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1
¥*t)= Ayx(t)+ Byu(t)+ Diyu(t- T), (1)
, x(1) € # cu(t) € # , r(t): #°
1,2, - ]\é s A, B;,,D;| i = 1, ,N} ) .
,r(t)=1 t (Ai, B;, D;) 1> 0
(1), .
10 ) (1,
T[id{(il,hl), s (i, hM)} (2)
M , L(T)* in 6{1, M} , hm
(m= 1 M) , m= { i b P 1
1 R hy> Te
t t= {(im o)}l
r(t)

m— 1 m
Ht)= i [ 0 € Lot D to+ Zhl,m: 1, M] . (3)
=1 =1
2 r(t) s “ Ve

T = <( 1L, hi), - (n, hy), (N, hN)}

2 )L BE A",

r(B) = {By1 y € #) (4)
B °

3 ) A€ A" VA

Al oy = DA
=0
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A W .
4 ) Al, ... AvE Z°" B, ...,BvE #",
(A1| Bi+ .-+ Av | Bv)
def - N i i
(A1l Bi+ -+ Av| BV) = D AiB1+ ..t AVBy) * (6)
i=0
f ~ .
Al B = ;‘,R(AHB])° (7)
1 Ay, s Ay € 27" By, .., By € 27",
Nn-1
(A\] Bi+ .+ Ay | By)= DR(A'Bi+ ..+ AiBy) * (8)
i=0
' n1 ]
Ail BiY= DR(AB) - (9)
i=0
m = 17 "'7N7
n-1
A= D iAbne (10
i=0
n-1 N

fux) = x'= 2anal f(x) = Lpae -

m=1

Nn= 1
x)= ¥V - X,
i= 1

) m = 13 "'7N9

Nn- 1
AN = DAl e (11)
i=0
. m> Nn- 1,
Nn-1 } }
R(A"B\+ ..+ A¥By) € DR(AiBi+ ..+ AyBy)* (12)
i=0
. (8) . (Q-E.D)
3 <A1| Bl+ et AN| Ba) <A1| Bl>+ ceet <AN| B\>

(A1l Bi+ ..+ Ayl By) S (A1 | B>+ ...+ (Ay| By)*

(Al BP)= (Al B)* (13)
PE A"

R(BP) = {BPyI y € %”}:’{le z= Py,y € ﬁ’"}
R(BP) € R(B) *

R(l;) = RL(BP)P""] < R(BP),
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R(BP) = R(B) *

(Al BP)= R(BP)+ R(ABP) + ..+ R(A"'BP) =
R(B)+ R(AB)+ ..+ R(A"'B)= (Al B)-* (Q.E.D)
3 A€ Z"" B E€ A", h € 7%
exp(Ah){A| BY= (A | B), (14)
(15)

(Al exp(Ah)B)= (A | B)*
exp(Ah){A | B) < (Al B)*

dim( exp(Ah){A | B)) = dim({A| B))*

(14 e m,
R(A"exp(Ah)B) = R(exp( Ah) A"B) = exp(Ah)R(A"B) *

exp( Ah) ,

exp(Ah):;:R(A'"B) = exp(Ah){A| BY= (A| B)*
(Q.E.D)

4 ) A, Ay € 2" By, B, € 727,
<A1| Bl+ A2| Bz>+ <A2| Bz>= <A1| Bl>+ <A2| Bz)' (16)

m.,

R(ATBi+ AYB>)+ R(A%B,) = R(LATBi+ ASB2, ASBd ) =

R[[AIBI,Aszj [1 1] = R(LATB:, A5B] )-
2n- 1

(A1 Bi+ A>l Bo)+ {Asl By = D(R(ATBi+ ASBy)+ R(AYBy)) =
m=0

2n=1

DYR(ATBI) + R(AB2)) = (A1 | Bi)+ (A2| B2y
=

B

(Q.E.D)
4 ,
(A] | B+ ...+ As\/| By + Cl | D+ ...+ CM| DM>+ <Cl | D+ ...+ CM| DM> =
<A1| Bl+ et AN| Ba>+ (Cl| D1+ et CM| DM>' (17)
[ 24] 7.8.1 .

5 Ay, - Ay € Z7" By, .., By € 27", 0S i< <+ o

N ,f
{xl x= ZJ.[ exp(Ai(r— s))Bu(s)ds, V u}z

=191,

<A1| Bi+ ...+ Ay B/v>, (18)
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y € S nf ZBA] N fZlB?(A?)”"‘q -

i=1
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{xl x= J?"exp(Az-(tf— s))Biu(s)ds, V u}: (A1l Bi)e (19)
{xl x= _;Zl:ﬁexp[Ai(\ff— s )] Biu(s)ds, V u}:

x|l x= fo Z[ﬂ—%m&u(s)ds, v u}:

x| x= ZO:J? L%ﬂu(s)ds iZAi) "Bi, V u} c

ZR[ZAL),”BJ = (A1l Bi+ -+ Ax| By), (20)
h= tr- 1o,
{xl x= _Zﬁexp[Ai(:}"- s)] Biu(s)ds, ¥ u}:

{x | x = _Zﬂexp[Ai(h— t)] Biu(t)de, ¥ u} .
Nk
{xl x= Zjoexp(m(h— 1)) Biu(1)d, ¥ u} >
(A1l Bi+ ...+ Av| By)* (21)
W= J’;{iZexp[Ai(h— s)] B}{iZexp[Ai(h— s B}Tds- (2)
W= w
R(W) = JT W),
AT W) )
W) = {x| W = @, (2)
« _I» .

yE MW <y W=0

(:)J:yT{ _Zexp[Ai(h— s)] B}{ _prp[Ai(h— s)] B}Tyds =0

©{ _Z;xp[Ai(h— 5)] B}l‘y —0 (0<s<h)- (24)

(24), {;:exp[Ai(h— 5] B}Ty s s= h

{ oy = o { Sty = o { Swan™ =0 )
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(3R (s o o Sara)l.

1
<A1| Bl + .+ AN | BN>—|—‘
y € A/l Bi+ ...+ Ay| By)~ (24)
A W) = A1l Bi+ -+ Av| By)L,

R(W) = (A1l Bi+ -+ Ayl By)*

x € Al Bi+ ..+ Ay | By), (26), 7z x= Wz

ws) = { Shlceplacn- <)%z (s €Loid)

y €ENTW) -

x= W= J:{ ig‘ﬁxp[Ai(h_ S)] Bi}{i:ZIZB?(exp[Ai(h— S)] )T} zds =

.[:{ QZWP[AM— 5)] B}u(s)dg _

_ZJ.;L(exp[ Ai(h= )] )Bu(s)ds*

(21) . (20,

6 Aan T> 0, ,J//V//g .//Zf,

A1 )= exp(AT) | )+

A" = ;m"“, exp(At) = ;MUA"-‘-

dﬂgtﬂlz Aexp(At) =

A[izk(t)fli_q = i:Z]_‘,)x(t)Ai,

DN)A = () A

A= .Z:Gi([)Aiil,
B(t)= ak(i),
2(t)= N(t)+ @M(1),

XR(t)= Moa(t)+ A1),

(20)
(Q.E.D)
(27)
exp( At) t
(28)
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[ N(0)] 1
X(0 0
2:() ! ()
L A (0) 0
() :
[ R ()] N(t)
»(t N(t
:() _ 2:() (%)
L & ()] M(t)
0 ai]
a= |t :12 (31)
1 @l
(300 (29
N(t) 1]
X
2:(t) = exp(At) O ()
M(t) 0-
W(t)= Ay(t)+ bv(t), ()
A (31 ,b=[10 ...d" (33)
, T> 0
Y(k+1)= Hy(k)+ Dv(k)* ()
H = exp(AT), D = [Jqoexp(At)dLJb' (35)
[D, HD, .., H" 'D]
(D, HD, .., H 'D] = [Jqoexp(At)dt] (b, Hb, ... H 'b] * (36)
ﬂexp(At)dt . ; (b, Hb, .., H 'b]
(exp(AT))" = i;:}v(mT)Ai_l (m= 0,1, yn-1)° (37)
T . (37)
1 I
exp( AT A
A (38)
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1 0 0
T (T T
L N(T) o(T) M(T) ’ ()
M (n- DT) XN (n- YT) - M((n- 1T)
- Kornecker + (32,
g= (b, Hb, ..., H 'B] "~ (40)
E . Kronecker J(ExI) = Bleg- ,
1 I
4| (5 eXp(:AT) (41)
An—l (exp(AT))n—l
E_lz [g]nxnv
ATz DE(ep(AT)) (i= 1 un) (2)
A" _Z@,(exp(AT))f‘ly///‘g lexp(AT) | 7  (i=1, ..y n)* (43)
A ) < exp(AT) | ')+ (44)
A1 ) 2 exp(AT) | 77,
A 7 = (exp(AT) | ')+ (45)
(Q.E.D)

[ ]

[1]  Liberzon A B, Morse A S. Basic problems in stability and design of switched systens| J] . IEEE Contr
Syst Mag, 1999,19(5): 59—70.

[2] Ezzine J. Haddad A H. Controllability and observability of hybrid systems[ J]. Int J Control , 1989, 49
(6):2045—2055.

[3] SUN Zheng dong, ZHENG Da zhong. On reachability and stabilization of switched linear systems| J] .
IEEE Trans Autom at Contr, 2001, 46( 2): 291 —295.

[4] , . [A], - .19 [C].

: ,2000, 114 —117.

[5] XIE Guang_ming, WANG Long. Necessary and sufficient conditions for controllability of switched lin-
ear systems| A]. In: American Automatic Control Counci Ed. Proceedings of the Americal Control
Conference 2002[C]. USA: IEEE Service Center, 2002, 1897—1902.

[6] XU Xu ping, Antsaklis P J. On the reachability of a class of second order switched systems[ A] . In:



(L)y— 927

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

(23]

[24]

American Automatic Control Counci Ed. Proceedin gs of the Am erican Control Conference 1999[ C].
USA: IEEE Service Center, 1999, 2955—2959.
Ishii H, Frands B A. Stabilization with control networks[ J] . Autom atica , 2002, 38(10): 1745—1751.
Ishii H, Frands B A. Stabilizing a linear system by switching control with dwell time[ A]. In: Ameri-
can Automatic Control Counci Ed. Proceedin gs of the American Control Conference 2001[ C]. USA:
IEEE Service Center, 2001, 1876 —1881.
Morse A S. Supervisory control of families of linear set_point controllers Partl: Exact matching[ J] .
IEEE Trans Automat Contr, 1996,41(7): 1413—1431.
Liberzon D, Hespanha J P, Morse A S. stability of switched systems: a Lie_algebraic condition[ J] .
Systems Contr Lett, 1999,37(3): 117—122.
Hespanha J P, Morse A S. Stability of switched systems with average dwell_time[A]. In: IEEE Control
Systems Society Ed. Proceedings of the 38th Conference on Decesion and Control [ C] . USA: IEEE
Customer Service, 1999, 2655—2660.
Narendra K S, Balakrishnan J. A common Lyapunov fundion for stable LTI systems with commuting
A matrices[J] . IEEE Trans Automat Contr, 1994, 39(12): 2469 —2471.
Narendra K S, Balakrishnan J. Adaptive control using multiple models[ J] . IEEE Trans Autom at Con—
tr, 1997, 42(1): 171 —187.
Petterson S, Lennartson B. Stability and robustness for hybrid systems[ A] . In: IEEE Control Systems
Society Ed Proceedin gs of the 35th Conference on Decesion and Control [ C] . USA: IEEE Customer
Service, 1996, 1202—1207.
YE Hong, Michel A N, HOU Ling. Stability theory for hybrid dynamical systems|[ J]. IEEE Trans Au—
tomat Contr, 1998, 43(4):461—474.
HU Bo, XU Xu ping, Antsaklis P J, et al. Robust stabilizing control laws for a class of second order
switched systems[ J]. Systems and Control Letters, 1999, 38(2): 197—207.
Branicky M S. Multiple Lyapunov fundions and other analysis tools for switched and hybrid systems
[J]. IEEE Trans Autom at Contr , 1998, 43(4): 475—482.
Shorten R N, Narendra K S. On the stability and existence of common Lyapunov functions for stable
linear switching systems[A]. In: IEEE Control Systems Society Ed. Proceedin gs of the 37th Confer—
ence on Decesion and Control [ C] . USA: IEEE Customer Service, 1998, 3723 —3724.
Johansson M, Rantzer A. Computaion of piecewise quadratic Lyapunov funtions for hybrid systems
[J]. IEEE Trans Autom at Contr , 1998, 43(4): 555—559.
Wicks M A, Peleties P, DeCarlo R A. Construdion of piecewise Lyapunov funtions for stabilizing
switched systems[ A] . In: IEEE Control Systems Society Ed. Proceedin gs of the 33th Conference on
Decesion and Control [C]. USA: IEEE Customer Service, 1994, 3492—3497.
Peleties P, DeCarlo R A. Asymptotic stability of m _switched systems using Lyapunov like functions
[A] . In: American Automatic Control Cound Ed. Proceedings of the American Control Conference
1991 C] . USA: IEEE Service Center, 1991, 1679—1684.
Chyung D H. Oh the controllability of linear systems with delay in control[ J]. IEEE Trans Autom
Contr, 1970, 15( 2) : 694—695.
Chyung D H. Controllability of linear systems with multiple delays in control[ J]. IEEE Trans Au-
tomat Contr , 1970, 15(6): 694 —695.

[M]. : , 1984.



928

Controllability of a Class of Hybrid Dynamic Systems( [ )
—Basic Properties and Preliminary R esults

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

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

Abstract: The controllability for switched linear system with time_delay in controls was first investi-
gated. The whole work contains three parts. This is the first part, including problem fornulation and
some preliminaries. First, the mathematical model of switched linear systems with time delay in con
trol fundions was presented. Secondly, the concept of column space, cyclic invariant subspace and
generalized cyclic invariant subspace were introduced. And some basic properties, such as separation
lemma, were presented. Finally, a basic lemma was given to reveal the relation between the solution
set of a centain integral equations and the generalized cydic invariant subspace. This lemma will play
an important role in the determination of controllability. All these definitoins and lemmas are necessary
research tools for controllability analysis.

Key words: hybrid dynamic system; switched linear system; time_delay; controllability; gener_alized
cyclic invariant subspace; switching sequence; switching path



