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Corfmat and Morse, IEEE A.C., 1976.2

(Ap, Byp) is structually controllable if and % %
only if Ap:=Ag+ Y B;iPiC;, Bp:=Bo+ » B;P;D;

i=1 i=1

@ for each ¢ € k, there exists a path in Ao, B, Bi, C;. D fixed matrices,

gH from node 0 to node 4, and the elements of Py, .- - , Py algebraically independent
I := {Ao, Bo, Bj, C;, D;, k}
) k:={1,---,k}, k™:ithe power set of k
@ for all A in the spectrum of Ag, Graph Gy := {k, £}
the set of edges £ := {[j — i] | H;;()\) # 0}
Al,—Ay Bo Bs Y
rank C- D- 0 >n
k-8 k—S Ci (Al — Ag) 1By, i,jEk
for VS € k* Hij(A) = ) —1 o —
Ci(AMn —Ag)""Bo+D;, i€k, j=0
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00000000000 (Cooooon)

Astrdm et al.: Proc. 19th IEEE Conf. Decis. Control Symp. Adapt. Processes(1980)
Gg:=SGH OO 0O00O0O0OOOO:h

gooooo

G OOoOoooooao

o (s—z)(s—22) (5 —2m) 2) — ~(z—21)(2—%2)---(2— 1)
G(s)_K(s—pl)(s—m)---(s—pn) Ga(2) = K (z =p1)(2 —p2) -+ (2 — Pn)

0ood r:=n—m(>0)
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Astrdm et al.: Proc. 19th IEEE Conf. Decis. Control Symp. Adapt. Processes(1980)
Gg:=SGH OO 0O00O0O0OOOO:h

gooooo

G OOoOoooooao

==
A = o= o=

0ood r:=n—m(>0)

@ 0000U0p; =exp(pih) fori=1,2,---,n, Vh
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Astrdm et al.: Proc. 19th IEEE Conf. Decis. Control Symp. Adapt. Processes(1980)
Gg:=SGH OO 0O00O0O0OOOO:h

gooooo

G OOoOoooooao

==
A = o= o=

0ood r:=n—m(>0)

@ 0000U0p; =exp(pih) fori=1,2,---,n, Vh
@ JU000O00 mO0O00ODOOOr—100000000D0ODO
@ mO0OD0O000Z; — exp(z;h)ash — 0
e J0U0r—1000000A—-000000000 B(z)0000000

r

Br(z):=Y bpz" "k, bp = kbt 4 (r—k 4+ 1)bpZ], b =] =1
=1
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Astrdm et al.: Proc. 19th IEEE Conf. Decis. Control Symp. Adapt. Processes(1980)

Gqg:=8SGgH OO 00000000:h

gooooo G OOoOoooooao

G(s) = K(s —21)(s —22) - (5 — Zm)

(s =p1)(s —p2) -+ (5 —Ppn)
o000 r:=n-—m(>0)

@ 0000U0p; =exp(pih) fori=1,2,---,n, Vh
@ JU000O00 mO0O00ODOOOr—100000000D0ODO

@ mO0OD0O000Z; — exp(z;h)ash — 0
e J0U0r—1000000A—-000000000 B(z)0000000

r

Br(z):=Y bpz" "k, bp = kbt 4 (r—k 4+ 1)bpZ], b =] =1
=1

00 10B,.(z) 00000 » 0000000 00 20240 Byr(z) =00000001/24 000000

Ba(z) =z +1 (=1

Bz(z) =22 +4z +1 —3.7321

By(z) =23 + 1122 + 11z + 1 (—1,) — 9.9899
Bs(z) = 2% + 2623 4+ 6622 + 262 + 1 —2.3225, —23.2039

Bg(z) = 2% + 572% + 30223 + 30222 457z +1  (—1,)— 4.5419, —51.2184
EEEEEEEEEEEEEE 38 / 62



O0o0oooooonn (D ogooooo ) Y .Hayakawa, S.Hosoe, and M.Ito, 1983

Gg:=8SGH OO 0O00000000:hA

goOooooo (boooooo) G OOooooo
i:Af-'_Bu’ yq:Cm Tpp1 = Azy, + Buy, yi, = Cay,
z€R™, u,y €R A := exp(Ah), B := foh exp(AT)Bdt
C:=cC

I(s) i { A—sI, B }

C 0
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O0o0oooooonn (D ooooo D) Y .Hayakawa, S.Hosoe, and M.Ito, 1983
Gg:=SGH OO 0O0000OOOO0O: A

goOooooo (boooooo) G 000000

T = Az + Bu, y =Cxzx
z€eR™, u,y e R?

T41 = Az + Biuk, Yr = Cwy
A :=exp(Ah), B := foh exp(AT)Bdt

C:=C
v | A
P(2) = { A—zl, B }
detI'(s) Z 0, deg{detI'(s)} :=m N c 0
U
GOOO (detl'(s) =000)0 mO {21, ,2m} O)n—m=3%r
000000 I(s) 000000 (infinite elementary divisors) 0000 {r; + 1, ,rq +1}
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O0o0oooooonn (D ogooooo ) Y .Hayakawa, S.Hosoe, and M.Ito, 1983

Gg:=8SGH OO 0O00000000:hA

goOooooo (boooooo) G 000000

T = Az + Bu, y =Cxzx

Tkt+1 = Az + Buk; Yr = Cwy

z €R®, u,y R {i := exp(Ah), B := foh exp(AT)Bdr
C:=C
v | A
f‘(z) - { AfAzIn B }
detD'(s) Z 0, deg{detI'(s)} :=m B C 0
U
GOOO (detl'(s) =000)0 mO {21, ,2m} O)n—m=3%r
000000 I(s) 000000 (infinite elementary divisors) 0000 {r; + 1, ,rq +1}

Y.Hayakawa, S.Hosoe, and M.lto: Systems & Control Letters, Vol.2 (1983.2) (Recieved 1982.8)

I'(s) 0000000000 0000000000 100(00000r=r(i=1,---,),
ri=r+1(Gi=£€+1,---,9q)) 000Gy 000 (detl'(z2) =000)0 (n—g) 00000000
@ mODOO0OOO2%; — exp(zih) ash — 0
@ 000n-m-¢000000A—»000000000 B, (2)'BY{()0000000
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"OOOOOO canonical form"

A-sl, B P Py Pt 0
r = oooo pP= = 11 goooo
(s) { c 0 } { 0 P2 }’Q { Q21 Qa2
Af — sl 0 0
PF(S)Q = 0 A —8ln-m Beo
0 Cx 0
where 0 n—m=>7,r;
Ao :=b —diag(Nsy -+, Nry), Boo :=b —diag(bry, - ,br,),Coo :=b —diag(cry, -+ ,¢ry)
0o 1 0 0
N, = : : , by = . , G = [1 0--- 0]1><7'i
. 1 0
0 1

Ty X Ty rixl
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"OOOOOO canonical form"

A-sl, B P Py Pt 0
r = oooo pP= = 11 goooo
(s) { c 0 } { 0 P2 }’Q { Q21 Qa2
Af — sl 0 0
PF(S)Q = 0 A —8ln-m Beo
0 Cx 0
where 0 n—m=>7,r;
Ao :=b —diag(Nsy -+, Nry), Boo :=b —diag(bry, - ,br,),Coo :=b —diag(cry, -+ ,¢ry)
0o 1 0 0
N, = : : , by = . , G = [1 0--- 0]1><7'i
RN 0
0 0 1

@ JUUI0DDO0O0OUUUUNODOO0DsSE —AQO canonical form 00O O
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"OOOOOO canonical form"

o -1
A= shn B]DDDDP:{P“ Pl?},Q:{PH 0 ]DDDDD

r =
(5) { C 0 0 P Q21 Q22
Af — sl 0 0
PI(s)Q = 0 Aco — 8In_m Boo
0 Coo 0

where 0 n—m=>7,r;

Ao :=b —diag(Nsy -+, Nry), Boo :=b —diag(bry, - ,br,),Coo :=b —diag(cry, -+ ,¢ry)

0 1 0 0
Ny, = ’ : , b= . , G = [1 0--- 0]1><7'i
o 0
0 0 T X1 ! riX1

@ JUUI0DDO0O0OUUUUNODOO0DsSE —AQO canonical form 00O O
O J0000D000Db00DL0000DU00DO00DLDO0o0DO0o0DbDO0OoDoO0ooOoOon

@ Systems & Control Lettes 00 00 1982.8 - 0O 1983.2
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w z :L‘(t) = A:E(t) + Blw(t) + Bzu(t)
P P Z(t) = Clx(t) + D11’w(t) + Dlzu(t)
. ¢ 6 SR & R u(t) € B
z(t) € R™,w(t) € R™1 u(t) € R™2
— K4 =
u Y gr = y(kh)

V)

u(t) :=dy for kh <t < (k+1)h
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w z :L‘(t) = A:E(t) + Blw(t) + Bz’u,(t)
P P Z(t) = Clx(t) + Duw(t) + Dlzu(t)
. ¢ ( )y(t)R: 02($)(t) R (t) eR
z(t) € R™,w(t) € R™1 u(t) € R™2
(1) € 77, (1) € o2
— K4 =
u Y

u(t) :=dy for kh <t < (k+1)h

V)

ooooooooooooooo

Y.Yamamoto(1990), H.Toivonen(1992), B.Bamieh, J.Pearson(1992)

w : z Wy, € L[0,h]™, % € Ly[0,h]P1
R P X
u Yy 3 Epy1 = Al + Brwg, + Baiy
P Zp = C1Zy, + D1y, + D2y,
K4 g = C22g
& = z(kh) € R®, @y, € R™2,§ € RP?

gooo0o00o0O000o0oo0oo 42 / 62



u y y(t) = Cax(t)
(t) € R™,w(t) € R™1,u(t) € R™2
z(t) € RP1 y(t) € RP2
— K4 =
u Y S: g :=y(kh)
H: u(t) = for kh <t < (k+1)h
gobooboobooboon Y.Yamamoto(1990), H.Toivonen(1992), B.Bamieh, J.Pearson(1992)
w : % Wy € La[0,h]™, € Lo0, h]P1
& P &
u Yy 3 Epy1 = Al + Brwg, + Baiy
P Z, = C1dp + Dy + Doy
Ka G = Coliy,
I = x(kh) € R, d) € R™2,§;, € RP2
v
N . h N
A = cap(Ah), Bs :=/ cxp(Ar)Badr, Co := O
0
l’%’l : Lo[0, R]™1 — R™; B}U’Jk = foh exp(A(h — 7))Bywg (T)dT
Ci:  R™— La[0, h]PL; (C12x)(0) := Crexp(Ab)d)
Dir: L2[0,R]™ = L2[0,h]PL;  (D11w)(0) := D11wx () + JE Crexp(A(8 — 7)) wy (r)dr
Diz: R™2 — L3[0, h]PL; (D12ig)(8) := (D12 + [§ Crexp(A(8 — 7)) Ba (1)),

gooo0o00o0O000o0oo0oo 42 / 62



z w : z w z
u— © y a— P g i g
— Kq = Kq Kq
i J
ooooo gooooo goooooooao

(recieved 1993.8, revised 1994.1)

(D11 =0000)

Fpp1 = Ay + Briyg + By, &y, := x(kh) € R", d), € R™2, ), € RP2
Pq : 2 = C1Tp + D12ty
U = éQi@k wr ER™, 2 € Rn+m2
5 1/2
. Lo . N C* L
B1 = (BIBT)1/27 [ Cl D12 ] = (|: 'ﬁ%2 ] [ Cl D12 ])

(O 1) dimwg, = n > dimw(t) =my1, dimZ, =n+ ma > dimz(t) =p1
(0 2) Bf,éf,’ﬁsz Bi1,C1,D12 00000 (adjoint mapping)
(O 3) B1B; = foh exp(AT)B1 BT exp(AT 1)dr
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oooooooooon

Bi: L2[0,h]™ — R™ 0000000000000000000000000

Il
B
&

IIgH”TI)HLz[O’h]m s.t. =z

00000000000000000000000
Wopt = BT (B1B7) 'z
(0 10B; 00000 OO0 20B1B; € R**™

(Ominy ||w|| st. z=Bw0O000 BeR™™ n<mIOO00 wopt = BT(BBT) 1)
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oooooooooon

Bi: L2[0,h]™ R™ 0000000000000000000000000

—
—

S

min ||TI)HL2[0,h]m st. x=DBiw
w

00000000000000000000000
Wopt = BT (B1BT)~
(0 10B; 00000 OO0 20B1B; € R**™

(Ominy ||w|| st. z=Bw0O000 BeR™™ n<mIOO00 wopt = BT(BBT) 1)

00000000 000000000000000

00000000 Wepe =B(B1B3) 2 0000000000000 dope 00000 By O

Wopt := (B1BY) Y2z e R®, By := (B,87)Y/? e R*"
00000wept O wope 00 0000D0O0O0O0O0D0O0O0OODCOOOO

Blwopt_a:_B 'lI)

optn = 87 (B1B) "2 = [opels, g

v
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