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Abstract Discrete-time adaptive disturbance rejection
is relevant to active noise and vibration control. In this
paper we develop an adaptive feedback disturbance rejection
algorithm, for minimum phase plants, that does not require
a measurement of the disturbance and requires only minimal
information about the plant, namely the first nonzero mov-
ing average coefficient from control to performance. We
also prove Lyapunov stability and asymptotically perfect
disturbance rejection for disturbances generated by LTI
Plants.

1. Introduction

A large portion of the feedback adaptive control
literature is devoted to proving stability of the closed loop
system and boundedness of solutions [1-6]. In many appli-
cations however, the plant is open-loop stable or stability
can be achieved with a controller based on a nominal model
and the overriding concern is performance with respect to
disturbance rejection [7, 8].

In this paper we develop a method for achieving si-
multaneous adaptive stabilization and disturbance rejection.
Conventional one step ahead adaptive control methods [3]
and predictive control methods [9], minimize the predicted
error between the desired and actual output to determine the
control signal. In the present work we minimize a cost func-
tion based on a retrospective output. Since the retrospective
cost can be computed without using a measurement of the
disturbance (See Section 2), the parameter update law is
also independent of the disturbance.

A disturbance rejection algorithm based on the retro-
spective cost as well as non-minimal plant and controller
realizations was introduced in [10,?,11]. The approach
proved successful in applications and exhibits significant
robustness [12]. However a proof of closed loop stability
and disturbance rejection performance have not been given.

In the present paper we utilize minimal time series
models to describe both the plant and controller, we do
not require the plant to be asymptotically stable, and we
prove closed-loop Lyapunov stability and asymptotically
perfect disturbance rejection. Furthermore we do not require
knowledge of all moving average coefficients from control
to performance as in [10, 11], but rather we require only
the first nonzero moving average coefficient and the relative
degree from control to performance.

I'Supported in part by the Air Force Office of Scientific Research under
grant number F49620-01-1-0094.

0-7803-9568-9/05/$20.00 ©2005 IEEE

The contents of the paper are as follows. In section 2 we
describe the model the plant and controller models and also
state all relevant assumptions. The adaptive algorithm is de-
scribed in section 3. In section 4 we formulate a state space
representation of the closed-loop system. Lyapunov stability
of the closed-loop system and asymptotically perfect distur-
bance rejection for bounded disturbances is demonstrated in
section 5. Finally in section 6 we use the proposed algorithm
to reject tonal and broadband disturbances in an acoustic
duct.

2. Plant and Controller Models

Consider the linear time invariant discrete-time system
G, described by the time series model

2(k) =) —az(k—i)+)_ Qu(k—j)+)  Wuk—j),
Jj=1 Jj=0 Jj=d

2.1
where the control vector u(k) € R™u, the disturbance
vector w(k) € R™w and the performance vector z(k) €
R, a; € R, ; € Ri=*™w and II; € R'=*™«_ Notice that
the delay (relative degree) d in the path from u to z appears
explicitly. It will play a role in the later development. We
make the following assumptions about the plant (2.1).

Assumption 2.1: The delay d is known.

Assumption 2.2: The number of inputs is greater than or
equal to the number of performance variables, i.e., m, > [..

Assumption 2.3: The matrix IT; € R**™« is known and
has full row rank.

Assumption 2.4: The transfer function matrix G, from
u to z is stably invertible.

Assumption 2.5: The performance z(k) is measured.

Assumption 2.6: The disturbance w(k) is generated by
the free response of an LTI system.

Let G. be a controller of order n. given by the time
series model

alh) = = Y TRtk — )+ YTy ()= - ) @22)

where I'; € R« XM and T; € R™ XL Next, define ¢, =
A A
NeMus g2 = Nelz, 43 = 1 + G2,
u(k —1)
€ R%, 2.3)
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z(k—1)
Z(k) 2 { : € R%, (2.4)
z(k —ne)
o(k) 2 [ ggg } € R%, 2.5)
and
OR)Z[-T1(k) - —Tu, (k) Ta(k) -~ T, (k)] ER™ .
Then
u(k) = O(k)¢(k), (2.6)

and the closed-loop performance (2.1) , (2.6) is given by

n

> —aja(k—j) + > Quw(k — )
j=0

Jj=1

z(k)

+ Y Wu(k = j) + WaO(k — d)p(k — d).
j=d+1
2.7

We define the retrospective performance signal

2(k) £ —agz(k— ) + Y Qu(k - )
=0

j=1

+ > Mu(k - j) + TaO(k)Rp(k — d), (2.8)
j=d+1
and use the following assumption concerning deadbeat
disturbance rejection.
Assumption 2.7: There exists ©* € R™=*% and kg > d
such that, for all k > kg

0= —Zajz(k—jH- Z Qjw(k — )

j=d1
+ ) Tu(k — j) + 140*¢(k — d).
j=d+1

We emphasize that Assumption 2.7 will be only used to for-
mulate the closed-loop error dynamics, that is the adaptive
controller is not claimed to achieve deadbeat disturbance
rejection.

Now let ® denote the Kronecker product and define the
measurement regressor

2.9

and the parameter error vector

(k) £ (k) — 07, (2.14)
where g4 2 myqs. Then the performance signal is given by
2(k) = €(k) + VT (k — d)d(k — d) (2.15)
=0T (k- d)f(k —d), (2.16)

the retrospective performance signal is given by
2 (k) = (k) + O (k — d)0(k) 2.17)
=0T (k- d)b(k), (2.18)

and the control is given by

u(k) = T (k)O(k). (2.19)

It follows from (2.12) and (2.17) that the retrospective per-
formance signal z, can be computed without a measurement
of the disturbance w(k).

3. Adaptive Algorithm

The adaptive feedback mechanism shown in Figure 1
consists of an instantaneously linear controller G, given
by (2.6) and a parameter up date law that modifies the
controller parameters at every time step k. To obtain the

u(k) Gp
AN
Ge

Fig. 1. The Adaptation Mechanism

parameter update law we first define a cost function that is
quadratic in the a posteriori retrospective performance

k T
J(k0) 2> [g(k) +OT(k — )ik + 1)}

j=1

? [g(k) LUk — )0k + 1)}. 3.1)
U(k) = ¢(k) @ IT; € R, (2.10) . . A
Then we use a recursive least squares estimate of 6(k + 1)
the control regressor to minimize J(k, 0), for details see, for example [13]. The
w(k) e d(k) @ Ly € RBXM0, 2.11) RIjS estimate Afor 6(k) is given by
the equivalent measurement 0(k +1) = 0(k)—
T .
the estimated parameter vector (-2)
A . Pk+1)=Pk)—-Pk)¥(k—d)
0(k) = vec {9(1@)} € R%, T —1
(I+Y"(k—d)P(k)¥(k—d))
the deadbeat parameter vector VT (k — d)YP(k) 3.3)
o D . . ’ '
0* = vec [@ ] € R? , (2.13) where P(O) > 0.
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4. Closed-Loop State Space Representation
Define

: 4.1
0(k —d)
Then a state vector for the closed loop system (2.1), (2.6),
(3.2) and (3.3) is defined by

(4.2)

Vec(P(k: —d))
For k > kj state equations of the closed-loop system can
be represented as

Z(k+1)=AZ(k) + B (k — d)0(k — d),
0(j+1) =0(j)-
PG+ 1)U — UG - d)i(5), 44)
vec [P(j +1)] = vec[P(j) — P(j)¥(j — d)
L+ TG - PGV - d)]
(i —d)P(j)] (4.5)
where j =k —d,...k,

(4.3)

0
e { L xaz ] . (46)
ligo-tyx(@2—12)  O(ga—t)xi.
is nilpotent and thus asymptotically stable, and
B2 [ T } . “.7)
0(Q2_lz)><lz

Note that every equilibrium of the error system (4.3)-(4.5)
is of the form (0, 6,,P,), where P, > 0.

5. Stability of the Adaptive System

To demonstrate that the origin of the system (4.3)-
(4.5) is Lyapunov stable we require the following lemmas.
Lemma 5.1: Define

Vp(P) £ tr P2, (5.1)
AVp(k) £t [P2(k + 1) — P2(k)] (5.2)
V;(0,P) 2 67p14, (5.3)

and

AV;(k) £ 0% (k+ 1P~ (k + 1)k + 1)
— 0T (k)YP~ (k)0 (k). (5.4)
Then

AVp (k) <0, (5.5)

and

AVy(k) = =0T (k)U(k — d) [T+ T" (k — )P(k)¥(k — d)]

OT(k —d)f(k) < 0. (5.6)

1 [T+ O (- )PE)T(i — d)]

Proof The result follows from the standard properties
of RLS. see [3, p. 60], [14, p. 58] and [9, p. 202]. O

Lemma 5.2: For all k > d,

2N (k) [1+ U (k- d)P(k — d)V(k — d)]
k
<> 0T -
k—d
U (= d)0(0).

(k)

-1

d) [1+ 97— d)P(i)¥(i — d)]

Proof. Successive self substitutions of (4.4) yield
0(k) =0(k — d)—

d
ZP(k—H—l)\II(k—d—

k—

DNOT(k—d—1i)0(k — i)

H

=0(k—d) — Z P(i —d)UT (i —d)f(i). (5.7
i=k—

Multiplying both sides of (5.7) by

[T+ 9T (k- d)P(k—d)¥(k—d)] 29Tk - d)

and using (2.16) we have
[I+9T(k—d)P(k—d)¥(k—d)]
=[I+ 9T (k—d)P(k—d)¥(k—d)]

k—1
+ 3 [T+ k- APk - (k- )]
i=k—d
Tk —d)yP@i +1)¥(i —
Now use of (4.5) yields
[I+ 9T (k—d)P(k—d)¥(k—d)]

= [1+ 9T (k— dyP(k — d)U(k - d)]
k—1
+ 3 (k- APk~ d)V(k - d)]
i=k—d

UT(k — d)yP(i)¥(i

U (i — d)a).
Using the triangle inequality and the fact that P (i) < P(k—
d) it follows that

H [T+ 9T (k — d)P(k — d)U(k — d)]

—1/2

z(k)
YT~ d)dk)

d)UT (i — d)f(i).

—1/2

z(k)
YT~ d)d(k)

—1/2

) [T+ 0TG- PG - )

1/2 H

1/2

sH1+ka—@Pw—®W%—dﬂ vk = )i

+ Z H [+ 9" (k— dyP()u(k —d)]
i=k—d

T (ke — d)PY2()PY2 (i)W (i — d)

7

—1/2

: H [T+ 9 (i — dyP()U(i — d)] /> 9T — d)d(i)

) .
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Now using the Cauchy-Schwarz inequality we have

Proof. From (5.5) and (5.8) it follows that

T _ _ —1/2 k+1
H [+ 0T (k — d)P(k — d) ¥ (k — d)] H AR = S PR Z P2
k —1/2 . i=k—d+1 i=k—d
|17+ 976 - P - a)] e - d)@(z’)H2 ;
i=k—d =— Z AVp(k) <0 o
= i=k—d
LemmaA5.3: Define Lemma 5.5: Let P, R € R™*" be positive-definite ma-
(k) = diag [ P~*(k) P tk+d) ], (58 trices that satisfy
- - - P=A"PA+R+1 5.17
V5 (9,11) £ 97T, (5.9) TRt ©17
and let
AV;(k) £ 07 (k + DI (k + 1)d(k + 1) 0 2 \/Amax(ATPA). (5.18)
- 19T( ) 1(k) (), (5.10) Furthermore, let ;1 > 0 and define
A
0= Amin [ILa112], and £ Ain [P(0)]. Then V2(2) & n(1+ pZ*P2), (5.19)
AVy(k) < T(k)f( ) 5y (5.11) AV (k) 2 Vz(Z(k + 1)) — Vz(Z(K))
L+ oy (IUK)Z + [12(K)]13) N N ’
. P = Amin [P], and 8 = Aax [BTPB]. Then
Proof. From (4.1), (5.8) and (5.10) it follows that 2T (R\RZ(k
b AVy(h) < —p LR WIRZE)
PR AL OII0) L+ pp | Z(R)]I3
i=k— d+1 (o? +1)8 [T (k)2(k)]
-
i=k—d
Now using Lemma 5.2 we have Proofl. Define
K F2-p\W2A, G2oPV?B, 7(2)2Z"PZ
o 9T (; _ o
AVs = ;9 ()W (i Then,
- N
LU — AP —d)] T (- d)@(‘) ATz (k) = ZY (k+1)PZ(k+1) = Z* (k) PZ(k)
= Z"(k)ATPAZ(k) + Z" (k)AT PBz(k
< —ZT(k) [1+ 9T (k — dYP(k — )W (k — )] 2(k). (k)A" PAZ(K) + 27 (k) A" PBz(k)
(5.13) z (k)B*PAZ(k) + z" (k)(k)B" PBz(k)
Noting that P(k — d) < P(0) for k > d, and — ZY(k)PZ(k).
Uk —d)W(k —d) = ¢T(k — d)p(k — d) @ TG} Adding and subtracting ZTFTFZ and 2TGT Gz, and omit-
— T (k — d)p(k — d)HdeT (5.14) ting the explicitT dep;ndence on k WTG have
we can write ATz(k) = Z" (A PA—P+FTF>ZT
—2T(k)z(k) B [ g7 T ] FTF FTG A
AVy(k) < T G'F G'G —z
T+ 070" (k — D)ok — d) - .
(k)z( ) o (B PB+G G)Z
= . T (4T T
(UM + 1707 <Z (APA-P+FF)Z
T (B"PB+G'G) =
Lemma 5.4: Define R Noting that
VH(H) =tr [HTH} (5.15) o ATPA Mo (ATPA) I, B
and 0.2 - )\max(ATPA) — in,
AVir(k) A tr [HT(k + Ik + 1)] tr [HT(k)H(k:)] _ it follows from (5.17) that
(5.16) A"PA-P+F'F<A™PA-P+1=-R
Then Therefore,
AVn(k) <0, k>0 T(A"PA-P+F'F)z < -Z"RzZ,
2239
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which implies that
ATz (k) < —ZT(k)RZ(k)
+ 2" (k) (B"PB + G"G) z(k).
Since GTG = ¢2BT PB, it follows from (5.20) that
ATz (k) < =Z"(k)RZ(k)
+ (e +1)B [ZT(k:)z(k)] .

Now, since Inz <z — 1 for all z > 0,

B ATz (k)
AVyz(k) =In (1 A uzT(Zk)PZ(k))

ZT(k)RZ (k)

L+ pp || Z()|5

(02 +1)8 [T (k)2(k)]
L+pplZ(k)5

(5.20)

O

We now present the main stability result.

Theorem 5.1: Assume that Assumptions 2.1-2.6 are sat-
isfied. Then every equilibrium of the system (4.3)-(4.5) is
Lyapunov stable, and z(k) — 0 as k — oo.

Proof. Consider the Lyapunov function candidate

V(X) £ aVy(¢) + V;(d,11) + Vi (II). (5.21)
Let P, R € R™*™ be positive definite and satisfy (5.17), and
let @ > 0 . Then using lemmas 5.5, 5.3 and 5.4 it follows
that
AV (k) 2 V(X (k+1)) — V(X(k))
M—ZT(k)RZ(k) + (o +1)BZ (k)13
2
L+ pp || Z(K)|l5
. 12813 |
L+ oy (IUK)[I5 + [1Z(K)]13)
Since G, has a stable inverse by Assumption 2.4, there
exist ¢; > 0 and ¢y > 0 such that

TR < 1+ 2 | Z(R)]5 -
See [3, p. 487]. Using (5.23) in (5.22) we have
—Z"(k)RZ(k) + (0* + 1)B||Z(k)|3
8 L o | 2R3
_v|Z(k)]3
146[1Z (k)3

<a

(5.22)

(5.23)

AV (k) <

(5.24)

where v = 1/pveq and § = (1 + ¢2)/c1. Next define p 2
§/p and a =vp/§3 (o> + 1). Then
T
AV(k‘) < _GNLRZ(]{)Q < 0.
L+ pu | Z(k)|l;

Since V(X)) is positive definite and radially unbounded
it follows from (5.25) that every equilibrium of the error
system (4.3)-(4.5) is Lyapunov stable. Furthermore, using
Theorem Al of [6] it follows that z(k) — 0 as k — oo. O

(5.25)

6. Example

Example 6.1: Consider the rectangular cross-section
acoustic duct shown in Figure 2. We treat the duct as a

. O
©

‘I’u

Fig. 2. Acoustic Duct

one dimensional waveguide with spatial coordinate x, where
0 <z < L. We use the mathematical model for the acoustic
duct derived in [15], where the speed of acoustic waves is
343 m/s, the density of air is 1.21 kg/m?, and the duct
model includes five modes. Let the disturbance speaker be
placed at x,,, the control speaker at x,,, and the performance
microphone at .. For L = 6 m, ,, = 0.1 m, z, = 0.3
m, and x,, = 5.95 m the state equations were developed in
[16].

The modal frequencies of the duct are 85.4167 Hz,
170.8333 Hz, 256.25 Hz, 341.6667 Hz and 427.0833 Hz.
The following simulations were performed at a sample rate
of 2000 Hz.

1) The disturbance speaker is excited at the modal fre-
quency 427.0833 Hz. The controller order n, = 10.
Figure 3 shows the closed-loop performance versus
time and figure 4 shows the open and closed loop
frequency response of the transfer function from
disturbance to performance G ..

2) The disturbance speaker is excited at the modal fre-
quencies 427.0833 Hz and 85.4167 Hz. The controller
order n, = 20. Figure 5 shows the closed-loop
performance versus time and figure 6 shows the open
and closed loop frequency response of G.,,.

3) The disturbance is white noise band limited to 1000
Hz. The closed-loop frequency response with n, =
28 is shown in Figure 7. Although the class of
disturbances considered in Theorem 5.1 does not in-
clude white noise, the simulation results demonstrate
disturbance rejection.
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