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The controllability issues for discrete-time linear systems with delay in state and control are addressed. By introducing a new
concept, the controllability realization index (CRI), the characteristic of controllability is revealed. An easily testable necessary
and sufficient condition for the controllability of discrete-time linear systems with state and control delay is established.

1. Introduction

The concept of controllability, first given by Kalman in the
1960s [1], plays a fundamental role in the modern control the-
ory and has close connections with pole assignment, struc-
ture decomposition, quadratic control, and so forth [2, 3]. The
various aspects of the controllability of linear systems with
delay were considered by several authors [4-11]. The discrete
cases have been considered by Klamka [7], Watanabe [8], and
Phat [9], but the mathematical conditions given for inves-
tigating the controllability are not suitable for real verifica-
tion and application.

In our recent paper [12], a new concept called control-
lability realization index (CRI) is proposed, which is crucial
in determining the controllability of such kind of discrete
systems with delays. In that paper, it is proved that the value
of CRI is finite for discrete systems with delays, and a general
CRI value for planar discrete systems with delays is given.
Thus, the judging condition of controllability for planar case
is established. In this paper, we will extend our result to the
more general case, namely, discrete systems with any order,
with time delays both in state and in control.

This paper is organized as follows. In Section 2, some
basic definitions and preliminary results are presented.
Section 3 is the main results. An easily testable necessary

and sufficient condition for the controllability of discrete-
time linear systems with state and control delay is established.
A numerical example is given in Section 4. Finally, the
conclusion is provided in Section 5.

2. Problem Formulation and Preliminaries

In this paper, we consider the discrete-time case the system
model is described as follows:

P q
x(k+1)=Y Ax(k—i)+ Y Bu(k-j), (1
i=0 j=0

where x(k) € R" is the state, u(k) € R®is the input, A; € R™”"
and B. € R™ are constant matrices, and the positive integers
i, j are the lengths of the steps of time delays. The initial states
x(=p), x(=p+1),...,x(0) and the initial input u(—q), u(-q +
1),...,u(-1) are given arbitrarily.

The controllability discussed here refers to the uncon-
strained controllability or completely controllability.

Definition 1 (controllability). The system (1) is said to be
(completely) controllable if, for any initial input u(-q), u(-q+
1),...,u(-1), any initial state x(—p), x(-p + 1), ..., x(0), and



any terminal state x,, there exist a positive integer k and,
input 4(0), ..., u(k — 1) such that x(k) = X

Definition 2 (controllability realization index, CRI). For the
system (1), if there exists a positive integer K such that
for any initial input u(-q), u(—q + 1),...,u(-1), initial state
x(=p), x(=p + 1),...,x(0), and any terminal state x,, there
exists an input u(0),...,u(K — 1) such that x(K) = Xf,
then one calls K the controllability realization index (CRI)
of the system (1). Obviously, if exists, such K is not unique,
so the one calls the smallest K among them the minimum
controllability realization index (MinCRI).

Denote by N the nonnegative integer set. The matrices
A, ..., Ay € R are said to be linearly dependent on R™",
if there exist scalars ¢}, ..., ¢y € R, not all are zero, such that
Zf.\:rl GA; = 0. In the following statement, span{A;,..., Ay}
will be used to denote the space constructed by the linear
combinations of matrices {A,,..., Ay}

3. Main Results
3.1. Delay in State. In this section, we first investigate the
controllability of the systems only with delay in state
p
x(k+1)=Y Apx(k—i)+Bu(k). ()

i=0

Now, we introduce a matrix sequence {G;}; o, € R™" as
follows:

1 ifk=0
k-1
AG,, ifk=1,...,
Gk: lgo k-1 p (3)

P
ZAin_l_,- iftk=p+Lp+2,....

i=0

Lemma 3. The general solution of the system (2) is given by

k
x(k+1) =¥ (kx(-p),....x(0) + Y G,_;Bu(i), keN,
i=0

(4)
where ¥ (k, x(—p), . .., x(0)) is the part of the solution with zero
input.

Proof. See Appendix A. O

Lemma 4. The matrix sequence {G,} -, given by (3) satisfies

,Gj» ...} = span {Go,...,Gn(pH)_l}. (5)

span {G,, ...
Proof. See Appendix B. O

Theorem 5. The system (2) is controllable if and only if
rank [GoB| -+ |G, ps1)-1B] = n.
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Proof. (Necessity) If the system is controllable, then we know
that span {G, ..., G, ...} = R". Thus, by Lemma 4, we have
rank [GoB| -+ |G, p41)-1 Bl = 1.

(Sufficiency) By Lemma 3, we have

x(n(p+1))=¥(nr(p+1)-1x(-p),....x(0)

n(p+1)-1 (6)
+ Z GH(P+1)_1_I<BH (l) .

i=0

Since rank [GyB|---|G,.1)-1B] = n, for any initial state
x(=p),...,x(0) and any terminal state x(n(p + 1)), we can
select appropriate inputs 1(0), ..., u(n(p + 1) — 1) such that
the equation x(n(p + 1)) = X where x(n(p + 1)) is given
by the above equation and x  is arbitrary. Thus, the system is
controllable. O

Corollary 6. n(p + 1) is a CRI of the system (2).
Proof. 1t is directly followed from Theorem 5. O

Remark 7. This work has improved the result in [12]. When
the system is second order, that is, n = 2, we prove 2p + 2 to
be a CRI value, which differs from the CRI value 2p+4 in [12].
The difference lies in that the CRI of a system is not unique.
For practical applications, obviously the less, the better.

3.2. Delays in Both State and Input. Now we investigate the
controllability of the system (1). We only consider the case
when p = g, for the case p+g¢, the discussion is similar
(Without loss of generality, we assume that p > ¢, and let
B; =)0, j=q+1,q+2,..., p, then we come back to the p = g
case.).

Lemma 8. The solution of the system (1) can be expressed as

x(k+1)=0(k,x(-p),....x(0),u(-p),...,u(-1))

k
+ Y H (i), keN,
i=0
(7)
where
G,B, ifk=0
k
G, B, ifk=1,...,p-1
Hk _ ,:Z() k f p (8)

»
Y G B, ifk=p,p+1,..;
i=0

and O(k, x(=p),...,x(0), u(=p),...,u(=1)) is the part of the
solution corresponding only to the initial state and initial input.

Proof. The proof is similar to that of Lemma 3. O
Lemma 9. The matrix sequence {H, .2, given by (8) satisfies
’Hn(p+1)+p—1} . (9)

span{H,, ..., Hj,...} = span {HO,...
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Proof. See Appendix C. O

Theorem 10. The system (1) is controllable if and only if
rank [Hyl - |Hy(pi1yp1] =1

Proof. The proof is similar to that of Theorem 5. O
Corollary 11. n(p + 1) + p is a CRI of the system (1).
Proof. 1t is directly followed from Theorem 10. O

Remark 12. This corollary provides a complete and verifiable
method to testify the controllability of a general discrete-
time system with delay in state or in control or both.
Approximately the computation work for each Hy is O(pn’°),
and the entire testing work takes O(p*n®).

4. Example
In this section, we present a numeric example.

Example 13. Consider the system (1) with p = g = 2, n =
3 and

-

> A1=

1 0 0]
By,=|0|, B,=|1]|, B,=|0].
0 0 1

100
000 , A,
000

I
1
S O =
S = O
—_—— O
_

(10)
By simple calculation, we get
100 100 100
Go=|010|, G=[0o00|, G=|010],
001 000 001
200 300
Gy=|011|, G=[010],
001 001
1 1 1
Hy=|0|, H,=|0o|, H,=]|0],
0 0 0
2 4
Hy=|1|, H=|1
0 1
1)

Thus, by Theorem 10, the system is controllable.

5. Conclusion

In this paper, we have investigated the controllability of
discrete-time linear systems with time delays. Necessary and
sufficient conditions have been established for discrete-time
linear systems with state delay or both state and control
delays. The proposed conditions are suitable for real verifi-
cation and can be efficiently computed.

Appendices
A. Proof of Lemma 3

Proof. Now, we prove that (4) holds.
For k = 0, we have

P
(1) = ) Ajx (=i) + Bu(0)
X ; x (-1 u (A1)
=¥ (0,x(-p),....x(0)) + GoBu (0).

For k = 1, we have

P
x(2)= Y Apx(1-i)+Bu(l)

i=0

P
=Y Apx(1-i)+ Agx (1) + Bu(1)

p
=Y Ax(1-i)+ Ag¥ (0,x(-p),...,x(0))

i=1
+ AyGyBu (0) + Bu(1)

=¥ (Lx(-p),...,x(0)) + G,Bu(0) + GyBu(1).
(A.2)

For k < p, we have

x(k+1)

P
=Y A;x (k- i) + Bu (k)

i=0

P k-1
=Y Aix(k—i)+ ) Ayx (k i) + Bu (k)
i=k

i=0

P
=Y Apx(k—i)
i=k

k-1
+ZA,(‘I’(k—i—l,x(—p),...,x(O))
i=0

k—i-1

+ Y Gy jBu( j)> + GyBu (k)

7=0
P

= (ZA,.x (k — i)
i=k

k-1
+Y ANV (k—i- 1,x(—p),...,x(0))>
i=0

k-1 k—i—1
+ ZA,-( Y Gy ;Bu (j)) + G,Bu (k)
i=0

Jj=0



4
k—1k-j-1
=¥ (kx(-p),...,x(0) + Z Z AiGy_i - jBu ()
j=0 i=0
+ GyBu (k)
k-1
=V (kx(=p),...,x(0) + Y Gy_;Bu(j) + GyBu (k).
j=0
(A3)
For k > p, we have
x(k+1)
p
=Y Agx (k—i) + Bu (k)
i=0
p
=Y A, (‘I’(k—i— Lx(-p),...,x(0))
i=0
k—i—1
+ ) GiiyjBu (j)) + GoBu (k)
j=0
P
= <2Ai‘1’(k—i— 1,x(—p),...,x(0))>
i=0
P k—i—1
+ YA, < Y Giyy-jBu( j)> + GyBu (k)
i=0 j=0
=¥ (k,x(-p),...,x(0))
k=1 p=j
+ Y Y AGy iy jBu(j) + GyBu (k)
j=k—-pi=0
k-1-p p
+ Y Y AGy iy iBu(j) + GoBu (k)
j=0 i=0
k-1
=W (k,x(=p),....x(0)) + ) Gy_;Bu(j) + GyBu (k).
j=0
J (A.4)
O

B. Proof of Lemma 4

Proof. We introduce a new matrix sequence {Wk}izp . €

RPN given by
Gy
W = | Gkt | (B.)
Gi_,
It is easy to verify that
Wk+1 = AWk, Vk > p, (BZ)
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where
Ay - Ay A
I -~ 0 0
A= . . . - (B.3)
0 1 0

By the well-known Hamilton-Caylay Theorem, for any k >
n(p + 1) + p, we have

Wy € span {Wp, ..., Wy i1y 1 } - (B.4)
It follows that
Gy_p € span {Go, ceo Gn(p+1)—1} . (B.5)
Hence, we have
span {G,, ..., Gy, ...} = span {GO, . ,Gn(pﬂ)_l}» . (B.®)
O
C. Proof of Lemma 9

Proof. Consider the matrix sequence {W;}i2,,,, € Rpr1xn
given by (B.1), it is easy to verify that

B,
Ho=W/|:|, Vk=p. (C1)
BP
By the proof of Lemma 4, we have
Wi = AW, Vk > p. (C2)
This implies that
span {Hp, oo Hy, } = span {Hp, e ,Hn(p+1)+p_1} .
(C3)

Hence, we have

.,Hy,...} = span {HO,...,Hn(pH)JrP_l}.

(C.4)
O

span {H,,..
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