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Retrospective Cost Adaptive Control for Nonminimum-Phase
Discrete-Time Systems, Part 1: The Ideal Controller and Error System

Jesse B. Hoagg! and Dennis S. Bernstein?

Abstract— We present a direct adaptive controller for
discrete-time (and thus sampled-data) systems that are possibly
nonminimum phase. The adaptive control algorithm requires
limited model information, specifically, knowledge of the first
nonzero Markov parameter and the nonminimum-phase zeros
(if any) of the transfer function from the control to the
performance. This adaptive control algorithm is effective for
stabilization as well as for command following and disturbance
rejection, where the command and disturbance spectra are
unknown. The novel aspect of this controller is the use of a
retrospective performance, which is minimized using either an
instantaneous or cumulative retrospective cost function.

I. INTRODUCTION

One of the major challenges in direct adaptive control
is the existence of nonminimum-phase zeros — many direct
adaptive control methodologies rely on the assumption that
the plant is minimum phase [1]-[5]. Another challenge
in adaptive control is command following and disturbance
rejection, where the command and disturbance spectra are
unknown and the disturbances are unmeasured. In addition,
for disturbance rejection problems, some adaptive control
methods require that the range of the disturbance input matrix
is contained in the range of the control input matrix, meaning
that the disturbance can be rejected directly by the input
without using the system dynamics [5], [6].

In this paper and its companion paper [7], we present
a discrete-time adaptive control algorithm that addresses
several of these common challenges. In particular, we present
an adaptive controller that is effective for plants that are
nonminimum phase, provided that we have estimates of
the nonminimum-phase zeros. Furthermore, this adaptive
controller does not require that the disturbance input matrix
be matched to the control input matrix. Finally, this adaptive
controller is effective for command following and distur-
bance rejection where the spectrum of the commands and
disturbances is unknown and the disturbance is unmeasured.

The discrete-time adaptive control literature includes [2],
[4], [8]-[12]. In [4], [9], discrete-time adaptive control laws
are presented for stabilization and command following of
minimum-phase systems. An extension is given in [11],
which addresses the combined stabilization, command fol-

control uses a retrospective performance measure, in which
the performance measurement is modified based on the
difference between the actual past control inputs and the
recomputed past control inputs, assuming that the current
controller had been used in the past. These retrospective cost
adaptive controllers have been demonstrated to be effective
for nonminimum-phase systems; however, a proof of the
closed-loop stability properties has been an open problem.
A similar controller construction is used in [16] to control
continuous-time minimum-phase systems, which have real
nonminimum-phase zeros that arise from sampling.

This paper is the first part of a pair of papers, which
together present the retrospective cost adaptive controller
and stability analysis. This paper is intended to be read
in conjunction with [7]. This first paper focuses on the
existence and properties of an ideal control law as well as
the construction of a closed-loop error system (i.e., a system
constructed by taking the difference between the closed-loop
system with the ideal controller in feedback and the closed-
loop system with an adaptive controller in feedback). The
results in this paper are essential to the development of the
adaptive law and the closed-loop stability analysis presented

in [7]. II. PROBLEM FORMULATION
Consider the discrete-time system
z(k+1) = Az(k) + Bu(k) + Dyw(k), (1)
y(k) = Ca(k) + Daw(k), 2

where z(k) € R™, y(k) € R, u(k) € R, w(k) € R,
and £ > 0. Our goal is to develop an adaptive output
feedback controller, which generates a control signal u that
drives the performance variable y to zero in the presence of
the exogenous signal w. Note that w can represent either a
command signal to be followed, an external disturbance to
be rejected, or both.

Next, define the transfer function G, (z) 2 C(zl —
A)7'B = Y2,z 'H;, where the relative degree d > 1
is the smallest positive integer ¢ such that the ith Markov
parameter H; 2 C'A"~1B is nonzero. We make the following
assumptions.

lowing, and disturbance rejection problem. The results of (A1) The triple (A4, B,C) is controllable and observable.
[4], [9], [11] are restricted to minimum-phase systems. A—-)X B

> ) ) . A2) If A e C, |\ > 1, and rank <n+1,

Another class of discrete-time adaptive controllers use (A2) = C 0 +
a retrospective cost [13]-[15]. Retrospective cost adaptive then A is known.

(A3) d is known.

IAssiStgnt Professor, Department of Mechanical Engineering, University of Ken- (A4) The first nonzero Markov parameter H, is known.
tucky, Lexington, KY 40506-0503, email: jhoagg@engr.uky.edu. (AS) There exists an integer 7 such that n < 7 and 7 is

2Professor, Department of Aerospace Engineering, University of Michigan, Ann g -
Arbor, MI 48109-2140, email: dsbaero@umich.edu. known.
978-1-4244-7744-9/10/$26.00 ©2010 IEEE 893



(A6)
(AT)

y(k) is measured and available for feedback.
The exogenous signal w(k) is generated by

Tk +1) = Apxy(k), w(k)=Cyuay(k), Q)

where x,, € R™ and A, has distinct eigenvalues, all
of which are on the unit circle, and none of which
coincide with a zero of (4, B, C).

There exists an integer 72, such that n,, < n,, and 7,
is known.

(A9) A, B, C, Dy, Dy, Ay, Cy, n, and n,, are not known.

Next, let the transfer function G,,(z) be given by
Gyu(z) = Hdggg, where a(z) = z" + 12"t + - +
and B3(z) = z" ¢ + Bg12" "1 + ... + 3, are coprime
monic polynomials, and a1, ..., ay, Bg+1,---,0n € R.

Next, consider the factorization of 3(z) given by ((z) =
Bu(z)Bs(z), where (3,(z) and [5(z) are monic polynomi-
als and the roots of ((z) that lie on or outside the unit
circle are the roots of (,(z). More precisely, if A €
C, |\] > 1, and B(A) = 0, then B,(A\) = 0 and
Bs(A) # 0. Furthermore, we can write (3,(z) = z™ +
ﬁu,lznu_l + e +ﬁu,nuflz+ﬁu,nu and 6s(z) = Zn—nu—d+
ﬁs,lzn_nu_d_1 + -+ ﬁsmfnufdflz + ﬁs,nfnufd» where
6u,17 o aﬁu,nm ﬁs,la o aﬁs,n—nu—d S R, and T S n—d is
the degree of (,(z).

Next, we define the transfer function matrix G, (2) 2
C(zI — A)~'D1 + D, and let Gy, have a matrix-fraction
description of the form G, = ﬁ’y(z), which is not
necessarily coprime, where v(z) = z"yo+2z" "'y 4+ - - +Yn,
and vg,...,Vn € R*lw  Therefore, for k > n, the state-
space system (1), (2) has the time-series representation

(A8)

n—1

y(k) =Y —asy(k —i)+ > Bk — i)+ > yow(k —1).
i=d i=0

i=1
“4)

Since, by assumption (Al), (A, B,C) is minimal, it fol-
lows that the nonminimum-phase zeros of (A, B,C) are
exactly the roots of (3,(z). Therefore, assumption (A2) is
equivalent to the assumption that the polynomial §,(z) is
known and the degree n,, of (8,(z) is known.

Assumption (A9) implies that the spectrum of the com-
mand and disturbance signals is unknown. Furthermore, we
stress that y(k) is the only signal available for feedback,
that is, a direct measurement of w(k) is not assumed to be
available.

III. NONMINIMAL-STATE-SPACE REALIZATION

We use a nonminimal-state-space realization of the time-
series model (4) whose state consists entirely of mea-
sured information, specifically, y and w. To construct the
nonminimal-state-space realization of the time-series system
(4), we introduce the following notation. For a positive
integer p, define

0 0 0
1 0 0
Epé[ 1 }’ Npé : € RP,
Op-1)x1 :
0 10

Y

Plant [ Gy Gyu | L

U

Uim

A

1 Precompensator G, Internal Model G, [+

Ideal Fixed-Gain Controller

Fig. 1. Closed-loop system with the ideal fixed-gain controller.

Now, let n. > n, and, for all £ > n., consider the 2n§h-
order nonminimal-state-space realization of (4) given by

ok + 1) = Agp(k) + Bu(k) + Dy W (k), (5)
y(k) = Co(k) + DaW (k), (6)
where
AZ A+ Bz, BE [ Onoa ] @
Gé [ —Q —Qp le(nc—n)

O1x(d—1) Bd Brn Oix(ne—n) |, (8)

A AN
Dy = E2p, Do, Dy =] ], )

A Nnc Oncxnc
Anit = One N } ) (10)

o) S [yk—1) - y(k—nc)

uk=1) - ulk—ne) ], (11)
W(k) 2 [ w(k) wT(k—n) |". (12)

The triple (A, B,C) is stabilizable and detectable but is
neither controllable nor observable. In particular, (A, B) has
n. — n uncontrollable eigenvalues at 0, while (A, C) has
2n. — n unobservable eigenvalues at 0. Note that in this
basis, the state ¢(k) contains only past values of y and w.

IV. IDEAL FIXED-GAIN CONTROLLER

In this section, we prove the existence of an ideal fixed-
gain controller for the open-loop system (1), (2). This
controller, whose structure is illustrated in Figure 1, is
used in the next section to construct an error system for
analyzing the closed-loop adaptive system. An ideal fixed-
gain controller consists of two distinct parts, specifically,
a precompensator, which cancels the stable zeros of the
open-loop transfer function G, (z), and an internal model
controller, which operates in feedback on the observable
states of the precompensator cascaded with the open-loop
system. For all & > n., consider the strictly proper ideal
fixed-gain controller

ua(k) =D Misua(k— i)+ > Niwyu(k—i),  (13)
=1 =1

where, for all ¢ = 1,...,n., M; . € Rand N;, € R, and
the ideal performance y. (k) is the output of the system (1),
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(2) with u(k) = u.(k) for all k > n.. For all k£ > n., the
ideal control wu, (k) can be written as

(k) = ¢ (k)0 (14)
where 6, (k) 2 [Nis oo Npow My -0 My ]T, and
6.(k) £ [ yu(k—1) ya (k= ne)
ue(k—1) ux(k —ne) ]T.

Therefore, for all k& > n., the ideal closed-loop system
consisting of (5)-(10) and the ideal fixed-gain controller (14)
is given by

Gx(k + 1) = Asdi (k) + D1W (k), (15)
yi (k) = Co. (k) + Do W (K), (16)
where A, = A+ BOT = A + anigeT

Let g and q~! denote the forward-shift and backward-shift
operators, respectively.

Theorem IV.1. Let

Ne > 2N+ 2Ny — Ny — d, (17)

and let d.(z) be an asymptotically stable monic polynomial
of degree ny, = n¢ + ny + d. Then there exists an ideal
fixed-gain controller (13) of order n. such that the following
statements hold for the ideal closed-loop system consisting
of (15), (16):

(i) A, is asymptotically stable.

(ii) For all initial conditions x,,(0) and ¢.(nc) of the
closed-loop system (15) and (16) with the exogenous
input w(k), which is given by (3), limy_ o Y« (k) = 0.

(iii) For all initial conditions x,,(0) and ¢.(n.) of the
closed-loop system (15) and (16) with the exogenous
input w(k), which is given by (3), and, for all k >

ko én*JrnC =2n. +ny +d,
D.(a™")y:(k) =0,

where D,(q 1) 2 q " d.(q).
(iv) The transfer function G.(z) 2

given by
_ H;B,(z)z"
di(z)

(18)

Czl —A,) "B is

G« (z) (19)

Proof. We construct a time-series representation of the
ideal fixed-gain controller depicted in Figure 1 and show
that it satisfies (i)-(iv). To construct this controller, define
Npe = N — Ny —d > 0, and consider the strictly proper
precompensator, with input w;,,, given by

Npe
(k) = = Baitta (b — i) + tim (k — 1pe),

=1

(20)

which has a minimal state-space realization of the form

prc(k} + 1) = Apc-rpc(k) + chuim(k;>7 21
U (k) = Cpepe(k), (22)

where x,c. € R"pc. If ny. = 0, then the precompensator is
absent. Next, cascading the precompensator (21), (22) with
the open-loop system (1), (2) yields

[ z.(k+1) ]_ [A BCpe } {

_ x4 (k) }
Tpe(k +1) 0 Apc

Tpe (k)

0] D,
#| g Jum® |

Yy ( ) [ ] [ fpc(k)
where z,(k) is the state of (1), (2) with u(k) = w.(k).
It follows from (20) that the transfer function from wu;y,

t0 s is Gpe(z) 2 Che(z] — Ape) ' Bye = 7. which
implies that the poles of Gp¢(z) are exactly the asymptot-
ically stable zeros of G, (z). Therefore, the cascade (23)
has the transfer function representation Gy, (z)Gpc(z) =

H,u(2)0(2) (sz) (=) 7/31(2) = Hy ﬂa“((zz)), which entails asymptotically
stable pole-zero cancellation. Since the poles of Gpc(z)

cancel the minimum-phase zeros of G, (z), it follows that

(Lo % Ll te o)

is not minimal. However, we show that (24) is controllable.
Since (A, B) is controllable and (A, Bpc, Cpe) has no
zeros, it follows that, for all A € C,
A, — A BC,. 0

0 My . — Ape  Bpe

Npe
<[/\In—A B 0 }
= rank 0

EC!

} + Dow(k), (23)

(24)

rank [

0 In,.
I, O 0
x| 0 0 Chpe
0 Bpe My, —A

Npe

Thus, the cascade (23) is controllable but not observable.
In fact, it follows from the pole-zero cancellations between
Gpc(z) and Gy, (z) that the unobservable modes of (24) are
exactly the poles of Gc(z), all of which are asymptotically
stable. Therefore, it follows from the Kalman decomposition
that there exists a nonsingular matrix 7' € R +7pe) X (n+7pc)
such that

A BCye ] [ Ay O
T|:O Apc :|T |:A21 A5:|’

[C o]T'=[C, 0],

where A, € R"*", (A,,C,) is observable, and A; €
R™eX"pe ig agsymptotically stable.
xo(k) ] N [ x(k) ]

= T , Where
z5(k) Tpe(k)
zo(k) € R™ and x5(k) € R, and applying this change
of basis to the cascade (23) yields

=N+ Npc-

pc

Now, defining

EntIE Rl
+{g;]uim(k)+ gig w(k),
(25)
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and

y(k)=1[Co 0] [ i‘j(k) ] + Dow(k),  (26)

B, | 0 Dio | D;
where[Bo}_T[ch}and{Dl’o}—T{ 0 ]
Next, define My = Ne — Npe = Ne — N + ny +d, and note

that it follows from (17) that n;,, > n+2n,,. Let zj, € R"=
and consider the controller

xim(k + ]-) = Aimxim(k) + BimYs« (k)7
uim(k) = Cimxim(k)a

which is an internal model controller for the observable states
of (25), (26) given by

To(k 4+ 1) = Agzo(k) + Botim (k) + D1 ow(k),
Y« (k) = Cozo (k) + Dow(k).

Therefore, the closed-loop system (27)-(30) is given by

27
(28)

(29)
(30)

Fo(k+1) = Ayiio(k) + Dow(k), (31)
Y« (k) = Coo(k) + Daw(k), (32)
where
AE] i o] n| g, ]
&2 NN A,
o_[OO 0]7 mo(k))_{xim(k)]'

Note that the dimension of the closed-loop system (31), (32)
IS N+ Nim =N+ Ne — Npe = Ne + Ny + d = Ny

Since, by assumption (A7), the zeros of (A,, Bo,Co),
which are the roots of (,(z), do not coincide with the
eigenvalues of A,; (Ao, B, Co) is minimal; and the di-
mension of y equals the dimension of wu, it follows from
[17, Theorem 4.1] that there exists an internal model con-
troller (27), (28) such that A, is asymptotically stable,
det(zI,, — A,) = d,(z), and, for all initial conditions
(26(0), 25(0), Zim (0), 24,(0)), limy 00 y« (k) = 0.

Next, the closed-loop system (25)-(28), which includes the
unobservable states x5, is given by

i(k+1) = Ai(k) + Dw(k), (33)
y. (k) = CE(k) + Dow(k), (34)
where
A A, 0 - D,
A:[/im A0:|’ D:|:D1,0:|,
~ L ~ = A jo(k)
C_[ o 0}7 m(k)_|:xo(k:):|7 (35)

and Aoy 2 [ A21  BsCim ]. Since A, and Ag are asymp-
totically stable, it follows that Ais asymptotically stable.
To show (i) and (ii), we show that, for all & > n., the ideal
fixed-gain controller, which is the cascade of the precompen-
sator (21), (22) and the internal model controller (27), (28),
can be expressed as the time-series controller (13). First, we
denote the transfer function of the internal model controller

Nim (2)
M;im (Z) ?

27). (28) by Giu(2) £ Cin(z] — Ain) B =
where My, (z) = z"m + My, 12" 4+« + Mip ., and
Nim(z) = im,lznimi1 + Nim,QZnim72 + -+ Nim,mnn
where, for i = 1,...,nm, Mim; € R and Nim,; € R.
Therefore, the ideal fixed-gain controller is given by the
transfer function

A N, (z
G 0) 2 Grel@)Ginle) = 3 . G0
where M, (2) 2 Gs(2)Mim(z) and N, (z) 2 Nin(z). Thus,
M, (z) and N,(z) are given by
M*<Z) =z" — Ml,*znc_l - Mnc,*7 (37)
N*(Z) = Nl,*ZnL‘il + N2,*an72 +---+ Nnc,*a (38)
where, for all : = 1,2,...,nc,
i—1
A
M; .« = —Bsi — Mim,s — Zﬁs,jMim,i—j, (39)
=1
A
Ni,* = Nim,i—nc+mma (40)

where, for all j > npc, Bs; = 0, for all § > nyy,, Mim j =0,
and, for all j <0, Njy, ; = 0. Therefore, the ideal time-series
controller is given by (13) with parameters (39) and (40).

To show (i), note that, for all £ > n., the closed-loop
system (15), (16) is a ZnZh-order nonminimal-state-space
realization of the closed-loop system (33), (34). Thus, the
spectrum of A, consists of the n. + n eigenvalues of A as
well as n. —n uncontrollable eigenvalues located at 0, which
are exactly the uncontrollable eigenvalues of the open-loop
dynamics, that is, the uncontrollable eigenvalues of (A, B).
Therefore, since A is asymptotically stable, it follows that
A, is asymptotically stable. Thus, we have verified (i).

Next, since, for all £ > n¢, (15), (16) is a nonminimal
representation of (33), (34), it follows that, for all initial
conditions ¢, (n.) and x,,(0), limy_ o y« (k) = 0. Thus, we
have verified (ii).

To show (iii), for all k£ > n., the closed-loop system (33),
(34) with the exogenous input w(k), which is given by (3),
can be written as

k+1) ] [ A Dc, (k)
zplk+1) | | 0 A, (k) |7
~ z(k
Since limy_o0 4+ (k) = 0 and A is asymptotically stable,
it follows from [17, Lemma 2.1] that there~exists S €
R t7ne)xnw guch that AS—SA,, = DC,, and CS = DyC,,.

Therefore, define @@ 2 [ Ingnc IS T, and consider the

w

change of basis

o[ 2 ][] w
éw o[ 2] e
Q=[C DuCy QTN =[C 0], (43)
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which implies that, for all k£ > n.,
Fq(k+1) = Agiq(k), y.(k) = CoEq(k).

Next, define kg = nx + n¢, where n, is the degree
of the polynomial d.(z). Therefore, it follows from
(41)-(43) that, for all k& > ko, D.(q YHy.(k) =
CoDi(a Naglk) = Codi(AQ)iq(k — n.) =
Cd.(A) [Z(k — ny) + Szyw(k —ny)], and using (35)
yields, for all k > ko,

Du(q My.(k)=[ Co 0]

[Z(k — ny) + Sz (k — ny)l,

where f denotes an inconsequential entry. Since det(zI,,, —
A,) = d.(z), the Cayley-Hamilton theorem implies that
d*(fio) = 0. Therefore, for all k > ko, D.(q~1)y.(k) = 0.

To show (iv), consider the transfer function representation
of the open-loop system, which is given by

y = Gyu(z)u + Gyw(z)w, (44)

and let u(k) = uc(k) + e(k), where e(k) is an arbitrary sig-
nal, and u. (k) is the output of the ideal fixed-gain controller
(13) with parameters (39) and (40) and the input y(k), that
is, uc = Ge .(z)y. It follows from (36) and (44) that the
closed-loop system is given by y = éye(z)e + @yw(z)w,
where

~ s HiBu(z) M, (z)

Gye(z) . (2) , (45)
w(2) 2 W and d,(z) = det(zl,, — A,) =

y
a(Z)Mim(z> - Hdﬂu(zﬂvim(z)-
Next, consider the 2n"-order nonminimal-state-space re-
alization of uc = G «(2z)y given by

¢C(k + 1) = Ac¢c(k) + ch(k)a (46)
uc(k) = ec(bc(k)v (47)
where
é . Onc><2nC é Enc é T
-Ac —An11+ |: Enceg :| ) Bc - I: Oncxl :| 5 ec - 9*,
de(k) = [ y(k—1) y(k —ne)
u(k — 1) ue(k —ne) |

Noting that A. = A + BC. — B.C, the closed-loop system
(5)-(10) and (46)-(47) is

Lo | = [te ][ 560

+ { ? }e(k)+ { 3?52 } W (k),

y(k) = [ ¢ 0 ] [ ;i((]z)) ] + D W (k),

and the closed-loop transfer function from e to y is given by

Gum=le o) (s~ 5 2 ]) (2]

Next, with the change of basis
Ao BC. | | I 0
0 Am | | =T I

IR

it follows that
~ I—A,
Gulz)=[¢€ o][z 0
=C(zl — A, 'B
—C(zl — A, 'BC(2] — Ap) !B,
=G.(z) [1 - Co(zl — Am) " B]. (48)
Since C. = 07, it follows from the structure of A,; and B
and (37) that 2% — 1 _ @ (2], — Any)~'B, and thus

Golz) = Gu(2) M=)

(49)

Z"e

Finally, comparing (45) and (49) yields (19), verifying (iv).
O
V. ERROR SYSTEM

We now construct an error system using the ideal fixed-
gain controller (which is not implemented) and a controller
whose gains are updated by an adaptive law, which is
presented in [7]. Since n and n,, are unknown, the lower
bound for the controller order n. given by (17) is unknown.
However, since, by assumptions (AS) and (A8), n < 7 and

Ny < Ty, it follows that the modified lower bound

Ne > 20 4 2Ny — Ny — d, (50)

implies (17). Furthermore, assumptions (A2), (A3), (AS), and
(A8) imply that the lower bound on n. given by (50) is
known. Therefore, we let n. satisfy the known lower bound
(50).

Next, for all k£ > n, consider the time-varying controller

u(h) = 3 MRtk — i)+ Y Na(hylk i), (5D

where, forall e =1,...,n., M; :N—Rand NV, : N—- R
are given by the adaptive law presented in the following
section. For all k£ > n., the controller (51) can be expressed
as

u(k) = ¢" (k)0(k),

where 0(k) = [Ny(k) -+ Ny (k) My(k) - M, (k)]",
and, for all k > n., ¢(k) is defined by (11). Furthermore, for
all nonnegative integers k < n., let u(k) be given by (52),
where, for all nonnegative integers k < n., ¢(k) € R?"e,
Inserting (52) into (5) yields, for all k£ > n.

ok +1) = Ad(k) + BoT (k)0(k) + DWW (k).

(52)

(53)
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Next, define n. 2 ne + ny + d, and let d.(q) be
an asymptotically stable monic polynomial of degree n..
Furthermore, let 6, € R2" be the ideal fixed-gain controller
given by Theorem IV.1, and, for all k& > n., let ¢.(k) be
the state of the ideal closed-loop system (15), (16), where
the initial condition is ¢.(n.) = ¢(n.). Finally, define
D.(a™!) = g ™du(@), f(a) = a ™ Bu(a), and
ko 2 Ne + Ny
_ Next, defining 0(k) 2 0(k) — 0., and substituting 0(k) =
0(k) + 0. into (53), for all k > n., the closed-loop system
consisting of (5), (6), and (52) becomes

o(k+1) = Ap(k) + BoT (k)0(k) + DWW (),
y(k) = Co(k) + DaW (k).

Now, we construct an error system by combining the ideal
closed-loop system (15), (16) with the closed-loop system
(54), (55). Define the error state ¢(k) 2 o(k) — ¢« (k), and
subtract (15), (16) from (54), (55) to obtain, for all k& > nc,

ok +1) = Ad(k) + Bo" (k)0(k), (56)
(k) = Co(k), (57)

where (k) = y(k) — . (k).

Now, for all & > 0, we define the filtered perfor-
mance yr(k) £ D.(q Y)y(k). Note that y¢(0) depends
on y(—1),...,y(—n«), which can be chosen arbitrarily. In
addition, for all £ > kg, define the ideal filtered performance

(54)
(55)

yr (k) 2 D.(q Y)y.(k) and the filtered performance error
ge(k) 2 ye(k) — ye.o(k) = Dy(q~")§(k). Recall that the
control objective is to drive y to zero. Since d.(q) =
q™ D.(q 1) is an asymptotically stable polynomial it fol-
lows that y tends to zero if and only if y; tends to zero.
Furthermore, note that y¢(k) is computable from y(k) and
the known asymptotically stable polynomial d,(z).

Note that the transfer function of the error system (56),
(57) is G (z), as given by (19). The following result relates
G¢(k) and y¢(k) to the estimation error (k).

Lemma V.1. Consider the error system (56), (57) with
initial conditions 6(0) and ¢(n.). Then, for all k > ko,

yi(k) = Gelk) = HaBo(a ™) [6" (0)O(R)]
Proof. For all k > kg, it follows from the error system
(56), (57) that g(k) is given by
k—nc
(k) = CAL ™ G(ne) + > CAL B (k — )0k — i),
i=1
Since ¢, (ne) = ¢(ne) it follows that ¢(n.) = 0, and thus,
for all k > kg,

(58)

k—nc

gk) = Y CAT'BeT (k — D)k — i),

which is the forced solution of (56), (57), and thus equiva-
lent to g(k) = G.(2z) {d)T(k)é(k’)} Next, it follows from

(iv) of Theorem IV.1 that, for all k > ko, g(k)

W[gﬂ(k)é(k)}, which implies d.(q)j(k) =

H;B,(q)q™™ [¢T(k)§(k)} Multiplying both sides by q~ "+

yields §r(k) = HuB(q™) [qu(k)é(k)}. Furthermore, it
follows from (iii) of Theorem IV.1 that, for all k& > kg,
yr.« (k) = 0, which implies that y¢(k) = gr(k) + yr,« (k) =
Je(k), thus verifying (58). O

Lemma V.1 relates the filtered performance y;(k) to the
estimation error 6(k). This relationship, given by (58), is
not a linear regression in the estimation error 6(k); however,
it is possible to define a surrogate measure of the filtered
performance, which is a linear regression in é(k) This
surrogate measure is called the retrospective performance
measure. We define the retrospective performance in [7], and
use it to develop adaptive laws for the controller (52). The
results from the present paper, specifically, Theorem IV.1 and
Lemma V.1, are used in the construction and analysis of the
retrospective cost adaptive controllers presented in [7].
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