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Abstract

A covariance condition is shown to be a necessary condition for the existence of a finite control law
associated with discrete-time quadratic Joss-minimisation problems. Sufficient conditions (including the
covariance condition) are then determined which extend the range of optimal-control problems, for which
a well defined control law may be calculated. The results may also be applied to solving problems in

filtering and stability theory.

1 Introduction

The problem considered in this paper is the deter-
mination of a set of necessary and sufficient conditions for
the existence of a well defined control law associated with
discrete-time quadratic loss-minisation problems.

The discrete-time systems considered are linear and finite-
dimensional, and may be represented by the state-space
equation

x(tk + 1) = F(k)xtk) + Gkyu(tky . . . . . (1)

where x is an nvector (the state), # is an mvector (the
input), ¥ and & are matrices of appropriate dimension, and
the indexing set {k} is the set of integers. The quadratic
performance index considered is

Vix(ko), u, ky, Ko} fzg ‘{"'(k)R(k)u(k) + 2x'(k)S(Ku(k)

+ X' ()QU)x(k)} - x'(ky)Ax(k)  (2)

where the matrices F(k), G(k), R(k), S(k), Q(k) are finite-
valued, and, without loss of generality, R(k) = R'(k),
Q(k) == Q'(k) for all kefky, k- 1] with kos{k}, and k,e{k}
and 4 == A",

When the above conditions are satisfied, 4 >0, R > 0,
S =0 and Q>0 [here X > 0(X > 0) means that X is
positive (semi)definite], it is straightforward to apply Bell-
man’s principle of optimality to determine a unique, finite-
valued control law #, which minimises the performance index
given by eqn. 2 (see Reference 1). The main calculation
involved is the recursive solution of a matrix Riccati difference
equation. There are often times (including important cases of
practical value) when the above sufficient conditions, for the
minimisation process to be well defined, are not satisfied and
yet the various calculations yield the desired results. If the
inverse operation in the calculations is replaced by the
pseudoinverse operation, the range of optimal-control
problems for which a solution can be calculated is extended.?
When the pseudoinverse operation is used, the control law
calculated gives the minimum-energy control which will
minimise the quadratic performance index; any control which
simply minimises the performance index is not then unique.

What are the necessary and sufficient conditions for the
application of the optimal-control equations, including the
case when a pseudoinverse operation is used, to yield finite
solutions? This question has been answered, for a correspond-
ing continuous-time optimal-control problem, in previous
papers;>»* some insight into aspects of the discrete-time
problem has been gained from this work, but most of the
material in the papers is unrelated. Applications of the
continuous-time results, to solve the time-varying spectral-
factorisation problem,® has enabled a number of linear-
filtering and estimation problems to be solved.®% Also, some
results in stability theory have been developed by direct use
of the theory given in Reference 9. Corresponding application
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of the discrete-time results of this paper, to the discrete-time,
time-varying spectral-factorisation problem and its applica-
tions, is considered in a companion paper.!'°

In Section 2, discrete-time optimal-control results are
reviewed, and some extensions are given when a pseudoinverse
operation is used instead of the regular inverse operation.

In Section 3, it is shown that a covariance condition is
necessary for the minimisation process to be well defined.
Sufficient conditions, based on this result, are also developed.
Appendix 6 gives an alternative mterpretation for the solution
of the Riccati equation when pseudoinverse operations are
involved.

2 Preliminary considerations
It is first assumed that the minimum performance

index F{x(k), ky, k} = min V{x(k), u, k,, k} has the form
Pixh), ki, k) = X GOk — 1, kpxk) . . . @3)

where II(k -- 1, k) is finite for k€[ky, &y — 1]. Implicit in
this assumption is the assumption that the optimal-control
law u is finite. Application of Bellman’s principle of optimality
to eqn. 3 gives the following results:

P{x(k), ky, k} = min [ (k)R uk) + 2x' (k)S(kya(k)
+x (QUk)x(k) + P{Fk)x(k)
+ Gkuk), ky, k + 1}] T (-3
= n(lgl {0 (k) BUkyu(k) + 2x'(kYC(ku(k)

+ x'(k)D(k)x(k)} N )

where B =R 4 G'IIG
C=S+FIG by . . . . . . . . . (®

D =Q + FIF

When B(k) is positive definite, with kelky, Ky r.]].’ the
optimal-control law @, i.e. that control which minimises
u'Bu + 2x'Cu + x'Dx, is given immediately from eqn. 5 as

u=—B1Cx . . . . . . . . . .M

and [l(k — 1, k;) is given recursively from the Riccati
equation

Ik — 1, k) = D(k) — C(){B(k)} "C'(k)}

8
Mk, - 1,k) =4 @

Normally, when 4 >0, R>0, S =0 and Q > 0, then
¥ > 0 (see eqn. 2), and thus II(-, k) > O (see eqn. 3). Again,
since R > 0 and II(-, k;) >> 0, eqn. 6 gives B > 0. Thus the
conditions just given are sufficient conditions for the optimal-
control problem to be solved using egns. 3 and 6-8.

There are many cases when these sufficient conditions are
not satisfied and yet the various calculations yield the desired
results. Replacing the inverse operation in eqns. 7 and 9
permits an even wider range of problems to be solved. The
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theory behind the use of the pseudoinverse operation is now
reviewed.

The performance index given by eqn. 5 may be rewritten
for all ke[kg, k] as

Vix(k), ki, &} = min{(u 4 BtC'x)'B(u -: BtC'x)
L x(D - CBtC)x - 2x'C -- BtBu; . . (9)

The index k has been omitted for convenience, and ¥ has
been used to denote the pseudoinverse operation. [Important
properties are that Bf = BtBBt, B = BBtB and (BY)t -~ B.]
Implicit in eqn. 9 is the assumption that P{x(k), k, k + 1},
so that P{x(/), ki, I} for le[k + 1, k|] exists as a finite-valued
minimum performance index. The control # may be expressed
as u = u, + u,, where u;e.4(B) (the range space of B) and
usc.V(B) (the null space of B). Since B is symmetric .#(B)
and.#7(B) are orthogonal, and thus

T T e T A 1))
Rewriting eqn. 9 is terms of #, and u, gives?
V{x(k), ky, &k} = min {(u; -I- BtC'x)'B(u; -+ BiC’x)
- x'(D - CBTC)x +2x'Cuyl . . (11)

Results are now established, using the above equation as a
starting point, which lead directly to a constructive procedure
and to existence resuits, which may be used in solving the
optimal-control problem when B may be singular,

Necessary and sufficient conditions for ¥{x(k), k,, k} to be
bounded in terms of x(k) are that B >> 0 and A (B) & A(C).
The conditions are necessary since, if they are not satisfied,
either a u, or a m, may be chosen so that ¥ is arbitrarily
negative. That the conditions are sufficient may be seen as
follows. Since wu,e N (B) = A (C), 2x'Cu, = 0; and, since

B> 0, u, = - BtC’x minimises the first term on the right-
hand side of eqn. 11, which may be rewritten simply as
V x(D—CBICH)x . . . . . . . . (12)

This is bounded below in terms of x(k). The result is thus
established.
Eqn. 12 may be written, for k = kg, as

Pixtho), ky, kol = X' ho) ko - 1, kpxtko) . (13)
where II(k -- 1, k) is redefined as

Xtk 1, k) -~ Dth) — CUOH{BR)HC' (k) }

Ik, - 1, k) A4

There are certainly many # which minimise the performance
index when the above conditions are satisfied and B(k) is
singular. However, it is evident from eqn. 10 that the contro}
u, for u, 0, is the minimal-energy control. Thus the
optimal-control law w is usually chosen as #, i.e.

v - -BtC'x . . . . . . . . . . 3%

The result is now established that. ¥(B) < .#(C) if, and only
if, Cd  BtB) - 0. Suppose xc.#(B) and C(I - BYB) - 0;
then 0 - C({ - BiB)x - Cx, and thus xe.#(C). Conversely,
suppose xcA(B) implies that xcA4(C). If y is an arbitrary
vector decomposed as y = x + z, where xe#(B) < A(C)and
zeR(B), C(I  BtB)y reduces to zero.

The various results given above are now summarised as a
lemma.

(14)

Lemma [ Consider the system of egn. | and the performance
index (eqn. 2), with the conditions, given immediately after
eqn. 2, satisfied. Consider, also, the Riccati equation, eqn. 4
(see also egns. 6), and the control law u given by eqn. IS.
Necessary and sufficient conditions for # to be the minimal-
energy control which minimises eqn. 2 are that B > 0, or
B > 0and C(/ — BtB) - 0ateach iteration, or, equivalently,
that a minimum performance index is known to exist and be
bounded below. The minimum index is given by eqn. 13 (see
also egns. 6 and 14).

From the above lemma, it is evident that the necessary
and sufficient conditions for the optimal-control solution to
exist and be finite are those which establish a lower bound
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(independent of the control) on the performance index. These
latter conditions are determined in Section 3.

3 Existence results

Consider the linear difference equation

Pk - 1)  F'(KPKF(kY - Q)
Pk, 1) - A4 (16)
. ko1
Using eqn. 16, it is possible to expand Y x'(k)Q(k)x(k) as
follows: ko ko
ki —1 k

!
Ekx’(k)Q(k)x(/\') - Ek X (kW Pk - 1) - - F'UOPUF(K) x(k)

Application of eqn. 1 gives
ki -1 k-1

kEkx’(k)Q(k)x(k) kZ [x'(OP(k - Dx(k)

ki)

—A{xtk 1) - GUmk)y P(kYxtk - 1) Gk)u(k)}]

Some cancellation of terms and a further application of
eqn. | yields

ky—1

kax’(k)Q(k)x(k) — x'tkg)Plky - 1)x(ky)

Ky -1
WDPK D XKk 2D L RRE GPRIGU) (k)
ko ke

- 5u'(k){G'(k)P(/()G(k)}u(/()]
This means that if H and J are defined as

H -S i FPG
} . 17y

J = ¥R + G'PG)
the index given by eqn. 2 may be written as

Vixtkg), u, ki, ko) — x'tkg)Pthkg  Dxthy)
k=1
23w (kY - X GOHK) kY . (18)
& ko

If y, an nvector, is defined by

yky  H'(K)xk) | Stk . . . . . . (19
then, for x(k,) - 0, eqn. 18 reduces to
Ki--1
VO, u, ki, ko) 2 {yGomky - wpk)y, . . . . Q0
k  ky

The output y of the system, having the state of eqns.  and 19
{for x(kg) - 0}, may be written in terms of the system-impulse
response w(k, /) as follows:

k
y(k) rrka(/\',/)u(/) R A B
where
wik, 1) JKSK - 1) H'&PK, !+ DGOk 1) (22)

The terms @, § and 1 are the state-transition matrix of egn. 1,
the unit-delta function and the unit-step function, respectively.
They are defined by the equations

Dk - 1,1) FU)®k, 1)
b 1
| fork =/
Wk 1)
0fork -~/
S(k N | for k ! 23)
' Ofork /1~ = 7

Since w(k, /) 0 when [ > k, a rearrangement of eqn. 20
using eqns. 21 and 22 may be made s follows:

r r

VO, u, k\, k¢) Y WkRJKk ha(ly . (24)
i .

-l -
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where R (k, [) = wk, Iy +w(l,k) . . . . . . (25

and u(k) is zero outside the range [, k; — 1]. Direct applica-
tion of the covariance property, i.e. that R (k,1)is a covariance
on [k,, k] if, and only if,

ks ks
,‘ZAZu’(k)Ry(k,l)u(l)>0 B 01

for an arbitrary choice of u, gives lemma 2.

Lemma 2: Consider the system of eqn. 1 and the performance
index (egn. 2) with the conditions, given immediately after
eqn. 2, satisfied. A necessary and sufficient condition for the
performance index V(0, u, ky, ko) (see eqn. 24) to be non-
negative for all u, is for R (k, I) to be a covariance on [k, k],
where

Rk, 1) = 2J(kK)8¢k — 1) + H'(k)®k, I + DGk — 1)
+GC P K+ DH DIk . . . . Q7
(see also eqns. 16, 17 and 23).

Results for the more general case, when x(kq) = 0, are now
considered. .

Lemma 3: For the system of eqn. 1 with the performance
index (eqn. 2) and the conditions, given immediately after
eqn. 2, satisfied, sufficient conditions for a lower bound on
Vix(ky), u, k|, ko) to exist for all u and x(ky) [dependent
only on x(kg) and 4] are that

{R (k, 1) — mI8(k — D)} is a covariance on [k, k] for some
positive constant 7).

Proof: Application of lemma 2 gives the result that, for all
u, if there is a u_ and a k.e(k) with k. < kg so that, for some
selection of F and G made on [k, k], the system goes from
the zero state at k. to the state x(ky) at kg, and if selections
of @, R and S on [kc, ky) can be made so that R Wk, 1) is a
covariance on [k, k], then

Vixtke), u, ki, ko} > K{x(kg), ko} > — o0

where K is —V(0, u,, ky, k) and depends only on k, and
x(kg), since u, depends on x(k).

It is now shown that the condition given at the end of
lemma 3 implies these above assumptions. This will complete
the proof of the lemma. Choose 4, F(k) and G(k) for
kelk,, ko] so that [F, G] is completely reachable at kg, and
let H(k) = 0 and R(k) = pI for kelk,, ky], where p is a
positive constant. Then, for an arbitrary choice of w, the
fo]lowing expansion ho]ds:
ki1 k

> Z W (KR (k, Du(l) = p E w(ky — Dutky — 1)

k=ke I ke
klfl ki—1

+ Z E w' (k)R (k, Du(l)

ko k ko

+ 2N WOH Bk, k)
k ko

kﬂ
/Ek Dko, NG(Dul)

Using similar calculations to those in the corresponding
continuous-time problem,? applying the Cauchy inequality
and using the condition given at the end of lemma 3, yields

ky—1 ky--1t
k="ho—1 /—ZA ,“/(k)Ry(k’ Du(l) = pz? + mzg — yziz, . (28)
TR0 LR 0
where z2 — w'(ky - Du(ky — 1)
Ky 1
23 =3 wkuk)

k- ko
y = constant.

Hence, there exists a choice of p such that the right-hand
side of eqn. 28 is nonnegative definite {i.e. so that R Wk, 1) isa
covariance on [k, — 1, k,]} irrespective of z, or z5, and thus of .
If % were zero, this could not be done. This completes the
proof of the lemma.

It is now evident from the results of Section 2, together
with the above theorem, that the necessary and sufficient
conditions for the optimal-control law to be well defined are
established.
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Before summarising the above results, a further result is
now proved which clarifies the understanding of the problem
for certain cases.

Lemma 4: For the system of eqn. 1, with the performance
index (eqn. 2) and the conditions given immediately after
eqn. 2 satisfied, and if R(k) is nonsingular for some ke [ko»
ky — 1], then, WIIthalculated asineqn. 14 (see also eqn. 6),
the performance index V{x(k), u, k{, k} cannot be bounded
below for some x(k) and all u unless B(k), given by eqn. 6,
is positive definite. Thus, if R(k) is nonsingular for k e [%o,
ki — 1], then a necessary and sufficient condition for the
optimal-control solution to exist and be finite is that B(k) > 0
for k€ [ko, ky — 1].

Proof: When R is nonsingular, without loss of generality we
may assume that .§ =: 0. (If R is nonsingular, the control u
may be replaced by u# + R~!S"x and Q replaced by Q --
SR 'S’). When, for some x(k), V{x(k), u, k,, k} is bounded
below for all u, then from lemma 1, A {B(k)} < A4 {C(k)}.
From eqn. 6 and the fact that F is nonsingular, it is evident
that this, in turn, implies that 4" {B(k)} < 4 {C(k)} = A {R(k}.
This cannot be satisfied with B(k) singular and R(k) nonsingular,
and so it is concluded that, if R(k) is nonsingular and B(k)
is singular, then V{x(k), u, k, k} cannot be bounded below for
all x(k) and u. This result, together with lemma 1, implies
that, if R(k) is nonsingular for ke [ky, k; — 1], a necessary
and sufficient condition for the optimal-control solution to
exist and be finite is that B(k) > 0 for k€ [ky, k; — 1].

The results of lemmas 1-4 may now be summarised as a
theorem.

Theorem 1: For the system of eqn. 1 with the performance
index given by eqn. 2, the necessary and sufficient conditions
for a control law &, which minimises eqn. 2, to be finite are
that either B> 0 or B> 0 and C(I — Bt B) =0 for all
ke [k, ky — 1], where B and C are calculated from eqns. 6
and 14. [When R(k) is nonsingular, these conditions are
reduced and simply require that B > 0.] Alternatively, a
necessary condition for # = —Bt C'x to be the minimising
control law is that R (k, /) be a covariance (sec eqns. 27, 16
and 17); sufficient conditions are that those conditions, given
at the end of lemma 3, should be satisfied. When the above
sufficient conditions are satisfied, the minimal-energy control
@ is given by & == Bt C’x and the minimum index is given by
eqn. 13.

4 Conclusions

The use of Bellman’s principle of optimality to solve
the linear, discrete, quadratic-minimisation problem is well
known. This paper focused attention on necessary and
sufficient conditions which ensure that the various procedures
work even for singular cases. It was observed that tests may
be made at each step in the calculations to guarantee that the
minimisation process is meaningful. Three matrices (B, Bt
and C, given in the calculations, were involved. It was
required that either B > 0 or that B > 0, and that C(/ Bt
B) — 0. (If R > 0, it would require simply that B > 0.)

The paper has also shown that a covariance condition in-
volving the various matrices F, G, R, S, Q and A4 is a necessary
condition for the optimal-control law to be finite. Sufficient
conditions based on this result are also given. Appendix 6
shows that these conditions also ensure that a particular
Riccati difference equation has a well defined solution, even
when one of the terms involves the inverse of a singular
matrix. The dual of this result, obtained by a time-reversal
process, is the key existence result used in a discrete spectral-
factorisation procedure.!? The results have a direct application
to the solution of the time-varying version of the discrete,
multiple-input, Popov stability criterion.!!
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6 Appendix

This Appendix develops a result which gives an
alternative interpretation for the solution of the Riccati
equation (eqn.19) when Bis singular. A preliminary result is as
follows.

Corollary to lemma 3. Consider the system of eqn. 1 with
performance index given by

Vi{x(k), u, ki, k, €} = V{x(k), u, ky, K} + ew' (kyu(k)
(29)

with & € [kg, k] and € a positive constant. The minimum
performance index (over all ), written P {x(k), k,, k, e}, is
bounded above for all € >> 0. The sufficient conditions for this
index to be bounded below by a constant, dependent only on
x(k) and £, are those of lemma 3 with k, replaced by k.

Proof: Sinceu = Oisa legitimate control, an upper bound on
V{x(k), u, ky, k, e}isx k)P — 1)x(k) (see eqns. 29 and 18).
To establish a Iower bound, if the sufficient conditions stated
in lemma 3 are satisfied, they will still be satisfied with R(k)
replaced by R(k) + el for € > 0. Applying lemma 3 shows
that, under the conditions of lemma 3, a lower bound exists
for the performance index (eqn. 29) dependent only on x(k)

and £.
The expression for the minimum performance index

V {x(k), k,, k, €} is given by
P {x(hk), ky, k, €y = x(OINk — 1, ky, ox(k) . (30)
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where II(k — 1, k;, €) = D(k) — C(k){B(k)
+ &k — Ky} 1Cky . . (3D
Mk, —1,k, € = A

Lemma 5: Under the conditions given at the end of lemma 3,
lim Ik — Lk, =Tk —1,k) . . (32)

e—>0
where Il(e) is given from eqn. 31 and II is given from eqn. 14.
This result is interesting, as certainly hm (B + e)~! £ Bt
for all B.

Proof: From an examination of eqns. 31 and 32 for k = £,

and since B >> 0, as € — O the index F {x(k), k|, k, €} decreases

monotonically. With the conditions given immediately after

egn. 2 or at the end of lemma 3 satisfied, the index ¥ {x (£),

ky, k, €} has a lower bound for all €> 0 by the above

corollary to lemma 3, and thus lim V{x(k), ki, k, €} exists for
e—0

all x(k). With a control law # = Bt C’x, and using eqn. 29,
V{x(k), q, ky, k,e} = V{xk), ki, ke} + e (Rak)

> Pi{xtk), ki, k,e) . . . (33)
From this equation, it may be concluded that
P {x(k), k, k} > lim V{xk), ki, k,ey . . . (3%

With a control law # which minimises the index V{x(k),
u, ki, k, €}, the following holds:

Vixk), u, ky, ky = P{xk), ky, k, €} — e’ (k)a(k)
> Pixt), ky, &y . . . . (35
From eqns. 34 and 35,

li_r)no Vixk), ki, k, €} > P{xth), ki, ky . . . (36)

and thus, using eqns. 34 and 36,
lim V{x)(k, k, k, €} = P{x(k), ky, k}
e—0

or, equivalently, egn. 32 is satisfied.
The above lemma is helpful in gaining another insight into
the meaning of II. Note, however, that it has not been proved

that lim & = &,
e—0
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