)* , xf

1 N-1 i1

Hexp(Ah)xo+ ZHexp(Alhz)I expl:AL(tL— s)) (Buu(s) +

i=11=N

Diu(s- T+ Diru(s- Tb))ds+

f explAv (v = s)] (Byu('s) + Dyvau(s— T)+ Dyou(s— T))ds  (9)

N-1

J-:i expLAi(ti— s)) (Di1u(s— Ti)+ Dizu(s— T2))ds =

-1
711 exp[Ai(ti— S):l exp(— AiT) D; 1u(s)ds +
AT

2T exp[Ai(ti— s)] exp(— Ai2) Di.2u(s)ds =
T2

- T
JexplAi(ti= s)) exp(- AT Dizu(s)ds +

o —
-1 2

Texpl:Ai(ti— s)] [exp(— A1) Di 1+ exp(— A'L)D;2Ju(s)ds+
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(1) —
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- Tj
L _eXpl:Ai(ti— S)][Bi+ exp(— AiTi) Di.1+ exp(— AT2)Di2]u(s)ds+
L

i

-

-T
~explAi(ti— )] [ Bi+ exp(- AT Diiju(s)ds+
i 2

(T
IL . exp[Ai(ti - s5)] Biu(s)ds =
1

Ji—
i

el
exp(Aih;) Jﬁr‘_ . exp[Ai(ti—l— s )] exp(— AiL)D;u( s)ds +
i 1 2

exp(Aih;) J:li_ ]71 eXpl:Ai(ti— - s)] [exp(- ATi) + exp(— AiL)D; o] u(s)ds+

(P - T
" CexplAi(ti— s)][ B+ exp(AT)Dii+ exp(— AT)Diof u(s)ds+
Ji
("~ T
explAi(i— s)I(Bi+ exp(— AT)Diyu(s)ds +
Ji—
i 2

7i
| cexpl Ai(ti— )] Biu(s)ds,
R

y - T
X = lexp(Aihi){x0+ ﬁz_T;eXp[Al(to— s)] exp(— A1 2)Di1uo(s)ds +

=N

- T
J:_Texpl:Al(tO— 9)] exp(— A]Tz)Dl,luo(S)ds}+

0

t.
i

Nel il - T

ZHexp(Azhz){I’ “expl Ai(ti= s)][Bi+
i=11=N 1

exp[— AiY] Do+ expl:— ATl Do u(s)ds +

-T
J’L Tl{exp[Ai(ti— s):l [ Bi+ exp[— AT D; ]+
[‘f 5

expl:Am(ti - 9)] exp[— Ai+1TZ-| D 1,2} u(s)ds+
fi T{eXp[Ai(ti - s)] B; + eXp[AHl(ti - s)]]exp[— Ai+1Tl:| D1+

exp[— AT D, 1,2} u(s)ds}+

(- T

" CexplAv(tv = s)] [ By + exp(- AvT)Dy.1+ exp(— AvTa) Dy oj u(s)ds +

i

v - T

cexplAv(tv = s)] [By+ exp(— AvT) Dy, u(s)ds+

IV 2
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cexpl Av(iv=s)] Byu(s) dse (10)
1

N

L
H'= {xl x= f(u), u}, (11)



943

N-1 i1

fu = 21 exp(Azhz){ f Cexpl Ai(ti— s)) [Bi+
exp[f Ai_fl] Dii+ expl:: lAiTz] Dio u(s)ds +
f z{exp[Ai( ti= )] [Bi+ expl(- AT Dirj+
eX‘p[AH i(ti~ s)] exp(~ Au1T) Di 1,2} u(s)ds+

in T{expl:Ai(ti - s)] B; + exp[AHl(ti - s)] [exp[— Ai+1T1:| D; 1] +

exp[— A1 T D, l,z}u(s)ds}+

o T

“ 2e)(pl:AN(tN— S)] [BN+ eXp(— ANTl)DN,1+ eXp(— ANTz)DN,QJu(S)dS+
‘N- 1
U

‘ TGXp[A’V(t/V_ S)] [ By + exp(— AvT) Dy 1Ju(s)ds +
Ji -

N2

(

! Texp[AN(tN— s):l Byu(s)dse (12)
ol —
N 1
4,
N-1 &1
== 2 Lexpram ){ (A; | (Bi+ exp(- AT)Di 1+ exp(— ATo)D;2) %
STiEW
(A,' | Bi+ A; | exp(— AiT1)DL',1+ A1 | exp(— AL'+1T2)DL'+1,2>+
(Ail Bi+ A1) exp(= Ax1T) D1+ A1 ] exp(- Ai+1T2)DH-1,2>}+
<AN| By + eXp(— ANT1)DN,1+ eXp(— ANT2)DN,2>+
<AN| By + eXp(— ANT1) DA',1>+ <AN| By > (13)
3 2,
N-1 il
w= . |lexp(Aihi) CAi | [ Bi, exp(= AiT)Di 1, exp(— A'D) Dia)) +
STIEN
(Av | [ By, exp(— ANTi) D, 1, exp(— AvT2) Dv.2] ) (14)
L . (Q-E.D)
P ) () m_
i l
H+ [Hexp(Aihi)] /T {Hexp(Aihi)] Wl@/{': 7R (15)
=N =N
, A (14) .
2 m 2 n, (1)  m_
¢ [Texp Ay |7 = 72 (16)

1.2

3 (1), X0 uo(t), t € [to- T tq,
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= {(i"': h’")} - 1 T (xo0, wo) _ Z(x0, wo,
7 (xo0, o, ) = Ja(xo, wo, M) +
M=1 m+1
ZHGXP[AL‘/U] (A; | [Bi ,Di 1, - Di x])+
m=11l=M " m mn m
<AiM ! [BiM’ DlM’ T DiM’K] >’ (17)

Lo~ T1<-1

In(xo, uo, ) = | |eXp(Ailhz){xo+ I . explAi(to= s)] %
.
0 K

=N
%2

exp(— Ai &)Di kuo(s)ds + J . exp/ Ai (to— s)] X
b ke

(exp(-= Ai &) Di k+ exp(= Ai T-1)Di k-1) uo(s)ds+ -+

ﬁ’o TeXP[Ail(to— s) ] (exp(- AilTK)Dil,K+ ot
01

exp(— Ai L) D, 1)u0(s)ds} . (18)
»  Xo= 0, up= 0
M-1 m1
(0,0, 7) = ZHBXP[Ai[hz] (Ai | [Bi ,Di .1, -, Di ]+
m=11=M m m m m
(A | [Bi .Di, s Di x]? (19)
T , C(m) .
(D,
N N
= Z<Ai| [Bi. D\, - Dix] ) 7= Z<Ai| T, ey
5 =
N
W= DA(A)| Ty (20)
i=1
4 (D, %,
(W) = 7k (21)
1( ) (1)
W= R+ (2)
2
Xt) = Ar)x(t)+ Bryu(t)+ Dryu(t— Ty), (23)
s x(t),u(t),r(t) (AL B, D, T) 1 i= 1, s N . .
r(1) = l (Ai, Bi, D, T - T> 0

9i= 17 "EN.



5 (23), M= {(im, hm)},?f: . m= 1, . M,
hw > T,
M-1 m+1
(W= D ]expfAihuj <A; | [B; . Di ])+
m=11= M " meom
<AiM ! [BiM’ DL:\1]>. (24)
n= {(1,h1),(2,h2)} .
. = {(1L ki), (2 o)),
AW = {xl x = exp(Azhz)ﬁl[(Al(tl— s))](Biu(s)+ Diu(s— T)ds+
0
ﬁzexp[(Az(tz— s))](Bau(s)+ Dau(s— T)ds, V u}- (25)
1
: 1) T> T , 2) Ti< T R °
B By f——ﬁ—\nl B,
! A exp{ - A7) Dy
exp( =~ Ayr) D
P,_ﬁl_l_‘] exp( - A;Tz)D; &KP( - AZrZ)DZ
' ‘,—A.—_-ﬁ' | ,_/_\
to : h—:‘rz i : ta \ ; E I -
I]LT.'] f1=13 Ig 5 hlfl iy 3 iz
I]E"l'z lZi"'-'Z
1 T> T, 2 Ti< Tyto< 1= Ty
Ti> T 1 R 5

2

0

7(m = exP[AthJ{X| e I explAi( 1= s)](Bi+

exp/- A1TyD1) u(s)ds, V u}+

exp[ AzhaJ{ X | x = J.: :?exp[Al(tl— s)]( Biu(s)ds, V u}+
expf Azh]{ X1 x = J.: TZ{eXp[Al(h— s)]

Biexp/— A2(11— s)]exp/- A2T2]Dz} u(s)ds, V u}+

{xl x= J.:_Tzexp[Az(tz— $)](Ba+

exp/— Ao To)] Dau(s)ds, V u}+

{xl x = JZTZexp[Az(tz— s)]Bau(s)ds, ¥ u}z

exp(Azhz){<A1| Bi+ exp/— AiT D)+ (A1l Bi)+
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(A1l Bi+ Azl exp/— A2T2]D2>}+
(A2 Ba+ exp/— A2 D2) + (Al Ba) =
exp(Axhz) (A1 | [ By, Di]+ Az | [Ba, Do )*
Ti< T
; 5 .

,t0< 1= B fo 2- Tr to< t1—- T

(7= exp[Azhz]{x l x = J.tl_ 2exp[Al(tl— s)] (B1+

exp[— A1 T/Dy)u(s)ds, V u}+

exp[Azhz]{x | x = f cexpl Ai11= s)](Bit expl~ AT Dy +
expf Aa( 11~ 5] exp]- Asz]Dz} u(s)ds, ¥ u}+
exp[Ath]{xl x = J‘:_ TI{GXP[AI(II— s)]B1+

exp[Ax(ti— s)]exp[- Asz]Dz} u(s)ds, Vv u}+

{xl x = ﬁz_ 2exp[Az(tz— s)](B2+

1

exp/[— Ao T) ] Dru(s))ds, V u}+
{xl x= J‘iziTexp[Az(tz— s)]Bu(s)ds, V u}:

2 2

exp(Azhz){(AH Bi+ exp/- A\T]D)+
(A1l (Bi+ exp/[- A1T]D1)+ Azl exp/— A2T]D2))+
(A1l B+ Asl exp/— A2T2]D2>}+
(A2 Ba+ exp[— A2 ] D2+ Azl By) =
exp(A2hz) (A1 | [ B, Di] + Az| [ B, Dof )*
to 2ti- T, 3 , 4

o(m = exp[Azhz]{’” x= [T ew i 91(Bi+ e 4TDY

exp/ A2(t1— s)]exp[— A2T2]D2} u(s)ds, v u}.,.
eXp[Azhz]{x | x = J‘ZL T{GXP[AI(M— s)]Bi+
exp/[ Ai(t1— s)]exp[- A2T2]D2+} u(s)ds, V %+

1

{xl X = J.Zz ‘explAa( 12— s)](Ba+

exp/— Ao T) ] Dou(s)ds, V u}+

{xl X = JAiziTexp[Az(tz— s)/Bou(s)ds, V u}:

()

(27)



947

exp(Azhz){<A1| (Bi+ exp/— AiT/D1)+ Azl exp/[— A2 D) +
<A1| B+ Al eXp[— A2T2]D2)>}+
<A2| B> + eXp[— A2T2]D2>+ (A2| Bz) =

exp(Azha) (A1 | [ B, D] Y+ (As| [ By, Dy])* (28)
, . (29 . (Q.E.D.)
2 (23) (1) : B B
exp(;inl)ﬂl
1) s (23) I_ exp( — Ay72) D,
(m_ ) ()1_ (m_ : : :
); i l
(D 5 : to ,,irlh l 1
3 , , - tre
3 Ti< Thto20-Th
3
1 5 , ,
1 0 0 0 0 K K
02000 0 0
Ai=|0 0 3 0 0, Bi= |0/, D= |0|,
00000 1 0
L0 0 0 0 L1l 1l
(0 0 0 0 0 [ 1] 0] (2)
00000 1 0
A=10 0 0 0 O, Bo=|1|, D= |0|*
00 00O 0 1
L0 0 0 0 Q Ll Lal
T= 1-
m= {(12),(2,2)] .
A M) = exp(Azha) (A1l [Bi, D\] + A2| [Ba, Dy]) =
1] [o] [o]
1l |ol |o
spat | 1|, | O], |Of ¢° (30)
of |1 |2
Lol L2 L
) L .

{exp(242)exp(241) | Z(T)) =
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Controllability of a Class of Hybrid Dynamic Systems( [I)

—Multiple Time Delay Case

XIE Guang ming, WANG Long, YE Qing kai
( Department of Mechanics and Engineering Science,

Peking University, Beijing 100871, P.R. China)

Abstract: The controllability for switched linear systems with time delay in controls is first investigat-
ed. The whole work contains three parts. This is the third part. The definition and determination of
controllability of switched linear systems with multiple time delay in control functions is mainly inves-
tigated The sufficient and necessary conditions for the 1 periodic, multiple periodic controllability of
periodic type systems and controllability of aperiodic systems are presented, respectively. Finally, the
case of distinct delays is discussed, it is shown that the controllability is independent of the size of de-
lays.

Key words: hybrid dynamic system; switched linear system; time_delay; controllability; controllable
set; switching sequence; switching path



