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EVALUATION OF THE REACHABILITY SUBSPACE
OF GENERAL FORM POLYNOMIAL MATRIX
DESCRIPTIONS (PMDs)

G.F. FraGULIS AND A.I.G. VARDULAKIS

We consider the concept of Reachability for systems described by PMDs, generalizing
various known results from the theory of generalized state space systems using time domain
analysis,which takes into account the finite and infinite pole-zero structure of the associated
matrix. We extend also the theory of admissible initial conditions and we introduce the
concept of Reachable subspace for PMDs providing a precise form for all future(reachable)
states of our system.

1. INTRODUCTION

Let a multivariable system described by a Polynomial Matrix Description (PMDs)
i.e. systems of the form > :

A(p)B(t) = B(p) u(t) (1)

X T

g1 .
where p := % is the differential operator, A(p) = > A;p' € R™*" [p], Aie R~ , i
i=0

0,1,2,..., ¢ > 1withrankpAd,, <7, B(p)= Y Bip' € R"™*™[p], By € R™*™ |j =
i=0

[on] .
0,1,2,...,0 >0,C(p) = >.Cipt € R™*"[p], C; € R™*", j =0,1,2,...,01 >
=0

0,08(t) : (07,00) — R" the pseudo-state of the system (>) and wu(t) : [0,00) — R™
the control input to the system (>_). Polynomial Matrix Descriptions are governed
by singular differential equations which endow the systems with many special fea-
tures that are not found in regular state space systems. Among these are impulse
terms and input derivatives in the free and forced pseudo-state responce, nonproper-
ness of the transfer function matrix, noncausality between input and pseudo-state
(or input and output), inconsistent and admissible initial conditions and many oth-
ers which make the study of PMDs more complicated than the study of the classical
regular systems. Starting from the fact that generalized state space systems i.e.
systems of the form > ; : Epx(t) = Az(t) + Bu(t), y(t) = Cx(t), where E € R"™*",
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rankrE < r, A€ R"*" B e R™*™ C € R™*" represent a particular case of PMDs,
we generalize various known results regarding the smooth and impulsive solutions
of the homogeneous and the non-homogeneous system (>_,) to the more general
case of PMDs (>). In recent papers (see [10,9, 6]) various known results regarding
the smooth and impulsive solutions of homogeneous generalized state space systems
have been translated to the more general case of PMDs. Also relying heavily on
the theory regarding the Smith—-McMillan form of a rational matrix at infinity and
applying it to the polynomial matrix A(s) = L_[A(p)] the theory of Weierstrass
canonical form of a regular matrix pencil Es — A under strict equivalence to the
more general case of polynomial matrix A(s) was generalized [9)].

2. MAIN RESULTS

Theorem 1. [9] Let

A(s)=Ao+ A1s+ ...+ Ay sT e R[] (2)
rankg(5)A(s) = r, ¢ > 1 with Smith-McMillan form at s = oo given by Sff(s)(s) =
block diag [sql,sq%...,s%,&%,...,ﬁ ,where 1 < k < rand ¢ = —@, ¢ =

k+1,...,rsothat qy>¢>...> @ >0and ¢ > ¢r—1 > ... > Qr+1 > 0.We can
write: A7Y(s) = H)(s) + H,(s), where Hpoi(s) € R7%"[s] and Hgpe(s) € R7x7(s)
is strictly proper. Let n = deg|A(s)|. Then n = dpr(Hpr(s)). Let p= Y7, (G +
1). Then dpr(Hpol(s)) = p. Now let C € R™*™ J € R**", B € R"*" be a minimal
realization of Hyp(s) and Coo € R™H J € RM¥H By, € R#X" be a minimal
realization of Hyo(s). Then C, J is a finite Jordan pair of A(s) and Co, Joo is an
infinite Jordan pair of A(s). Furthermore A~!(s) can be written:

-1

The solution of the homogeneous matrix differential equation A(p) 3(t) = 0 is
found to be [9]:

e‘”xs(()*)
h a,
t == CCoo I . . 4
5 ( ) [ ] 725(171)%7;056]0(07) ; ( )
i=1
where
Ay Ay o Ay B(07)
) B 0 Ay .. AP, BO07)
xf(o ):[BOO,JOOBOO7,J({>101 BOO] . : . . 6%”
0 0 - A -1 (0-)
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and
Ay 0 - 0 B(07)
Ay 1 Ay - 0 5(1)(07)
2.(07) = [Ju—1B, gu=2p .. Bl | " ? , eRn
A 0 - A, g(ql—l)(o—)

xs(07) is the “slow state at t = 07" and z,(07) is the “fast state at £ = 0~ ([9]).
Consider the PMD (1). Now we shall present the solution of a non-homogeneous
matrix differential equation:

A(p) 6(t) = B(p) u(t)- (7)
Taking the L- Laplace transform of (7) and assuming that the initial conditions
are zero i.e. f(07)=0,i=0,1,...,¢0 — 1, u(07)=0,i=0,1,...,0 — 1, we
obtain:
A(s) B(s) = B(s) a(s). (8)
Hence in light of (3) we can write:
1 —1
A7 (s)B(s) = C=[I, — sJ=| Be B(s)+ C[sI. —J| BB(s) (9)

which after some matrix manipulations [9] can be written:

J°"'B,J°?B,...,B On, (@4 1)r

A(s)"'B(s) = [C Cx ~ 10
(5)'B(s) = [C C] Opor B JuBa...JiBe | (10)
[ B, 0 - 0 0 e 0]
Bafl BO’ 0 0 0
| B B B, 0 0 8Im
By By -+ Bs B, 0 .
0 By -+ Bos Byt By -+ 0 sirto
0 By - B, |

-1

+C[sln —J] [J°BB, +J° 'BB,_1 +---+ BBo].

Taking the inverse Laplace transform of (10) and in light of (8) we obtain the
solution of (7) [7]:

/t e Qu(r)dr + Uz_: B qu ()
g'W=lc c=l| = : (11)

qr o—1
Z JE QuloI (1) + Z Zu(t)
i=0 i=0
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where the superscript (i) means distributional derivative, o is the maximum power
of s in B(s) and

Q=Y J'BB =J°BB,+.J" 'BB, 1+ + BBy (12)
1=0
g—] )
®; = J'BBiy; i=1,2,...0 (13)
=0
Q=) J'BxBy—j = BxBe + Jx BxBoo1 + -+ + J. BBy (14)
=0
Zig_jy =Y JiB~Bo_j-—i j=12,....0 (15)
=0

with B(y_;)—; =0 for i, j : (o — j) —i <O0.
We obtain that the complete solution of (1) is given by:

c

BW)=80+8"(t) = (16)

o—1

t
etz (07) + / et Qu(r)dr + Z B qu?(t)
0 P
[C Coo] "1\7‘ q? 0 o—1 ’
= VT (07) + ) T QuTI () + Y Ziu (1)
i=1 i=0 =0

where the superscript (i) means distributional derivative. Let us now denote ull(¢)
the ith (ordinary) derivative of u(t). Using the identity (see [1] p. 52)

u(n (t) = ul (t) + Suli—1 (0) + -+ 5[i—1]u(0) i=1,2,... (17)

B°(t) can be written (see [7]) as 3" (t) = B: (t) + B (t) where:
o—1

t
etz (07) + / e Qu(r)dr + Z B, ull(t)

0 i=0

Bi(t)=C

(18)

o—2—1

o—2
£ S a0
i=0 7=0
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qr
B5(t) = —Coo > _ 80D I 24(07)

i=1
[o—1 o2 o—2—i
+Coo [ > Za )+ | D Ziapu(07)
i=0 i=0 =

(19)

& -1 [a
+Cn | S TRl ) + 3760 [ S gLl (07)
_i—O i=0 j=0

otdr—1 Gr S
+ 8 Y g aui T (07)
i=c j=i—(o—1)

It is obvious that the complete solution of (1) may have impulsive components.
Since discontinous (impulsive) behaviour is not desirable we have the following:

Definition 2. A point 3, = 3 (07) € R is said to be an Admissible Initial
Condition (A.I.C.) for the system (1) if the solution 8 (t; 0=, 8y, u(t)) is continously
differentiable on [0, 7] for some input u(t) and for some T' > 0, i.e. 8 (t; 0~, G,
u(t)) is impulse-free.

It follows from (18) and (19) that a point 3, is an A.I.C. if the following conditions
hold:

Qr
Coo > 60D 25(07) = 0= 2s(07) € Ker[J] (20)
=1
o—2—1 )
> @pub(07) =0  i=0,1,...,0-2 (21)
j=0
o—2—1 )
> Zigll0T)=0  i=0,1,...,0-2 (22)
=0
(’1\’7‘ o . .
> L Qulet 0Ty =0 i=0,1,...,0-1 (23)
=0
(/I\T' ¢ — .
> b)) =0 i=o...,04G -1 (24)

j=i—(o—1)
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The set of Admissible states for ¢ > 0~ is given by:

o—1

eJtacs(Of)%—/ et Qu(T) dT"‘Z‘I’z—HU (t)
() = [C C=] . = . (25)

S () + 3 Zall 1)
=0 =0

From (25) for t = 0~ the set of A.L.C. is:

o—1
07) + Z <I>i+1um (O

Hr, =<3 (07)eR/6(07) =[C C~] : i=0

Z J2 Qu[”“] Z Z; ult

(26)
or equivalently:
‘rn— 95? (0_) ‘rn— n
Hi= {6807 =10 Ox] | g2 | /07 €9
(27)
o—1
and z (0 ZJZ mQ+ ) Imz +KerJoo}.
=0 =0

Remark 3. Note that the zero vector 0 belongs to Hy,, because there exist z:(07) =
0 and input u(t) such that u#(0~)=0fori=0,1,2,...,¢. ori =0,1,2,...,0 — 2
in the case 0 — 2 > q,.

Now we shall generalize the notions of Reachability given in [8,11] in such a way
to cover the general case of PMDs as in (1).

Definition 4. Given a point §, = §°(07) € Hp,, we say that another point
Br € R is Reachable from 3, if there exists an input u(t) and 7' > 0 such that

c

B°(t) = B°(t; 0, By, u(t)) is impulse-free on [0~, T] and holds:

B (T) = pr. (28)

Let R(8;) denote the set of Reachable states from 3, € Hy,. R(3,) # () means
that there exists an input which will make the solution 8°(t) impulse-free on [0, 7.
We shall try to describe R(f,) in terms of its finite and infinite spectral data i. e.
the finite Jordan triple (C, J, B) and the infinite Jordan triple (C<, J~, B) of the
matrix A(s).
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We firstly assume that 8, = 0 € H,, and describe the set R(0) i.e. the set of
Reachable states from 0 € Hy,. We introduce the following notation (see also [11]):

(A/ImB) :=ImB+ AImB+---+ A" ImB. (29)

Following the lines of [11] we can prove that:

Theorem 5. L

(J/TmQ) + > Im®;iyq
R(0) = [C Cx] = :

o—1
<Joo /Im§> + Z Im Z;
i=0
where Zi, i =0,1,...0 — 1 is given by (15) and ®;, j = 1,...,0 is given by (13).

In the above theorem we have examined the structure of R(0). We shall now
examine the structure of R(3;) with 31 = 8°(07) # 0 € R". To this end consider
the following two sets of admissible initial conditions (taken from (27)):

i) ALC. with 2:(07) =0 € R and z;(07) # 0 i.e.

e/ i
Hy={3(07) =[C Cx] [ Ig(o,) } [z(07)=0€R", 2;(07) €Y _JiImQ
:Cf(() ) pord
o—1
+ZImZi —l—KerJoo}

= (30)
and

ii) A.LC. with .(07) # 0 and 2;(07) =0 i.e.

c

Hs = {5 (07) = [C O] [fggg] Jzo(07) £0€ R and 2;(07) =0 € w} . (31)

The complete set of A.I.C. can be written:

§RTL
c _ r c _ o—1
=0
or equivalently from (30)—(31) and Remark 3:
H;, = H=U Hs U {0}, (33)

where {0} denotes the zero vector corresponding to zs(0~) = 0 and to an input u(t)
such that ul?(07) =0, i =1,2,...,3 + 1 4+ 0. Now the complete set of Reachable
states 8°(T) € R" from 3 e H,, is:

R= |J R =R0O)UR(B:)UR(B), (34)

BEHTw
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where R(0) is the set of Reachable states from 0 € H R(b’z) is the set of Reachable

Tu?

states from (B2 € Ha, i.e. from all A.I.C. which have z.(0~) = 0 and z;(07) # 0
and

R = {Bs(t)GHs/ﬁs(t)=[C o=1 [£4)] 120 = eau0)
)
+Z<I>z+1u )ER™, zs(t) =0 eﬁ?"w>0}

which represents the free-state reachable set from starting point(state) (8:(07) =

Czs(07) + Z ®;,1ul1(07). From Theorem 5 we have the form of R(0). From the
=0
form of R(ﬁs) in (35) we have:

R(3:) € |C Cx] [R™ @ {0}]. (36)
Hence it remains only to find R((2) where 32 € H>.We can easily prove that:

Proposition 6. Let 82 € H2 as in (30). Then:
?RTL

o—1
(Joo /Im Q) + ZImZi
1=0

R(3:) = [C C] (37)

o—1 .
Taking into account that (J /Im Q)+ Y Im ®; 1 C R™ and {0} C (J~ /Im Q)+
i=0

E Im Z; from (34) and Theorem 5, (36) and (37) we obtain that the complete set
of Reachable states from any 8 € Hp, is given by:
Rn
= |J R®=ICCx] = . (38)

e (Joo /Im Q) + ;ImZi

o—1

Remark 7. Taking into account that (J/ImQ) + > Im®,1; C RN™ we obtain
i=0

that every point y in R, where:

=[C O] o (39)
(Joo /TmQ) + > Im Z;

i=0

is Reachable (according to Definition 4) from every point x in R.

We have the following definition:
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Definition 8. The system (1) is called Reachable if every point 3, € R is Reach-
able from every point fo € Hyp,,.

Proposition 9. The system (1) is Reachable iff: R = R".
Definition 10. The set R as in (39) is called the Reachable subspace of the system
(1)

Now we shall give some useful Reachability tests for Polynomial Matrix Descrip-
tions which are natural extensions of the corresponding tests for generalized state
o—1
space systems. Let the subspace Rs := (J /Im Q)+ > Im ®;;; C R™. Rs is spanned
i=0
by the linearly independent columns of the matrix:

Q- =[Q, JQ,....J" 'Q, &1, Da,... D.] € RPX(FOIM (40)
. o—1
Let also the subspace R; := <Joo /ImQ> + > ImZ; C R*. Ry is spanned by the
i=0
linearly independent columns of the matrix:
Qr =1, J=Q,...,JUQ, Zo, Zn,..., Zon] € RE}(@rF1FIm (41)
From the form of R in (39) and (40)—(41) it follows:

Definition 11. The Reachable subspace R is spanned by the linearly independent
columns of the matrix

Q =[C Cx] { %S C;)f ] € Rrx(n+ae+1+20)m (42)

which is called pseudo-state Reachability matrix of (1).

Combining (42) with Proposition 9 we can state the obvious:

Theorem 12. Every fr € R is Reachable iff:
R =R" = rank[Q] =r. (43)

Remark 13. We have the following:

[C Ox] € R and  rank [C C] =7 (44)
k
n+H:T+Z(Qi*1). (45)
=1

Hence generally it holds:
n+p>r. (46)

From Theorem 12 and Remark 13 we can state the following;:
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Corollary 14. The system (1) is Reachable iff:

rank [C Cs] =171 (47)
nd
! rank{ %3 Cgf ] > (48)

3. ILLUSTRATIVE EXAMPLE

s+1 2

Let A(s) = [ 0 81 ] be a polynomial matrix with Smith-McMillan form at

2
soo:Sjo(s)(s){S ]aner,n1,u2;hencen+u1+23>

0
1
0

o= O

2=r. LetalsoC = , J = [—1], B = [1—1] a minimal realization of the strictly

-1 1 0 1 0 0
~1 —
proper part of A~1(s) and C [ 0 1 ], Joo [ 0 0 ], B [ 0 —1 } a

minimal realization of the polynomial part of A~!(s). Then

1 -1 1
rank[CCm]—rank[O 0 1}—2—7".

Hence the first condition (47) of Corollary 14 holds true.

B J1 0 1 0] [s+1 o0 7.
CASE A. LetB(s)—Bo—l—Bls—[O 1}—1—[0 1:|8—|: 0 s—i—l}l'e'
o = 1. Then:

Q=JBB, + BBy =1[0,0], & =BB;, =[1,—1]

]

i) rank[Qs] = rank [, @] = rank [0,0,1, —1] =

i) rank[Qf]rank[Q,JooQ,ZO]rank{o 10 -1 0 01]2

0 -1 0 0 0 —
0. 0 001 -1]0 0 0 0 0 0
iii)rank{OSQ}—rankOOO 0 | 0 -1 0 -1 0 0 |=3>r
f 000 0 | 0 -10 0 0 -1

i.e. the system is Reachable according to Corollary 14.

CASE B. LetB(s)—Bo—i—Bls—{8}—1—[5]3—[8]1.6. o = 1. Then:

Q= JBBi + BBy =[~1], ® = BB =[l]

Q:BmBlJerBooBo:[g], Zo:BmBOZ[g]



Evaluation of the Reachability Subspace of General Form . .. 627

i) rank[Q] = rank [, ;] = rank [-1,1] =1

ii) rank[Qf]rank[Q,JOOQ,Zo]rank[g 8 8}0
0, o 11000
iii)rank[ OS 0 }:rank 0 0| 000 |=1l<r
f 0 0] 000

i.e. the system is Not Reachable because the condition (48) does not hold.

4. CONCLUSIONS

The concept of Reachability for Polynomial Matrix Descriptions (PMDs) is consid-
ered. After generalizing various known results regarding the smooth and impulsive
solutions of generalized state space systems (which represent a particular case of
PMDs) we developed a theory regarding Reachability properties of PMDs using
time-domain analysis. This analysis extends in a general way a number of results
previously known only for regular and generalized state space systems. Finally we
have to point out that our definition of Reachability is equivalent and natural gener-
alization of the notions of Controllability [2], C-Controllability [11] and Reachability
[8]. However, the way that our theory is related to further aspects such as the no-
tions of Strong Controllability, Observability and duality for the case of PMDs are
topics for further research.
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