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1 | INTRODUCTION

Complex-valued linear systems refer to linear systems whose right-hand side is dependent on both the state and its
conjugate.! We study complex-valued linear systems because they have several potential applications in control theory, for
example, describing linear dynamical quantum systems,? second-order dynamical systems,> symmetric linear systems,?
and time-delay systems (see Section 4 in this paper). Recently, we have studied several analysis and design problems for
complex-valued linear systems, including state response, controllability, observability, stability, pole assignment, stabiliza-
tion, linear quadratic regulation (LQR) and observer design.! We have shown that, with the help of the so-called bimatrix,
results obtained for complex-valued linear systems are quite analogous to those for normal linear systems.! Moreover,
we have shown that the obtained results include those for normal linear systems* and antilinear systems,>® which are
particular cases of complex-valued linear systems, as special cases.!

The LQR problem is a fundamental problem in both linear systems theory and optimal control theory, and has been
extensively investigated in the literature.”® For the infinite-time LQR problem, it has been well known that the solution is
completely characterized by the associated algebraic Riccati equation.”® The LQR problem has been extended to several
different situations. For example, LQR control with time delay was investigated in the works of Liang and Zhang'® and
Wu and Shu'!; the LQR problem for stochastic systems was studied in the works of Liu et al'> and Wu and Zhuang'3; and
LQR for stochastic time-delay systems was solved in the work of Li et al.'* In the work of Wu et al,!> the LQR problem was
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solved for the so-called antilinear system (which is a special case of the complex-valued linear systems), and a so-called
anti-Riccati equation-based solution was established.

With the help of the concept of bimatrix, we have recently solved the LQR problem for complex-valued linear systems.!
It was shown that the existence of an optimal solution is equivalent to the stabilizability of the complex-valued linear
systems and is also equivalent to the existence of positive definite bimatrix to some bimatrix Riccati equation.! In this
paper, based on our early work, we continue to study the LQR problem for discrete-time complex-valued linear systems.
We first establish an iterative algorithm for solving the discrete-time bimatrix Riccati equation. The convergence of the
algorithm is proven. This iterative algorithm is not only useful for computing the solution (a bimatrix) to the bimatrix
Riccati equation but is also helpful in establishing theoretical results for the so-called anti-Riccati equation associated
with the LQR problem for antilinear systems. Indeed, with such an iterative algorithm, we have shown that, under the
stabilizability assumption, the existence of a solution to the LQR problem for antilinear systems is equivalent to the exis-
tence of a positive definite solution to the anti-Riccati equation, which closes the gap in the work of Wu et al,'> where
the existence of a positive definite solution to the ani-Riccati equation was not guaranteed. We will also establish another
normal Riccati equation-based solution to the LQR problem for antilinear systems. The relationships among the bima-
trix Riccati equation, anti-Riccati equation, and normal Riccati equation are revealed. At the same time, we show that the
anti-Riccati equation can be equivalently transformed into a nonlinear matrix equation that has been carefully studied
in our early work.'®!7 Finally, by expressing a discrete-time linear time-delay system as a complex-valued system model,
the LQR problem for such a system is solved by using bimatrix Riccati equations. A numerical example was worked out
to illustrate the effectiveness of the proposed approach.

The remainder of this paper is organized as follows. In Section 2, after reviewing briefly the complex-valued system
model and the bimatrix Riccati equation-based solution to the LQR problem, we establish an iterative algorithm and
prove its convergence. Then, in Section 3, the LQR problem for the antilinear system will be carefully studied. The LQR
theory for complex-valued linear systems was then used in Section 4 to study the LQR problem for discrete-time time-delay
systems, and a numerical example will also be provided. This paper concludes in Section 5.

Notation. For a matrix A € C™™, we use A%, AT, AH, rank (A), ||A||, Re (4), and Im (A) to denote respectively its
conjugate, transpose, conjugate transpose, rank, norm, real part, and imaginary part. Thus, A~ denotes (A*)~! or
(A™1*. Denote by j the unitary imaginary number. For a matrix pair (4;,A4,) € (C™™, C™™), the bimatrix {A;,4,} is
defined in such a manner that {A;,A,}x = A1x +A§x# . Further definitions and properties about bimatrix are collected
in the Appendix.

2 | OPTIMAL CONTROL OF COMPLEX-VALUED LINEAR SYSTEMS

2.1 | A briefintroduction to complex-valued linear systems

We continue to study in this paper the following complex-valued linear system®3:
x(k +1) = {A1, Ay }x(k) + {B1, By }u(k), (1)

where A; € C™" and B; € C™™,i = 1,2, are known coefficients; x(k) is the state; and u(k) is the control. The initial
condition is set to be x(0) = xo € C". Clearly, system (1) becomes the normal linear system

x(k + 1) = A1x(k) + Byu(k), )
if A, and B, are null, and becomes the so-called antilinear system
x(k + 1) = Alx" (k) + Bju* (k), 3)

if A; and B, are zeros. The antilinear system (3) was firstly studied in the works of Wu et al.>® We have shown recently

in our other works!? that the complex-valued linear system has several potential applications in control, for example, for

control of linear dynamical quantum systems? and second-order dynamical systems.>

In this paper, based on our early work,! we continue to study the linear quadratic optimal control problem for system (1).
To this end, we introduce some based concepts for this system.
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Definition 1 (See our other work!). The complex-valued linear system (1) is said to be stabilizable if there exists a
so-called full-state feedback

u(k) = {Ki1, Kz} x(k) = Kix(k) + Kjx" (k) C))

such that the following closed-loop system is asymptotically stable:
x(k+1) = ({A1, A2} + {B1, B2} {K1, Ko }) x(k). Q)

The following result was proven in our other work.!

Lemma 1. The complex-valued linear system (1) is stabilizable if and only if

A, — A -A* B B!
=2n, VAe {s: |s| >1}.

~A, AM,-A" B, B!

rank

The following simple test for the stabilizability of the antilinear system (3) was also recalled from our other work.!

Corollary 1. The antilinear system (3) is stabilizable if and only if
rank [Al, —A,A} B, A2Bj| =n, Vie {s: |s| 21}, (6)

namely, the normal discrete-time linear system (AZA#, [BZ,AZB*;]) is stabilizable.
It follows that, for stabilization of the complex-valued linear system (1), the full-state feedback (4) is generally necessary.
However, for the discrete-time antilinear system (3), the well-used normal linear feedback
u(k) = Kyx(k), @)

is enough for stabilization under condition (6).!

2.2 | Problem formulation and solution
We study the LQR problem for the complex-valued linear system (1). Consider the real-valued quadratic index function

[e]

Jw = Y (HQx(k) + uM(k)Ru(k)) , (8)

k=0

where Q € C™" and R € C™" are given positive definite weighting matrices (Q can be semipositive definite; however,
we assume Q > 0 for simplicity). The LQR problem refers to as finding an optimal controller u* for system (1) such that
J(u) is minimized, denoted by Juin(1*). The LQR problem is said to be solvable if Jyin(u*) < 00.17

The following result was proven in our other work,! regarding the existence of a solution to the LQR problem.

Lemma 2. The following statements are equivalent:

1. The LQR problem associated with system (1) has a solution.
2. The complex-valued linear system (1) is stabilizable.
3. There is a unique bimatrix { Py, P,} > 0 to the following bimatrix Riccati equation

—{Q.0} ={A1, A} {P1, P,}{A1, Ay} — {P1, P}
—{AL A Y{P1, Py} {B1, B2 }{S1, S} M By, B} {P1, P2} {A1L Ay}, 9)

where {S1,S,} = {R,0} + {B1, B,}{P1, P,}{B1, B }.

Under one of the above conditions, the optimal control is the full-state feedback

u (k) = {K}. K3 } x(k), (10)
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where {K;,K; } is the optimal feedback gain bimatrix determined by
{K}. K5} = —{S1.82} " {B1, B2} {P1, P2} {A1, Ay}, (11)
the closed-loop system is asymptotically stable, and the minimal value of J(u) is given by

Jmin () = Re (g {P1, P2}Xo) - (12)

The above result is quite neat in the sense that the bimatrix Riccati equation takes an analogous form as the usual Riccati
matrix equation.’

2.3 | Iterative solution to the bimatrix Riccati equation

In this section, we provide an iterative method for solving the bimatrix Riccati equation (9). This method is not only useful
for computing solutions to (9) but is also helpful in proving theoretical results in the subsequent sections.

Motivated by the existing work for normal discrete-time Riccati equations,'® we construct the following iteration
associated with the bimatrix Riccati equation (9):

{Pi(k+ 1), Pa(k + 1)} = {Q,0} + {A1, A2} {P1(k), Pa(k)} {A1, Az}
— {A1, A} {P1(k), P2(k)} By, B2} {S1(k), S2(k)} " {B1, B} {Py1(K), Pa(k)} {A1, A}, (13)

where {P1(0), P»(0)} = {Q,0} and
{81(k), S2(k)} = {R, 0} + {B1, B2} {P1(k), P2(k)} {B1, By} .
For notation simplicity, we also denote
{R1,R2} = {B1, B2} {R,0}'{By,By}". (14)

Theorem 1. Assume that the complex-valued linear system (1) is stabilizable and { P;, P, } is the unique positive definite
solution to (9). Then, for any k > 0,

{Q,0} < {P1(k), P2(l)} < {P1(k + 1), Po(k + 1)} < {P1, P2} 15)

Consequently, the limit of {P1(k), P,(k)} as k approaches infinity exists and

{P1, P2} = lim {Py(k), P2()} . (16)
Proof. We first show
{Q,0} < {P1(k), P(k)} < {Pi(k +1),P>(k + 1)}, a7)

by mathematical induction. We have from Lemma 3 that

{P1(1), P(1)} ={Q,0} + {A1,A2}"{Q,0}{A1, A3}
— {A1,A2}"{Q,0}{B1,B,}{S51(0), S2(0)} ' {B1, B} {Q, 0} {A1, A2}
={Q.0} + {41, 42} ({Q.0) " + (R, Ro})  {Ay,43)
2{Q,0} = {P1(0), P>(0)}, (18)

which means that (17) is true with k = 0. We now assume that (17) is true with k = i, namely, {Q, 0} < {P;(i), P>(i)} <
{P1(i + 1), P,(i + 1)}, or equivalently, {P;(i), P,(i)}~! > {P;(i + 1), P,(i + 1)} 1. Therefore,

({P(+ 1), Po(i + D) 4+ {R,R2)) ™ = ((P1), P2} + (R, Ro})
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On the other hand, by Lemma 3, we can write the iteration (13) as

[Py(j+1),Po(j + D)} = {Q,0} + (A1, A2} ({P1(j), PN} + (R, Ro}) T AL As ), (19)

where j = iand i+ 1. Then,

{P1(i+2),Py(i+2)} — {P1(i+1),Pr(i+ 1)}
= (Au A} (PG + D, Pali+ DY+ (RiR)) ™ = (PO Pa0) 7+ (RuRa)) ™) (Av )
>0, (20)

which implies that (17) is satisfied with k = i + 1.
We next show

{P1(l), P2(k)} < {P1, P2}, (21

also by mathematical introduction. It follows from

{P1,P} = {Q,0} + {A1, A2} ({P1, P} 7! + {R1,Rz})_l{A1,Az} (22)
2 {Q,0} = {P1(0), P2(0)}

that (21) is satisfied with k = 0. Assume that (21) is true with k = i, namely, {P;(i), P,(i)} < {P1, P,}. Then, similarly
to (20), we have from (19) and (22) that

{P1, Py} — {P1(i+ 1), Pa(i + 1)} ={A1, A} ({P, P} ' + {Rl,Rz})_l{Al,Az}
— (AL AT ({Py(), P} + (R, Ry}) T A1 As) 2 0,
which shows (21) with k = i + 1. Thus, (15) is proven.
Finally, (16) follows from (15) because the bimatrix Riccati equation (9) has only a unique positive definite solution.

The proof is finished. O

By (15), we can see that, with Lemma 3, the iteration (13) can also be written as
(Pi(k + 1), Pa(k + 1)} = {Q,0) + {A1. A2} T ({P1(R). Py(k)) " + {Ri.Ry}) ™ {A1. Ay (23)

where {P;(0), P,(0)} = {Q,0} and{R;, R,} is given by (14).

3 | OPTIMAL CONTROL OF ANTILINEAR SYSTEMS

In this section, we are interested in the antilinear system (3). Because it possesses a special structure, more specific results
can be obtained.
3.1 | The anti-Riccati equation-based approach
We first present a so-called anti-Riccati equation-based approach.
Theorem 2. Consider the antilinear system (3). Then, the following three statements are equivalent:

1. The LQR problem associated with system (3) has a solution.
2. The system (3) is stabilizable, namely, (6) is satisfied.
3. There is a unique positive definite solution P, > 0 to the so-called anti-Riccati equation

-1
—Q = APiA, — AJPiB,(R+BYP}B,) By PiA;, — Py (24)
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In this case, the unique positive definite solutions to (9) and (24) are related with
{P1,P2} = {P4,0}. (25)
Moreover, the optimal controller is the normal-state feedback (7) with Ky = K defined by
K = —(R+BYP:B,) 'BiPtA,, (26)
the closed-loop system is asymptotically stable, and the optimal value of J(u) is

Tmin(W) = X Paxo. (27)

Proof. In view of Lemma 2, we need only to show the equivalence of Item 3 of Lemma 2 and Item 3 of this theorem.
Let the bimatrix Riccati equation (9) have a positive definite solution {P;, P,}. The bimatrix {R;, R,} defined in (14)
associated with the antilinear system (3) is given by

{Ri,R;} = {0,B,}{R™*,0}{0,B,}"
={0,B,R7"} {0,B} }
= {B{REL.0}.

and the iteration (23) for the associated bimatrix Riccati equation (9) can be simplified as
(Pr(k +1). Pak + 1)} = {Q.0) + {0,AT} ({Py(K). Po(k)} ™" + {BER™BL.0}) ™ (0.4}, (28)

where {P1(0),P>(0)} = {Q,0}.
In the following, we will show that

Py(k) > 0, P5(k) =0, Vk > 0. (29)

We show this by mathematical induction. Clearly, (29) is satisfied with k = 0. Assume that (29) is true with k = i.
Then, for k = i + 1, we have from (28) that

{P1(i+1),Pa(i+ 1)} = {Q,0} + {0,A7} ({P1(i),0} " + {B*;R—#Js’g,o})‘1 {0,A,}
= {Q,0} + {0, AT} {P'(i) + BIR*BL,0} ™ {0,4,}
= (0.0} + {A?(P;#(i) +BZR—IB§)‘1A2,0}

_ { Q+AY(Pr*(i) + B,RBY) A, 0} , (30)

which means that P,(i + 1) = 0 and P;(i + 1) > 0, namely, (29) is true with k =i + 1.
As a result, by Theorem 1, we must have

(P1,P2) = lim (Py(K), P20} = { lim P1(J),0 },
namely, P; > 0 and P, = 0, which satisfies the bimatrix Riccati equation (9), namely,

_{an} ={0»A2}H{P170}{0’A2} - {Plvo}
—{0,4,}7{P1,0}{0,B,}{S1, 5>} {0, B, }"{P1,0}{0,A,}, (31)
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where

{ShSZ} = {R’O} + {OsBZ}H{Pl’O}{O’BZ}
= {R,0} + {0,B;P;} {0,B,}
= {R+ B}P{B,,0}. (32)

By the definition of the product of bimatrices, (31) is just

-1
—{Q,0} = {A}P{A;,0} — {P1,0} — {A}YP{B,,0} {R+ BYP{B,,0}  {BYP{A;,0}

= {AYP1A;,0} - (P1,0) - { AUPIB: (R + BYPIB,) " BIPAs, 0

= {A¥'PLA; - AUP{B: (R + BYPB,) ' BIPiA, — P10}
Hence, the anti-Riccati equation (24) also has a positive definite solution P4 = P;.
On the other hand, if the anti-Riccati equation (24) has a different positive definite solution Py, then it follows from
(31) and (32) that {P%,0} is another positive definite solution to the bimatrix Riccati equation (9), which contradicts
with Lemma 2. Hence, the positive definite solution to (24) is unique.

Conversely, if the anti-Riccati equation (24) has a positive definite solution P4, then, as shown above, the bimatrix
Riccati equation (9) has a positive definite solution {P*, 0}, which, by Lemma 2, must be the unique solution. Thus,
the equivalence of Item 3 of Lemma 2 and Item 3 of this theorem is proven. Finally, the relationship (25) follows
obviously.

The expression (26) and J,i, (u*) have been proven in our other work! and we provide the proofs here for complete-
ness. In view of (11), (25), and (32), the optimal gain can be computed as

(K K:) = —{R+BYPB,, 01 7 {0, B,}1{Pa,0}{0, A5}
= —{(R+BPAB:) " 0} {BIP, 42,0},

=- { (R+ BUP!B,) ' BiPIA,, 0} :
which is just (26) by noting (10). At last, it follows from (12) and (25) that
Jmin(") = Re (x5 {Pa, 0}Xo )
[l [0 L]
2 [ 0 P4 |xt
= ngPAxO.

The proof is finished. O

Theorem 2 improves some results in the work of Wu et al'> and our other work,! where the existence of a positive definite
solution to (24) was not guaranteed. Moreover, we have relaxed controllability in the work of Wu et al'® as stabilizability
in this paper.

Remark 1. As a by-product of the proof of Theorem 2, we see from (30) that the iteration
Patk+1) = Q+AY¥(P;*(k) + B,R'BY) ' 4,, (33)

with PA(0) = Q, converges to the unique positive definite solution to the anti-Riccati equation (24).

Very recently, we have studied a class of nonlinear matrix equations in the form of!617

X +AUX*A =1, (34)
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where A € C™" is known. Next, we show how to link the anti-Riccati equation (24) with this class of nonlinear matrix
equations. To this end, we define

Qo= Q"+ (4:Q7'AN)" + (B,R'BH)* > 0. 35)
Proposition 1. If the anti-Riccati equation (24) has a positive definite solution P,, then the nonlinear matrix
equation (34), with

A=0Q,°4,Q7'Q,*, (36)

also has a positive definite solution X such that

-1
2

X=0Q* (P31 + (4:07'4%)" + (BR'BY)") Q. (37)

Moreover, if the antilinear system (3) is stabilizable, then X given by (37) is the maximal solution to (34).

Proof. The proof of this lemma is similar to the case of normal discrete-time Riccati equation (see, for example, the
work of Adam and Assimakis!®). By using (A4), we get from (24) that

—Q+ P4 =AY (P} + B,R'BY) 4,
Let

P +B,R7'BY = T1. (38)

Then, we have P, = A}'T;A; + Q. Taking inverse on both sides of this equation to give

_ — -1
Pl = (4T Ay + Q)
_ _ _ -1 _
=Q ' - Q'AN(T + A,Q7'AY) T 4,Q7Y,

where we have used (A4) again. Let

Ty + A QAN =T, (39)

Then, in view of (38), we further have

Q—l _ Q—IA;{TZ—#AZQ—I P;‘l
_ #
Tf - (B.R7)

T~ (4:Q7'A7)" - (BR7BY)".

or equivalently
T, + QAN 4,07 = Q71 + (4:0745) + (BRTBY) = Qo

Because Q, > 0, we multiply both sides of the above equation on the left and right by Q;E to give

1 1 1 t/ 1 N _
Q,°T»Q,> +Q,2Q*AlQ,? (QOZTzQO > Q,°4:Q7'Q,

S

=1, (40)

With A defined in (36), we have

1\ H _\H _1 _t
AH=(Q;5) (Q*)HA?(QOZ) Bl R lond
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Then, (40) is just (34) by setting

_1 _1
X2Q, T:Q,"

=" (1 + (0 aY)") o)

S

% (P3! + (4:Q714%)" + (BRBY)")

0 °

which is (37).
Let (34) have another positive definite solution X; > X. Then, there exists a positive definite matrix P; < Py
such that
_1 _1
X, =Q,’ (P;l + (B.R7BY) + (AZQ-lAg)#> Q,°.

Reversing the procedure in the above shows that P; is also a positive definite solution to the anti-Riccati equation (24).
This leads to a contradiction as the positive definite solution to (24) is unique when system (3) is stabilizable. O

By this proposition, when system (3) is stabilizable, the unique positive solution to the anti-Riccati equation (24) can be
obtained by computing the maximal solution to the nonlinear matrix equation (34), which has been carefully studied in

our other works.'®!7 We finally remark that, as indicated by Proposition 1, if system (3) is stabilizable and (34) has any
other positive definite solutions X;, then we must have

1

X,<Q, (P;1 + (B.R'BY) + (AZQ—1A§)#> Q..

0

3.2 | A normal Riccati equation-based approach

In this section, we establish a normal Riccati equation-based approach to the LQR problem for the antilinear system (3).
For notation simplicity, we denote

A = 4% (1~ Ba(R+ BIQ"B,) "B ) s,
By =B} 435 ],
< -1 41
Qv = Q+AN(Q* + BR'BI) A, (41)

Ri = R* 0
N7 10 R+BIQ"B, |

Theorem 3. Consider the antilinear system (3). Then, the following three statements are equivalent:

1. The LQR problem associated with system (3) has a solution.
2. The system (3) is stabilizable, namely, (6) is satisfied.
3. There is a unique positive definite solution Py to the normal Riccati equation

—Qn = ANPNAn — Py — ARPNBy (Ry + B,%PNBN)‘IBgPNAN. (42)
In this case, the optimal controller is the normal-state feedback (7) with Ky = K defined by
Ki=- ((R +BQ*B,) ' BIQ* A, + [0 Il (Ry + BEPNBN)_IBIPVIPNAN> , (43)
the closed-loop system is asymptotically stable, and the minimal value of J(u) is

Jmin(tt) = X3 PrXo. (44)
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Proof. Clearly, we only need to show the equivalence of (2) and (3). Denote
AL =A3A;, BL =By, Ru=Ry, Q. =Q+A}Q"A, Ly = [Onxm AYQ'By].
We use system (3) repeatedly to give
x(k + 2) = A% Ayx(k) + ALBou(k) + Biu®(k + 1). (45)

Letk = 27, &(7) = x(27) = x(k), and

_lvter+1 | _ [ufk+ D)
o= [ n] < [Hsv) »

Then, system (45) can be further equivalently expressed by
$(r+1) =AL(7) + Bu(), 47)

where ¢ > 0, and the initial condition is £(0) = x(0) = X,. Notice that (47) is a normal linear system with the same
dimension as system (3) (yet the dimension for the input has been doubled).
Now, consider the functional (8). In view of (3), we have

[~

J) = Z (x"2o)Qx(27) + X" (27 + DQx(27 + 1) + u"(27)Ru(27) + u™ (27 + 1)Ru27 + 1))
7=0

(xM@2oQx27) + XM 27 + DQ*X*(2r + 1) + u" (27)Ru2r) + u™ 27 + DR* U (27 + 1))

q
Il
=}

(x"(27)Qx(27) + (A2x(27) + Bou(27))" Q* (Ax(27) + Bou(21))

4
Il
=}

+u(20)Ru27) + u (27 + DR* 27 + 1))

o[ x@2r T'|Q+AJQ%A; 0 AJQ'B; x(27)
- 2 ut@r +1) 0 R* 0 u*(2r +1)
= w2 BUQ'A, 0 R+BIQ'B, u2r)
© H
_ v e ] [ L] [0
210 el 6] @

where &(7) and v(r) are those in system (47). Design a preliminary state feedback

w(7) = Ko&(7) + w(7), (49)
for system (47), where
Ky =—-R7LH =— 0 -1
0 L oL (R+BHQ*B,)” BUQ*A; |
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Then, we can show that

v(7)

[ &) "

L W(T) B

[ £(0) |

L W(T) B

[ &) |

L W(T) e

Direct computation gives

" [ L] &)
L} R

v(7)

g T [Q L £(r)
| Ko&(7) +w(z)

L1 R, | | Kot(@) +w(o)

(LK [QuLle][r1, o E(r)

| 0 I, LE Ry | | Ko Im | | W(2)

[ Qu+K§'RiKo + LiKo + KLY L+ K§'Ry | [ (o)
L' + R K, RL w()

[ QL+ K(I)_IRLKO + LKy + I<(I)_ILII-II 0 &(r)
0 R | W@ |

QL+ K'Ri Ko + L Ko + Kj'L}

=Qp— LR;'L}

-1
= Q+AllQ*A, — AllQ*B, (R + BIIQ*B,) BlQ*A,

=Qv=Q+AN(Q*+BR'B) 4,

>0Q>0.

Consequently, the index function (48

) becomes

Jw) = 2 (£"(@QNEE) + W (T)Ryw(T)) . (50)
7=0

On the other hand, with the preliminary state feedback (49), the linear system (3) or system (47) becomes

S+ 1) = (AL + BLKo)é(7) + BLw(r)

= <A§A2 - ABy(R+ BZHQ#Bz)‘lBgQ#A2> &(7) + BLw(z)

= An¢(7) + Byw(r), £(0) = x(0) = Xo.

This is a normal linear system with a normal quadratic index function (50) in the same form as (8). Hence, by the

standard LQR theory,” the optimal

control problem has a solution if and only if (Ay, By) is stabilizable, which is

further equivalent to the existence of a unique positive definite solution to the normal Riccati equation (42). As

(AN, Bn) = (AL + BrKy, Br), (An, Bn)

is stabilizable if and only if (A, By) is stabilizable,* namely, by Corollary 1, the

antilinear system (3) is stabilizable. This proves the equivalence of (2) and (3).
When the normal Riccati equation (42) has a (unique) positive definite solution, the optimal control is just the state

feedback w(r) = Kyé(7) with

-1
Ky = —(Ry + ByPyBy)  ByPnAw.
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Notice that
#
68D | =0 = Koo 1o
= Ko&(7) + Kné(7)
= Kox(k) + Knx(k)
0

= (R+ B?Q#Bz)_lBgQ#Az ] x(k) + Knx(k), (51)

by which

u(k) = (—(R + BYQ*B,) " BYQ A, + [0 I | KN) x(k)
= Kix(k). (52)

This proves (43). Finally, by the standard LQR theory,”° the optimal controller is also the stabilizing controller and
the minimal value of J(u) is

Tmin() = EM(0)PyE(0) = Xg' Py,
The proof is finished. O

For system (3), Theorem 3 is better than Lemma 2 in the sense that the dimension of the Riccati equation in Theorem 3 is
half of that in Lemma 2, and Theorem 3 is better than Theorem 2 in the sense that a normal Riccati equation is involved
in Theorem 3 while a nonstandard Riccati equation is involved in Theorem 2.

Remark 2. The closed-loop system with the optimal control determined by Theorem 3 is
x(k +1) = (A} + BiK}) x*(k),
by which

u(k + 1) = Kix(k + 1) = Ky (A} + BiKY) x* (k). (53)
On the other hand, it follows from (51) that

utk +1) = [In 0] Kix* (k). (54)

This and (53) imply
K (A% + BiKY) = [ 1. O] K.

This identity, though is determined implicitly by Theorem 3, is however not easy to show by manipulation.

3.3 | Relationships among three Riccati equations
The following theorem links solutions to these three different Riccati equations (9), (24), and (42).
Theorem 4. Consider the antilinear system (3). Then, the following three statements are equivalent:

1. The bimatrix Riccati equation (9) has a unique positive definite solution { P, P,}.
2. The anti-Riccati equation (24) has a unique positive definite solution P.
3. The normal Riccati equation (42) has a unique positive definite solution Py.

Moreover, these solutions satisfy P, = 0 and
P, = P4 = Py. (55)
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Proof. In view of Lemma 2, Theorem 1, and Theorem 3, we need only to show that P, = Py. We consider the
iteration (33) for the anti-Riccati equation (24) and show that P; (k) is monotonically increasing, namely,

Pa(k+1) 2 Pa(k) 2 Q, k2 0. (56)
Similarly to the proof of Theorem 1, we show this by mathematical induction. Notice that

Pa(1) = AY(Q7" + B,R'BY) 4, + Q
= Qn = Q = P(0). (57)

Therefore, (56) is true with k = 0. We assume that (56) is true with k = i, namely, P4(i + 1) > P4(i) > Q > 0, which
implies that P;'(i + 1) < P, (i) or P,*(i + 1) + B,R'B < P,'(i) + B,R™'BY, namely,

(Pi¥i+1) +B,R'BY) ™ > (P;() + B,R'BE) ™
Then, for k =i + 1, we have

Pa(i+2) — Pai+1)
—H — -1 . _ -1
= Al (PR + D+ BRVBY) ™ - (PR + BRBY) ) Ay

ZO’

which indicates that (56) is true with k = i + 1.
Now, using (33) repeatedly gives

Patk+2) = AY (P (k + 1)+ B,R'BY) 4, 4+ Q

- -1 -
=AY} < (Ag(PAjl(k) +BIRBI) Al + Q#) + BZR—13§> A+ Q. (58)

Notice that, by using the identity (A4) twice,

-1

-1
<<A§ (P;'(k) + BYR™BT) A" + Q* ) + BZR—IB;*)

-1

Q" - QAL (Pl (0 + B{RB] + A5Q*AT) T ALQ* + B,RIBY)

_ -1
(Q—# + B,R™'BY — Q7*A] (P, (k) + BsR*B] + AfQ7"A)) 1A*;Q—*‘*>
_ -1 _ _ -1 __ _ _ _
=(Q*+B,R'BY)" + (Q* + B,R'BY) T Q*AI(P,' (k) + BiR*B] + ARQ*A]
—AQ*(Q " + B,RBY) QAT AkQ (@ + B,RTIBY)

=(Q*+B,R B

+ (I, + Q*B,R'BY) ' AT(P; (k) + BER BT + AfQ AT
~A'Q*(Q " + B,RTBY) QAN 1A (I, + B,R'BYQY) T

=(Q* +B,R'BY) ' + (I, + Q*B,R'BY) T AT(P; M (k) + BER BT + AfQ AT
—AfQ* (Q# — Q"B (R + B?Q#Bz)_lBZHQ#) Q*Al) Al (I, + B,RBYQY)

=(Q" +B,R'BY) " + (I, + Q"B,R'BY) ' AT(P; (k) + B'R B!

-1 — — -1
+A3B,(R+B)Q"B,) By A))'Al (I, + B,R7'B}QY) . (59)
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With the notation By and Ry in (41), we have

B!RB! + AB, (R + B1Q"B,) ' BYAT = ByRy'B. (60)
By using the identity (A4) again, we obtain

(I + B.,R'BYQY) ™ = I, - B,(R + BIQ"B,) " BIQ". (61)

Therefore, by substituting (59), (60), and (61) into (58), it yields

_ -1 -1
Pa(k +2) =AY <(A§ (Py (k) + BERB) A + Q#) + 32R—13§> A+ Q
- — -1 -1 _
=Q+AY(Q " +BR'BY) A, + A} (In - B;(R+ B}Q"B,) BIZHQ#> AT (P (k)
+ByRyBH) At <1,, — B,(R + BYQ*B,) ' BIQ* ) A,
= Qn +AL(P; (k) + ByRy'BY) T Ay. (62)

Now, because the antilinear system (3) is stabilizable, by Theorem 3, for the normal Riccati equation (42), we can
construct the iteration

Py(k +1) = Qu + A% (PFL(k) + ByRy'BY) Ay, (63)

with Pn(0) = Q. Then, similarly to the proof of Theorem 1 (see, for example, the work of Assimakis et al'®),

Jim Py(k) = Py. (64)
Thus, in view of (62) and (63), we can see that
Py(k) = P42k +1), k> 0. (65)
As a result, we get from (64) that

On the other hand, by using (56) and (65) again, we have
Py(k — 1) = P4(2k — 1) < P4(2k) < P4(2k + 1) = Py(k).
Therefore, it follows from (64) that
Py = klgglo Py(k—1) < kllglo P4(2k) < kll_glo Pn(k) = Py. (67)
Combining (66) and (67) gives
P, & ;}ir?o Pu(k) = Py.

This completes the proof. O
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As a by-product of the above proof, we see from (65) that the iteration (63) for the normal Riccati equation (42) converges
faster than the iteration (33) for the anti-Riccati equation (24). Thus, from the computational point of view, the normal
Riccati equation (42) is recommended to use.

Remark 3. It follows from this theorem that the bimatrix Riccati equation-based optimal gain (11), the anti-Riccati
equation—based optimal gain (26), and the normal Riccati equation-based optimal gain (43) are equivalent.

Remark 4. Another simple proof for P4 = Py can be given as follows. By Theorems 2 and 3, the optimal problem
is solvable with respectively the minimal value Jyn (1) = x(IfPAxo and Jpin(u) = ngPNxo. As both P4 and Py are
independent of xy, we must have

x'Paxo = x{ Pnxo, Vxo € C™. (68)

Next, we claim that, for positive definite matrices P4 and Py, P4 = Py if and only if (68). Clearly, we need only to
prove the “if” part. Denote P4 = [a;;] and Py = [n;j],1,j € I[1, n]. Letting xo = e;, where ¢; is the ith column of I, in
(68) gives a; = ny, i € I[1, n]. Letting xo = [1,a + jb,0, ..., 0], where a € R,b € R, in (68) gives

aRe(ai) — bIm(az) = aRe(niz) — bIm(nyy),

which, by respectively choosing (a = 0, b # 0) and (b = 0, a # 0), implies respectively Im(a;,) = Im(n;;) and Re(a;) =
Re(nyy), namely, a;; = ny,. Similarly, if we choose xo = [1,0,a + jb,0, ...,0]", we get a;3 = ni3. Repeating this
process, we finally have P, = Py. However, the current proof for Theorem 4 has its own value because it reveals the
relationship (see Equation (65)) between the iteration (33) for the anti-Riccati equation (24) and the iteration (63) for
the normal Riccati equation (42).

4 | APPLICATIONS TO OPTIMAL CONTROL OF TIME-DELAY SYSTEMS

4.1 | System and problem descriptions

In this section, we consider the following discrete-time time-delay system with only one-step delay®
Sk +1) = Aoé(k) + Aaé(k — 1) + Gu(k), k > 0, (69)

where 4y, A4 € R™" and B € R™? are known matrices, £ € R" is the state vector, and v € RP? is the control vector. The
initial condition is £(0) € R" and &(—1) € R". Without loss of generality, we assume that p = 2m, namely, p is an even
number. Otherwise, we let v = [vT,w"]T and G = [G, 0] where w is any slack variable. Thus, we can let

vy (k)

X nxm 5, m o __
v,(k) ,GieRY" v;eR™i=1,2. (70)

G =[G1 Gyl,vk) = [

The problem to be solved is finding v(k) for system (69) such that the following quadratic index function is minimized

(o)

J) = Y (' 0)QuE(k) + V" ()Rov (K)) , (71)
k=0
where Qp € R™" and R, € R™" are given positive definite matrices.

Remark 5. We explain that we can assume without loss of generality that R, is a block diagonal matrix. Denote

[R(n Rz
0 =

BT R ] Ry € R™™ i=1,2,3.
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Because R, > 0, by the Schur complement, we have Rjy; — RnggllRoz > 0. Thus, we can denote

_1 1
I —Ro{ Roz (Ros = Ry, R5{ Roz) Ry,

Ly =

11
T p-1 TIR2
0 (R03 - R02R01 ROZ) 2Rél

Direct computation gives
T _ | Rm
LOROLO = [ R01:| > 0.
Then, by the input transformation ? = L;'v, the time-delay system (69) can be written as
£tk +1) = Aos(k) + Atk — 1) + Gi(k),

where G = GLo, and the quadratic index function (71) becomes

(e8]

J) = Z (£ (0Qu&(k) + 7 (k) LyRoLob (k) )

k=0

-2 <§T(k)Qo§(k) 970 [R‘” R, ] ﬁ(k)) .

Thus, without loss of generality, we can assume that

R
R0=[ R

Therefore we assume hereafter that Ry takes the special form (72).

, 0 < ReR™™M (72)

Proposition 2. The time-delay system (69) can be equivalently written as (1), where

x(k) = E(k) + jé(k — 1), 73)
u(k) = vi(k) + jv2(k), k >0,
and
Ay =140+ %(In —Aq), By = 3Gy — %Gz, .
Ay = 3A0 = 1y + Ag), B, = 3G1 = 1Gy.
Moreover, if Ry takes the form (72), the quadratic index function (71) can be written as
Ji(w) = Z (x" (k) Qx(k) + u ()Ru(k)) — £ (-1)QE(-1), (75)

=0

where Q = %QO > 0.
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Proof. With the notations defined in this proposition, we can compute
(A1, A2 }x(k) + {B1, By Ju(k)
= Ax(k) + Alx* (k) + Biu(k) + Biu* (k)
= <%Ao 200 —Ad>> (E(K) +j&(c — 1)) + < Tao+ <I +Ad>> (k) — j&(k — 1))
(L6216, o+ i)+ (161 + 26, ) k) — juachy
5 1 > 2 1 V2 5 1 > 2 1 V2
1 1 1 1
= (340 + 340 ) 60 + (3 Un + A0 = 5 — A0 ) €l = D)
4154080 = 1)+ 3 (= A €00 = SAoi(k = D+ 2 (I + A §(K))
+ (%G1 + %G1> nk) + (%Gz + %Gz) v (k)
+3(56m200 = 3Gan(k) = 3Ga(k) + 2Gvi(h) )

= Aoé(k) + Aaé(k — 1) + Gv(k) + j&(k)
Sk +1) + jé(k)
x(k + 1),

which shows that x(k) satisfies (1). Notice that

Jw) = <Z§T(k)Qof(k) + Z:Tac)ooé (k)) + ZvTUc)Rov(k)
% <Z:T(k ~1DQoé(k — 1) + ZfT(k)Qoé(k)) + Y W (l)Rov(k) — %éT(—l)Qof(—l)
k=0
_v[ e Qo £(k) 1
—2 [g(k _ 1)] l 2 %QO ] [g(k _ 1)] + ];)VT(k)ROV(k) - E‘ST(_l)Qog(_l)- (76)

On the other hand, for any Q, = Q; +jQ, > 0, where Q;,i = 1, 2 are real matrices, we can compute

X ()Qux(k) = (£7(k) — j&" (k= 1)) (Qu +jQ)(&(K) + jé(k — 1))
(£"0Q1 + &Mk — DQ2) &(k) = (6" R)Q, = &Mk = DQu) &k = 1)
+ (T + & (k= 1)Q;) &k = 1) + (&T(K)Q2 — £T(k = 1)Q1) £(K)) ]

(T(Q: + 5T<k - 1DQ;) &k) — (£T(k)Q2 — ET(k — 1Qy) &(k — 1)
&(k) -Q, &k)
“lek-1) Qz Q | |ek-1) |

where we have noticed that Q; = Qf and Q, = —Q;. Similarly, for any R, = Ry + jR, > 0, where R;,i = 1, 2, are real
matrices, we have

T
W (OR,u(k) = [\‘ZEQ] [ﬁ; _R]?] [zlgg] T(k)[ lez]v(k).

Thus, in view of (72), it yields from (76) that, if we denote Q, = %QO and R, = R, the quadratic index function J(v) can
be exactly written as (75). The proof is finished. O
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Since the last term £T(—1)Q&(—1) in (75) dependents on only the initial condition, J; (1) is minimized if and only if

(s8]

L) =) (x(0)Qx(k) + ut(k)Ru(k))

k=0

(77

is minimized. Hence, the linear optimal control problem for the time-delay system (69) has been transformed equivalently
to the linear quadratic optimal control problem for the complex-valued linear system (1) with the quadratic index function
(77). According to results in Section 2, the solution to this problem has been completely characterized by Lemma 2. Thus,
the optimal control is u(k) = Kyx(k) + (K;)#x# , which, by separating real and imaginary parts, is equivalent to our other

work?!:
[ &(k)
&k-1)

oo = [vl(k)] _ lRe (Kf +K3) —Im (K} +K3)

va(k) Im (K} —K;) Re(K; -K3)
which is physically implementable.!

4.2 | An illustrative example

In this section, we use the linearized F-16 aircraft model studied previously in the works of Sobel and Shapiro?! and Liu
and Zhou?? to illustrate the obtained results. The continuous-time model is shown as follows
E(D) = AL + At = 7) + (D), (78)

in which we have assumed that there is a state delay ¢ = 0.1 in the elevator deflection, which is the fourth element of
x(t).% The coefficient matrices are then given by??

0 10 0 0 0

0 —0.8694 43.223 —17.251 —1.5766
A=|0 09934 —1.3411 —0.1690 —0.2518 |,

0 0 0 0 0

0 0 0 0 —20.0

000 0 O 0 0

000 0 O 0 0
As=lo0o0o o olf,c=| 0o o

000 —20.00 200 0

000 0 O 0 20.0

By taking the sampling period as T = 0.1 second, the continuous-time time-delay system (78) can be discretized as (69),
where

1.0000 0.1025 0.2080 —0.0879 —0.0057
0 1.1175 4.1534 —1.8042 —0.1010
Ay = 0  0.0955 1.0722 —0.0994 —0.0153 |,
0 0 0 1.0000 0
0 0 0 0 0.1353
000 0.0594 0 —0.0581 —0.0040
000 -1.81650 —-1.7586 —0.1131
Ag=[000 0.0434 0|,G=| —0.0720 —0.0175
0 0 0 —2.0000 O 2.0000 0
000 0 0 0 0.8647

We now consider the corresponding linear optimal control problem (71) with Q, = 2Is and R = 1. Thus, Q = Is. Let

{P1(k), P,(k)} be computed according to the iteration (23). Denote e(k)

{E1(k), Ex(k)} = {A1, A2} ({P1(k), Py (k)} ™' + {R1. Ry} )~

= In [{E1(k), E2(lO } ||, where

"{A1, A2} +1Q,0} — {Py(k), Pa(k)}.
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FIGURE 1 The iteration error e(k)
20 40 60 80 100 120 140 for (23) [Colour figure can be viewed at
step k wileyonlinelibrary.com]

FIGURE 2 State responses of the
40 50 60 70 80 closed-loop system [Colour figure can be
step k viewed at wileyonlinelibrary.com]

The history of e(k) as a function of k is plotted in Figure 1 from which we can see that it converges to zero in a rather fast
speed. For k = 140, we obtain

12.3464 + 0.0000j 2.3671 +0.0000j  8.6342 + 0.0000j —2.0194 + 3.2919j —0.1762 + 0.0000j
2.3671 4+ 0.0000j 3.7958 + 0.0000j 10.5820 4 0.0000j  —3.6990 + 5.5020j —0.2025 + 0.0000j
Pi(k) = 8.6342 + 0.0000j 10.5820 + 0.0000j 56.7625 + 0.0000j —18.9340 + 23.6474j —0.9975 + 0.0000j |,
—2.0194 — 3.2919j —3.6990 — 5.5020] —18.9340 — 23.6474j 28.0046 + 0.0000j  0.3487 + 0.4725j
—0.1762 4 0.0000j —0.2025 + 0.0000j —0.9975 + 0.0000j 0.3487 — 0.4725]  1.5259 + 0.0000j

11.3464 + 0.0000j 2.3671 4+ 0.0000j  8.6342 +0.0000j —2.0194 + 3.2919j —0.1762 + 0.0000j
2.3671 4+ 0.0000j 2.7958 +0.0000j 10.5820 + 0.0000j  —3.6990 + 5.5020j —0.2025 + 0.0000j
Py(k) =| 8.6342+0.0000j 10.5820 + 0.0000j 55.7625 + 0.0000j —18.9340 + 23.6474j —0.9975 + 0.0000j
—2.0194 + 3.2919j —3.6990 + 5.5020j —18.9340 + 23.6474j —3.5897 —17.1002j 0.3487 — 0.4725j
—0.1762 4 0.0000j —0.2025 + 0.0000j —0.9975 + 0.0000j 0.3487 — 0.4725j  0.5259 + 0.0000j

It follows that P,(k) = Pi{(k) and P,(k) = Pg(k). Consequently, the optimal feedback gain {K}, K5} can be computed
according to (11) as

K} =[0.0463 +0.0962] 0.1140 +0.1205] 0.6384 +0.6279] —0.7529 — 0.4637j — 0.0112 — 0.0584j| ,
K = [0.0463 - 0.0962j 0.1140 —0.1205] 0.6384 —0.6279] —0.2122 —0.0036] — 0.0112 + 0.0584j] .
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Finally, for simulation purpose, we choose the initial condition

FOo] [41 -8 -6 9
-1 |44 8 -6 10|

The state trajectories of the closed-loop system are recorded in Figure 2 from which we can observe the asymptotic stability
of the closed-loop system.

5 | CONCLUSION

This paper has studied linear optimal control (LQR) of discrete-time complex-valued linear systems. Firstly, an iterative
algorithm was proposed to solve the associated bimatrix Riccati equation introduced in our early study. The convergence of
the algorithm was proven. Then, the LQR problem for the antilinear system, which is a special case of the complex-valued
linear system, was carefully studied and three different solutions were obtained, namely, bimatrix Riccati equation-based
solution, anti-Riccati equation-based solution, and normal Riccati equation-based solution. Relationships among these
three different solutions are revealed. The bimatrix Riccati equation-based approach was then used to solve the LQR
problem of linear time-delay systems with one-step state delay, and an illustrative example demonstrated the effectiveness
of the proposed approach.
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APPENDIX

BIMATRIX ANDITS PROPERTIES
Let ({A1, Az} + {B1,Bo)x = {A1,Ax}x + {B1,By}x and {A;, Az }{B1, By }x = {A;1,A2}({B1, B2 }x). We denote {A;,A,} =

{By,B,} € {C™™ C™m} if (A, Ay }x = {B1, By }x,Vx € C™. Then, the bimatrix has some properties':

{A1,A2}{B1,B,} ={A1By + A}B,,A{B, + A;B}, (A1)
{A1, A2} + {A3,Aq} ={A1 + A3, Ay + Ay},

and ({A1,A;}H{A3, A} {As, Ag} = {A1,A2}({A3, A4} {As, Ag}). We say that {A1,A,} € {C™™, C™™M} is a zero bimatrix
(denoted by Opxpm) if {A1,A2}x = 0pq for any x € C™. If n = m, we say that {4;,A,} is a square bimatrix. A square
bimatrix {A4,A4,} is an identity bimatrix (denoted by 1,,) if {A4;, A4, }x = x, ¥x € C". We have shown that!

{A1’A2} =1, <= (41,Ay) = (Ina Onxn) s
{A1,A2} =Onxm <= (A1,42) = Onxm» Onsam)- (AZ)

The power of the square bimatrix {41, A,}, denoted by {A;,A4,}! withi € Z*, can be defined recursively as {4,,4,} =
(A1, A }{A1, Ay} with {A;,A,}° = T, according to (Al).

For a square bimatrix {A;,A,}, if there exists another square bimatrix {A3;, A4} such that {A;,A;}{A;3, A} =
{As,A4}{A1, Ay} = I, then {A3,A,} is called the inverse bimatrix of {A;,A4,} and is denoted by {43, A;} = {A;, A3} 7L
A square bimatrix {A;, A, } is invertible if and only if

#
A Az]

A, A la 2
{A1,Az ) [AZA‘{

is invertible.! Moreover, {A1,A4,}7! = {A3,A,}, where!

[ﬁf] = (A1 Az)2) [ L ] .

4 Onxn
Therefore, {A;,0,x,} is invertible if and only if A; is nonsingular, and {0,x,,A,} is invertible if and only if A, is non-

singular. Moreover, {A1,Opxn} ™ = {A]'.0nxn} and {Opxn, A2} = {Opxn, A5*}.! From (A2), the norm of a bimatrix
{A1,A,} € {C™m C™M} can be defined as

1{AL A = 14wl + 1Al
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The conjugate-transpose of the bimatrix {A;,4,} € {C™™, C™"} is defined as!
(A, A1 & (AL AT} = {a], Al )
The square bimatrix {P;, P,} € {C™", C™"} is said to be Hermite if!

{P1,P} = {P, P} = {P]. P} }. (A3)

A bimatrix {P;, P,} is said to be (semi)positive definite (denoted by {P;, P,} > (>)0), if it is a square Hermite bimatrix
and, for any x € C", Re(x!'{P;, P,}x) > (>)0, Vx # 0.! It has been shown in our other work! that {P;, P,} is (semi)positive
definite if and only if {P;, P>}, > (>)0. It can be readily shown that {P;,P,} > {Q;,Q,} > 0 implies {P;,P,}™! <
{Q1,Q2}7", and, for any {A4,,A4,},

{A1, 2Py, P} AL As} > {A1L, AP Q1 Qo HAL ALY

For given matrices A, B, C, D with appropriate dimensions and A, C and C~! + DA™'B are invertible, the well-known
Sherman-Morrison-Woodbury formula holds true??

(A+BCD) ' =A"'-AT'B(C' + DA‘lB)_lDA‘l. (A4)

The following lemma extends this identity to the bimatrix case. The proof is straightforward and is omitted.

Lemma3. Let{A;,A,}, {B1,B:},{C1, C,}, and { D1, D, } be some given bimatrices with appropriate dimensions. Assume
that {A1,A,}, {C1,C} and {Cy,Cy} ™' — {D1,D;}{A;, A} "Y{B1, B,} are all invertible. Then,

({A1, A2} + {B1, B2 }{C1, G2 }{D1, D2 )™
={A1, A2} — {A1, A} B, B, }({C1, Co} 7!
+ {D1,D2}{A1,A2} By, B, ) {D1, D2} {A1, A2} .
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