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1. Introduction

Nowadays nearly all the control algorithms are implemented digitally and consequently
discrete-time systems have been receiving ever increasing attention. However, as to the
development of nonlinear adaptive control methods, which are generally regarded as smart
ways to deal with system uncertainties, most researches are conducted for continuous-time
systems, such that it is very difficult or even impossible to directly apply many well
developed methods in discrete-time systems, due to the fundamental difference between
differential and difference equations for modeling continuous-time and discrete-time systems,
respectively. Even some concepts for discrete-time systems have very different meaning from
those for continuous-time systems, e.g., the “relative degrees” defined for continuous-time
and discrete-time systems have totally different physical explanations Cabrera & Narendra
(1999). Therefore, nonlinear adaptive control of discrete-time systems needs to be further
investigated.

On the other hand, the early studies on adaptive control were mainly concerning on the
parametric uncertainties, i.e., unknown system parameters, such that the designed control
laws have limited robustness properties, where minute disturbances and the presence of
nonparametric model uncertainties can lead to poor performance and even instability of
the closed-loop systems Egardt (1979); Tao (2003). Subsequently, robustness in adaptive
control has been the subject of much research attention for decades. However, due to
the difficulties associated with discrete-time uncertain nonlinear system model, there are
only limited researches on robust adaptive control to deal with nonparametric nonlinear
model uncertainties in discrete-time systems. For example, in Zhang et al. (2001), parameter
projection method was adopted to guarantee boundedness of parameter estimates in presence
of small nonparametric uncertainties under certain wild conditions. For another example,
the sliding mode method has been incorporated into discrete-time adaptive control Chen
(2006). However, in contrast to continuous-time systems for which a sliding mode controller
can be constructed to eliminate the effects of the general uncertain model nonlinearity, for
discrete-time systems, the uncertain nonlinearity is normally required to be of small growth
rate or globally bounded, but sliding mode control is yet not able to completely compensate
for the effects of nonlinear uncertainties in discrete-time. As a matter of fact, unlike in
continuous-time systems, it is much more difficulty in discrete-time systems to deal with

www.intechopen.com



208 Discrete Time Systems

nonlinear uncertainties. When the size of the uncertain nonlinearity is larger than a certain
level, even a simple first-order discrete-time system cannot be globally stabilized Xie & Guo
(2000). In an early work on discrete-time adaptive systems, Lee (1996) it is also pointed
out that when there is large parameter time-variation, it may be impossible to construct
a global stable control even for a first order system. Moreover, for discrete-time systems,
most existing robust approaches only guarantee the closed-loop stability in the presence of
the nonparametric model uncertainties, but are not able to improve control performance by
complete compensation for the effect of uncertainties.

Towards the goal of complete compensation for the effect of nonlinear model uncertainties
in discrete-time adaptive control, the methods using output information in previous steps
to compensate for uncertainty at current step have been investigated in Ma et al. (2007)
for first order system, and in Ge et al. (2009) for high order strict-feedback systems. We
will carry forward to study adaptive control with nonparametric uncertainty compensation
for NARMA system (nonlinear auto-regressive moving average), which comprises a general
nonlinear discrete-time model structure and is one of the most frequently employed form in
discrete-time modeling process.

2. Problem formulation
In this chapter, NARMA system to be studied is described by the following equation

m

y(ktn) =Y 0T gi(y(k+n— i) + 3 gulk—m+ )+ v(z(k 1)) @
i=1 =1

where y(k) and u(k) are output and input, respectively. Here

y(k) = [y(k),y(k=1),...,.y(k—n+1)]" 2)

u(k) = [u(k—1),u(k—2),...,u(k —m+1)]" 3)

and z(k) = [yT(k),u’(k—1)]". And fori = 1,2,---,n, ¢;(-) : R" — RPi are known
vector-valued functions, GiT = [9,-,1, .. .,91-,;71,], and gj are unknown parameters. And the last
term v(z(k — 7)) represents the nonlinear model uncertainties (which can be regarded as
unmodeled dynamics uncertainties) with unknown time delay 7 satisfying 0 < Typin < 7 <
Tmax for known constants Tyin, and Tmax. The control objective to make sure the boundedness
of all the closed-loop signals while to make the output y(k) asymptotically track a given
bounded reference y* (k).

Time delay is an active topic of research because it is frequently encountered in engineering
systems to be controlled Kolmanovskii & Myshkis (1992). Of great concern is the effect
of time delay on stability and asymptotic performance. For continuous-time systems
with time delays, some of the useful tools in robust stability analysis have been well
developed based on the Lyapunov’s second method, the Lyapunov-Krasovskii theorem and
the Lyapunov-Razumikhin theorem. Following its success in stability analysis, the utility
of Lyapunov-Krasovskii functionals were subsequently explored in adaptive control designs
for continuous-time time delayed systems Ge et al. (2003; 2004); Ge & Tee (2007); Wu (2000);
Xia et al. (2009); Zhang & Ge (2007). However, in the discrete-time case there dos not exist
a counterpart of Lyapunov-Krasovskii functional. To resolve the difficulties associated with
unknown time delayed states and the nonparametric nonlinear uncertainties, an augmented
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states vector is introduced in this work such that the effect of time delays can be canceled at
the same time when the effects of nonlinear uncertainties are compensated.

In the NARMA system described in (1), we can see that there is a “relative degree” n which
can be regarded as response delay from input to output. Thus, the control input at the kth
step, u(k), will actually only determine the output at n-step ahead. The n-step ahead output
y(k + n) also depends on the following future outputs:

yk+1),yk+2),...,ylk+n—-2),y(k+n—-1) 4)

and ideally the controller should also incorporate the information of these states. However,
dependence on these future states will make the controller non-causal!

If system (1) is linear, e.g., there is no nonlinear functions ¢; we could find a so called
Diophantine function by using which system (1) can be transformed into an n-step predictor
where y(k + n) only depends on outputs at or before the k-th step. Then, linear adaptive
control can be designed under certainty equivalence principal to emulate a deadbeat controller,
which forces the n-step ahead future output to acquire a desired reference value. However,
transformation of the nonlinear system (1) into an n-step predictor form would make the
known nonlinear functions and unknown parameters entangled together and thus not
identifiable. Thus, we propose future outputs prediction, based on which adaptive control can
be designed properly.

Throughout this chapter, the following notations are used.

|| - || denotes the Euclidean norm of vectors and induced norm of matrices.

o 7. represents the set of all integers which are not less than a given integer t.

0(q) stands for g-dimension zero vector.

A := B means that A is defined as B.

(") and (7) denote the estimates of unknown parameters and estimate errors, respectively.

3. Assumptions and preliminaries

Some reasonable assumptions are made in this section on the system (1) to be studied. In
addition, some useful lemmas are introduced in this section to facilitate the later control
design.

Assumption 3.1. In system (1), the functional uncertainty v(-), satisfies Lipschitz condition, i.e.,
lv(e1) —v(en)|| < Lyller — 2|, Ve1,e2 € R", where L, < A* with A* being a small number
defined in (58). The system functions ¢;(-), i = 1,2,...,n, are also Lipschitz functions with Lipschitz
coefficients L;.

Remark 3.1. Any continuously derivable function is Lipschitz on a compact set, refer to Hirsch &
Smale (1974) and any function with bounded derivative is globally Lipschitz. As our objective is
to achieve global asymptotic stability, it is not stringent to assume that the nonlinearity is globally
Lipschitz.

In fact, Lipschitz condition is a common assumption for nonlinearity in the control community
Arcak et al. (2001); Nesi¢ & Laila (July, 2002); Nesi¢ & Teel (2006); Sokolov (2003). In addition, it
is usual in discrete-time control to assume that the uncertain nonlinearity is of small Lipschitz
coefficient Chen et al. (2001); Myszkorowski (1994); Zhang et al. (2001); Zhu & Guo (2004).
When the Lipschitz coefficient is large, discrete-time uncertain systems are not stabilizable as
indicated in Ma (2008); Xie & Guo (2000); Zhang & Guo (2002). Actually, if the discrete-time
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210 Discrete Time Systems

models are derived from continuous-time models, the growth rate of nonlinear uncertainty
can always be made sufficient small by choosing sufficient small sampling time.

Assumption 3.2. In system (1), the control gain coefficient g, of current instant control input u(k)
is bounded away from zero, i.e., there is a known constant g > 0 such that lgm| > 8., and its sign is

known a priori. Thus, without loss of generality, we assume gy > 0.

Remark 3.2. It is called unknown control direction problem when the sign of the control gain is
unknown. The unknown control direction problem of nonlinear discrete-time system has been well
addressed in Ge et al. (2008); Yang et al. (2009) but it is out the scope of this chapter.

Definition 3.1. Chen & Narendra (2001) Let x1 (k) and x, (k) be two discrete-time scalar or vector
signals, Vk € Z,", for any t.

e Wedenote x1(k) = O[xy(k)], if there exist positive constants my, my and ko such that ||xq (k)| <
M1 maxy <g HXZ<k/)|| +my, Vk > ko.

o Wedenote x1 (k) = o[xy(k)], if there exists a discrete-time function (k) satisfying limy_, ., a(k) =
0 and a constant kg such that ||x1 (k)| < a(k) maxp < || x2(K")|, Vk > ko.

*  Wedenote x1 (k) ~ xp (k) if they satisfy x1 (k) = O[xz (k)] and x (k) = Olxq(k)].
Assumption 3.3. The input and output of system (1) satisfy

u(k) = Oly(k+n)] (5)

Assumption 3.3 implies that the system (1) is bounded-output-bounded-input (BOBI) system
(or equivalently minimum phase for linear systems).

For convenience, in the followings we use O[1] and o[1] to denote bounded sequences and
sequences converging to zero, respectively. In addition, if sequence y(k) satisfies y(k) =
Olx(k)] or y(k) = o[x(k)], then we may directly use O[x(k)] or o[x(k)] to denote sequence
y(k) for convenience.

According to Definition 3.1, we have the following proposition.

Proposition 3.1. According to the definition on signal orders in Definition 3.1, we have following
properties:

(i) O[x1(k+ 7)] + O[x1(k)] ~ O[x1(k+ T)], VT > 0.

(i) x1(k+7)+o[x1(k)] ~x1(k+ 1), VT > 0.

(iii) o[x1(k+ T)] + o[x1 (k)] ~ o[x1(k+ T)], VT > 0.

(iv) olx1 (K)] + o[xa (k)] ~ ofx1 (K)] + [xa (k)]

() 0[Ox1 (K)]] ~ o[x1 (k)] + O[1].

(vi) If x1(k) ~ xp(k) and limy_,, ||x2(k)|| = 0, then limy_, o ||x1(k)|| = 0.
(vii) If x1(k) = o[x1 (k)] + o[1], then limy_, 4, ||x1 (k)| = 0.

(viii) Let x3(k) = x1(k) + o[x1(k)]. If xo (k) = o[1], then limy_,, ||x1 (k)| = 0.
Proof. See Appendix A. m

Lemma 3.1. Goodwin et al. (1980) (Key Technical Lemma) For some given real scalar sequences s(k),
by (k), by (k) and vector sequence o (k), if the following conditions hold:
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s(k) —0
)+ba(k)e T (ko (k) —
(ii) by(k) = O[1] and by(k) = O[1],
(iii) o(k) = O[s(k)].

Then, we have

a) limy_, o s(k) = 0, and b) o (k) is bounded.

Lemma 3.2. Define

(i) Timy o0 55

Z(k) = [z(k — Tmax), - - -, 2(k = 1), ..., z(k — Tmin)] (6)
and
i = arg min [|Z(k) - Z(D)]| )
such that
Z(Ig) = [2(lk — Tmax)s - - - 2(Le = T), -+, 2(1g — Tmin)] (8)
and
AZ(k) = Z(k) — Z(Ik) )

Then, if || Z(k)|| is bounded we have ||AZ(k)|| — 0 as well as ||v(z(k — 1)) — v(z(Ily — 7))|| — O.
Proof. Given the definition of [} in (7), it has been proved in Ma (2006); Xie & Guo (2000) that
the boundedness of sequence Z(k) leads to ||AZ(k)|| — 0. As 0 < ||v(z(k — 7)) —v(z(lx —
7)) || < ||AZ(k)||, itis obvious that ||v(z(k — 7)) —v(z(lx — T))|| = 0ask — . m

According to the definition of AZ(k) in (9) and Assumption 3.1, we see that
v(z(k—1)) = v(z(le — 7)) < Lu[|AZ(K))]| (10)

The inequality above serves as a key to compensate for the nonparametric uncertainty, which
will be demonstrated later.

4. Future output prediction

In this section, an approach to predict the future outputs in (4) is developed to facilitate control
design in next section. To start with, let us define an auxiliary output as

Ya(k+n—1) Z()T(pl (k+n—1i))+v(z(k—1)) (11)
such that (1) can be rewritten as

m
y(k+n) =ya(k+n—1)+ ) gju(k—m+j) (12)
j=1
It is easy to show that

Yalk+n=1) = yalk +n—=1) =ya(le + 1 = 1) + yalle + 1 = 1)

- i9?[4’i<y(k+” —1)) =iyl +n—1i))] - igj”(lk—m—kj)
1= =
+y(le+n)+ (v(z(k—1)) —v(z(lk — 1)) (13)
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For convenience, we introduce the following notations
Api(k+n—i) = ¢i(y(k+n—i)) = ¢pi(y(lx +n—1i)) (14)
Mu(k—m+j) = ulk—m+ ) — u(ly — m + )
Avk—1)=v(z(k—1)) —v(z(lx — T)) (15)
fori=1,2,...,nandj=1,2,...,m
Combining (12) and (13), we obtain
n m
ylk+n)= Z 9;-TAq,‘>i(k +n—1i)+ 2 ngu(k —m+j)+y(ly+n)+Avik—1) (16)
i=1 j=1

Step 1:

Denote 6;(k) and gi(k) as the estimates of unknown parameters 6; and g; at the kth step,
respectively. Then, according to (16), one-step ahead future output y(k + 1) can be predicted
at the kth step as

m
7(k + 1]k) GT (k—n+2)A¢i(k—i+1)+ k—n+2)Aulk—m+j—n+1
¥ ¢ j
=1 j=1

+Y(lk—n1+1) 17)
Now, based on §j(k 4 1|k), we define
Ady (k+1]k) = @1 (§(k+ 1K) = ¢1 (y (g2 + 1 =1)) (18)

which will be used in next step for prediction of two-step ahead output and where

J(k+1Jk) = [9(k+1]k),y(k), ..., y(k —n+2)]" (19)

Step 2: By using the estimates 0;(k) and gj(k) and according to (16), the two-step ahead future
output y(k + 2) can be predicted at the kth step as

n
gk +2/k) = 0] (k —n+3)Ad1 (k+1]k) + Y_ 87 (k — n +3)A¢; (k — i +2)
i=2

m
Z k—n+3)Auk—m+j—n+2)+y(lk_ppn+n) (20)

Then, by using §(k + 1|k) and 7(k + 2|k), we define

Ay (k+2[k) = ¢p1(§(k+2[k)) — 1 (y(l—psz +n—1))

Ao (k+1lk) = 2 (§(k +1[k)) — P2 (y(Ik—ps3 +1—2)) (21)
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which will be used for prediction in next step and where

§(k+2|k) = [9(k +2[k), 9(k+ 1]k),y(k), ..., y(k —n +3)]" (22)

Continuing the procedure above, we have three-step ahead future output prediction and so
on so forth until the (n — 1)-step ahead future output prediction as follows:
Step (1 — 1): The (n — 1)-step ahead future output is predicted as

n

9k +n—1]k) = ZGT (K)AP;(k+n—1—i|k) + 2 k) Api(k— (i — (n—1)))
f KMk =+ — 1)+ y(l_ + ) 23)
where
Api(k+11k) = ¢;(§(k +1k)) = di(y(Ik—nyits + 1 —1)) (24)

fori=1,2,...,.n—2and!=1,2,...,n—i—1.
The prediction law of future outputs is summarized as follows:

n
P(k+1]k) = ZGT (k—n+1+1)Ap;(k+1—ilk)+ 2 (k—n+1+1)A¢;(k—(i—1))
i=1 i=l

+Zg] JAu(k —m—n+1+j)+y(k_nis +n) (25)

forl=1,2,...,n—1.

Remark 4.1. Note that 0;(k —n +1+41) and gj(k —n+1+1) instead of 0;(k) and gj(k) are used
in the prediction law of the I-step ahead future output. In this way, the parameter estimates appearing
in the prediction of §J(k + 1|k) and §(k + 1|k + 1) are at the same time step, such that the analysis of
prediction error will be much simplified.

Remark 4.2. Similar to the prediction procedure proposed in Yang et al. (2009), the future output
prediction is defined in such a way that the j-step prediction is based on the previous step predictions.
The prediction method Yang et al. (2009) is further developed here for the compensation of the effect
of the nonlinear uncertainties v(z(k — 7)). With the help of the introduction of previous instant I
defined in (7), it can been seen that in the transformed system (16) that the output information at
previous instants is used to compensate for the effect of nonparametric uncertainties v(z(k — 7)) at the
current instant according to (15).

The parameter estimates in output prediction are obtained from the following update laws

Bi(k+1) = d;(k—n+2) — ap(k)ypAdi(k —i+1)7(k + 1[k)

Dy (k)
) ) ap(k)ypAu(k —m+j—n+1)g(k+ 1]k)
gi(k+1) = gk —n+2) - L—=-F B, (%)
p
i=12,...,n j=12,...,m (26)
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with

Jk+1lk) = g(k+1|k) —y(k+1)

n m
Dy(k) =1+ Y |agik—i+ D>+ Y Au?(k—m+j—n+1) 27)
i—1 j=1
1 _ MIAZ(k=n+1)]]
g(k+1lR)]
ap(k) = if [7(k+1]k)| > AAZ(k—n+1)| (28)
0 otherwise
0;(0) = 0y, $j(0) =0 (29)

where 0 < 7, < 2and A can be chosen as a constant satisfying L, < A < A*, with A* defined
later in (58).

Remark 4.3. The dead zone indicator a, (k) is employed in the future output prediction above, which is
motivated by the work in Chen et al. (2001). In the parameter update law (38), the dead zone implies that
in the region |j(k + 1|k)| < A||AZ(k — n + 1)||, the values of parameter estimates at the (k + 1)-th
step are same as those at the (k 4+ n — 2)-th step. While the estimate values will be updated outside of
this region. The threshold of the dead zone will converge to zero because limy_,o, ||[AZ(k—n+1)|| =
0, which will be guaranteed by the adaptive control law designed in the next section. The similar dead
zone method will also be used in the parameter update laws of the adaptive controller in the next section.

With the future outputs predicted above, we can establish the following lemma for the
prediction errors.

Lemma 4.1. Define ij(k + 1|k) = §(k+ 1|k) — y(k+ 1), then there exist constant c; such that

[7(k+1k)| = o[Oly(k+1)]] + AAs(k, 1), 1 =1,2,...,n—1 (30)
where
Bslk 1) = max {8Z(k=n+K)])} G1)

Proof. See Appendix B. m

5. Adaptive control design

By introducing the following notations

0=1[07,6],...,607
Gk +n—1) = [Apr(y(k+n—1)), Mpa(y(k+n—=2)),..., Apu(y (k)]
g=1[81,82 - gml"
(k) = [Aug(k—m+1), Aug(k —m+2),..., Auy(k)]T (32)

we could rewrite (16) in a compact form as follows:

y(k+n)=0"¢p(k+n—1)+glak) +y(le +n) + Av(k — 1) (33)

www.intechopen.com



Discrete-Time Adaptive Predictive Control with Asymptotic Output Tracking 215

Define §(k) and ¢(k) as estimate of 6 and § at the kth step, respectively, and then, the controller
will be designed such that

v (k+n) =0T ()d(k+n—1)+ (k) Ta(k) + y(lx +n) (34)
Define the output tracking error as
e(k) =y(k) —y* (k) (35)

A proper parameter estimate law will be constructed using the following dead zone indicator
which stops the update process when the tracking error is smaller than a specific value

admz{1—AMH“QH““”NﬁwwM>Mmzw—mu+ww—m| 56
0 otherwise
where
Bl —1) =67 (k = m)(§(k = 1) = (k — 1)) (37)

and A is same as that used in (28).
The parameter estimates in control law (34) are calculated by the following update laws:

5000 — Bk — ) o Yeae(B)p(k —1)

0(k) =0(k—n)+ Do (1) e(k)

A A k)ii(k —

309 = gtk —n)+ 2= g 9
with

De(k) =1+ [lg(k — 1)|* + [|a(k —n) > (39)
and 0 < 9, < 2.

Remark 5.1. To explicitly calculate the control input from (34), one can see that the estimate of gy,
Sm(k), which appears in the denominator, may lead to the so called “controller singularity” problem
when the estimate §,, (k) falls into a small neighborhood of zero. To avoid the singularity problem, we
may take advantage of the a priori information of the lower bound of g, i.e. g, to revise the update

law of §m (k) in (38) as follows:
veac(k)i(k —n)

F06) = gk m) + Z2LDHE 0
sy J &K, ifgn(k)>g
g(k) = { §,(k)  otherwise (40)
(41)
where
(k) = [81(k), &(k), ..., & (K)]
(k) = [&1(k), & (k), ..., g, 1" (42)

In (40), one can see that in case where the estimate of control gain &, (k) falls below the known
lower bound, the update laws force it to be at least as large as the lower bound such that the potential
singularity problem will be solved.

www.intechopen.com



216 Discrete Time Systems

6. Main results and closed-loop system analysis

The performance of the adaptive controller designed above is summarized in the following
theorem:

Theorem 6.1. Under adaptive control law (34) with parameter estimation law (38) and with
employment of predicted future outputs obtained in Section 4, all the closed-loop signals are guaranteed
to be bounded and, in addition, the asymptotic output tracking can be achieved:

Tim ly(k) — v (k)| = 0 3)

To prove the above theorem, we proceed from the expression of output tracking error.
Substitute control law (34) into the transformed system (33) and consider the definition of
output tracking error in (35), then we have

e(k) = =0T (k—n)§(k —1) = " (k —n)aa(k —n) — Bk — 1) + Av(k —n — 1) (44)
) — §Av(k —n — 7) satisfies

where (k) = é(k) —0and §(k) = §(k

[Av(k—=n —T)|| < AAZ(k=n)]| (45)
From the definition of dead zone indicator a.(k) in (36), we have
ac(K)[[e(k)|(AAZ (k= n) || + Bk = 1)]) — (k)] = —ag(k)e? (k) (46)
Let us choose a positive definite Lyapunov function candidate as
k = ~
Ve = Yo (10O + D112 (47)
I=k—n+1

and then by using (46) the first difference of the above Lyapunov function can be written as
< 0T (k)0(k) — 6T (k —n)8(k —n) + (k) — §(k —n)

= [1p(k — V)IP + 2k — )] 1M

Dz (k)
+[67 (k= m)p(k — 1) + &7 (k - )ﬂ(k—”)]e(k)zgflzlgc

az(k)vee? (k) _ 2ac(k)yce® (k)

< —
~  Dc(k) D.(k)
, 206(K)7cle() (A AZ (k= m) | + Bk ~ 1))
D, (k)
il "

Noting that 0 < 9. < 2, we have the boundedness of V; (k) and consequently the boundedness
of 0(k) and g(k). Taking summation on both hand sides of (48), we obtain
az (k)e? (k)

k;)%(z —1) =g = Vel = Vele)
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which implies

i 020

N 49

Now, we will show that equation (49) results in limy_,, ac(k)e(k) = 0 using Lemma 3.1, the
main stability analysis tool in adaptive discrete-time control. In fact, from the definition of
dead zone a. (k) in (36), when |e(k)| > A||AZ(k —n)| + |B(k — 1)|, we have

ac(k)le(k)| = le(k)| = A|AZ(k —n)|| — [B(k—1)[ >0
and when |e(k)| < A||Az(k —n)| + |B(k — 1)|, we have

ac(k)[e(k)| = 0= [e(k)| = A[[AZ(k —n)[| - [B(k —1)|
Thus, we always have

le(k)[ = AAZ(k = n)|| = |B(k = 1)] < ac(k)|e(k)] (50)
Considering the definition of (k — 1) in (37) and the boundedness of 6(k), we obtain that
p(k —1) = o[O[y(K)]].
Since y(k) ~ e(k), we have B(k — 1) = 0[Ole(k)]]. According to the Proposition 3.1, we have
Y] < Crmax{le¥)]) +Co
< Crmax{le(K)| = AJAZ(K = n)|| = |B(K —1)]

FAIAZ(K = n)|[ + B — )]} +C,
< Cymax{ac(K) (K|} + ACy max{[AZ( — m) [} + Cy max{|B(K = 1)}

+Cy, Vk € ZT (51)
According to Lemma 4.1 and Assumption 3.1, there exits a constant cg such that
|Blk+n—1)] <o[O[y(k+n—1)]] + AcgAs(k,n —1) (52)

Considering AZ(k) defined in (9) and As(k, m) defined in (31), Lemma (3.3), and noting the
fact [ < k — n, there exist constants c; 1, ¢; 3, ¢5,1 and ¢, » such that

AZ(k=n) < c;amax{|y(K)|} + ¢z (53)
As(k,n—1) = Z(k — K — Z(Le_pir
kn=1) = max {1Z(k=n+K) = Z( i)}
< cspmax{ly(K +n —1)[} +c5p (54)
According to the definition of o[-] in Definition 3.1, and (52), (54), it is clear that Vk € Z

|B(k+n—1)| <o[Olylk+n—-1)]] + )\CﬁAs(k,n -1)
< (a(k)ep + Acges 1) I]f}gz{’}/(k’ +n—1)|} +a(k)egn +Acgesa (55)
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where limy_,, a(k) = 0, and cp; and cg > are positive constants. Since limy_,, a(k) = 0, for
any given arbitrary small positive constant €7, there exists a constants k; such that a(k) < e,
Vk > kq. Thus, it is clear that

"B(k +n— 1)’ < (6105/1 + )\cﬁcs,l) 1}(1’}2;{({’]/(](/ +n— 1)‘} + 616[;,2 + )\Cﬁcs,2r vk > kl (56)

From inequalities (51), (53), and (56), it is clear that there exist an arbitrary small positive
constant €, and constants C3 and Cy4 such that

/ < / / /
rkr}g{ly(k N <G rkr}g;{ac(k )e(K)[} + (ACs + €2) rlg}g?ﬂy(k Ny +Co k>ki (57)

which implies the existence of a small positive constant

1-— €7
* = 58
r="g (59)
such that
max{[y(K))} < — 1 mafac®)e(®)} + 2 k>k (59
k' <k —1—-AC3—e€ K<k 1—)\C3—€2’

holds for all A < A*, where C3 = (Ccc1 + Cﬁcs,l)clz €2 = €1¢p1C1 and Cy = Cy +€1¢45C1 +
Accc;pC1 + Acges pCr. Note that inequality (59) implies y(k) = Olac(k)e(k)]. From ¢(y(k +
n — 1)) defined in (32) and Assumption 3.1, it can be seen that ¢(y(k — 1)) = O[y(k —1)].
According to the definition of D, (k) in (39), y(k) ~ e(k), Ix_,, < k — 2n, the boundedness of
y*(k) , and (53), we have

D2 (k) < 1+ [k — 1)|| + |a(k —n)|
= O[y(k)] = Olac(k)e(k)]

Then, applying Lemma 3.1 to (49) yields
lim a.(k)e(k) =0 (60)

k— o0
From (59) and (60), we can see that the boundedness of y(k) is guaranteed. It follows that
tracking error e(k) is bounded, and the boundedness of u(k) and z(k) in (75) can be obtained
from (5) in Lemma 3.3, and thus all the signals in the closed-loop system are bounded. Due to
the boundedness of z(k), by Lemma 3.2, we have

lim |AZ (k)| =0 (61)
k—o0
which further leads to
lim [|As(k,n—1)|| =0 (62)
k— 00

Next, we will show that limy_,, ac(k)e(k) = 0 implies limy_,, e(k) = 0. In fact, considering
(52) and noting that y(k) ~ e(k) ~ e(k), it follows that

|B(k—1)[ < o[Ole(k)]] + AcgAs(k —n,n —1) (63)
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which yields

le(k)| = [B(k = 1)| + AcgAs(k —n,n —1) >
> (1= a(k)my)le(k)| — a(k)m; (64)

according to Definition 3.1, where mq and my are positive constants, and limy ., a(k) = 0.
Since limy_,, a(k) = 0, there exists a constant ky such that a(k) < 1/mq, Vk > ky. Therefore,
it can be seen from (64) that

oK) — Bk = 1)] + AcgAs(k — n,n — 1) + a(Kymy > (1 — a(Kymr)]e(k)| = 0, Vk > ky (65)
From (50), it is clear that

le(k)| — [B(k —1)| + AcgAs(k —n,n — 1) + a(k)my
< ac(k)|e(k)| + AAZ(k —n)|| + AcgAs(k —n,n — 1) + a(k)my (66)

which implies that limy_,, e(k) = 0 according to (60)-(62), and (65), which further yields
limy_,,, e(k) = 0 because of e(k) ~ e(k). This completes the proof. m

Remark 6.1. The underlying reason that the asymptotic tracking performance is achieved lies in that
the uncertain nonlinear term v(k — n — ) in the closed-loop tracking error dynamics (44) will converge
to zero because limy_, o, ||AZ(k)|| = 0 as shown in (61).

7. Further discussion on output-feedback systems

In this section, we will make some discussions on the application of control design technique
developed before to nonlinear system in lower triangular form. The research interest of
lower triangular form systems lies in the fact that a large class of nonlinear systems can
be transformed into strict-feedback form or output-feedback form, where the unknown
parameters appear linearly in the system equations, via a global parameter-independent
diffeomorphism.  In a seminal work Kanellakopoulos et al. (1991), it is proved
that a class of continuous nonlinear systems can be transformed to lower triangular
parameter-strict-feedback form via parameter-independent diffeomorphisms. A similar result
is obtained for a class of discrete-time systems Yeh & Kokotovic (1995), in which the geometric
conditions for the systems transformable to the form are given and then the discrete-time
backstepping design is proposed. More general strict-feedback system with unknown control
gains was first studied for continuous-time systems Ye & Jiang (1998), in which it is indicated
that a class of nonlinear triangular systems T1g proposed in Seto et al. (1994) is transformable
to this form. The discrete-time counterpart system was then studied in Ge et al. (2008), in
which discrete Nussbaum gain was exploited to solve the unknown control direction problem.
In addition to strict-feedback form systems, output-feedback systems as another kind of
lower-triangular form systems have also received much research attention. The discrete-time
output-feedback form systems have been studied in Zhao & Kanellakopoulos (2002), in
which a set of parameter estimation algorithm using orthogonal projection is proposed and
it guarantees the convergence of estimated parameters to their true values in finite steps. In
Yang et al. (2009), adaptive control solving the unknown control direction problem has been
developed for the discrete-time output-feedback form systems.

As mentioned in Section 1, NARMA model is one of the most popular representations of
nonlinear discrete-time systemsLeontaritis & Billings (1985). In the following, we are going to
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show that the discrete-time output-feedback forms systems are transformable to the NARMA
systems in the form of (1) so that the control design in this chapter is also applicable to the
systems in the output-feedback form as below:

xi(k+1) = 0] ¢i(x1 (k) + gixiy1 (k) +vi(x1 (k)), i =1,2,...,n =1
X (k +1) = Oy P (x1(k)) + gt (k) + vn (x1 (k) (67)
y(k) = x1(k)

where x;(k) € R, i = 1,2,...,n are the system states, n > 1 is system order; u(k) € R,
y(k) € Ris the system input and output, respectively; 6; are the vectors of unknown constant
parameters; ¢; € R are unknown control gains and g; # 0; ¢;(-), are known nonlinear vector
functions; and v;(+) are nonlinear uncertainties.

It is noted that the nonlinearities ¢i(-) as well as v;(.) depend only on the output y(k) = x1 (k),
which is the only measured state. This justifies the name of “output-feedback” form.
According to Ge et al. (2009), for system (67) there exist prediction functions F,, _;(-) such that
ylk+n—i)=F,_i(yk),ulk—1i)),i=1,2,...,n—1, where

y(k
u(k —i

=ly(k),y(k=1),...,y(k —n+1)]" (68)
=[u(k - )u(k—i—l),...,u(k—n+1)]T (69)

)
)

By moving the ith equation (n — i) step ahead, we can rewrite system (67) as follows
y

xi(k+n)=0l¢p1(y(k+n—1))+grxalk+n—1)+vy(y(k+n—1))

xo(k+n—1)=0Ip(y(k+n—2)) + gox3(k +n—2) +va(y(k+n—2)) 70

X (k+1) = 05 (y (k) + gntt(k) + va(y (k)
Then, we submit the second equation to the first and obtain

xi(k+n) = 07 g1 (y(k+n—1)) +g16] pa(y(k +n—2))
+8182x3(k +n—2) +v1(y(k+n—1)) + groa(Fy2(y(k), u(k —2)) (71)

Continuing the iterative substitution, we could finally obtain

y(k+n) Zeﬁcp, (k+n—1))+ gu(k) +v(z(k)) (72)
where
05, =01, 05 = Qiﬁgj, i=23,...n
1
8n =1 &= Hg], 1=23m 8= ]ﬁlgf 73)
and
) - i_ilgﬂvxz(k», 2(k) = [y () uT (k — 1)]T (74)
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with

vi(z(k)) = vi(y(k+n —1)) = v;(Fui(y(k), u(k —i))), i=1,2,...,n—1,
va(2(k)) = vn(y(k)) (75)

with z(k) defined in the same manner as in (1). Now, it is obvious that the transformed
output-feedback form system (72) is a special case of the general NARMA model (1).

8. Study on periodic varying parameters

In this section we shall study the case where the parameters 0; and jr i=12...,nj=
1,2,...,min (1) are periodically time-varying. The /th element of 6; (k) is periodic with known
period N;; and the period of g;(k) is Ng;, i.e. 0;;(k) = 0;;(k — N;;) and g;(k) = g;(k — Ng;) for
known positive constants N; ; and Ngj, 1=1,2,...,p;.

To deal with periodic varying parameters, periodic adaptive control (PAC) has been developed
in literature, which updates parameters every N steps, where N is a common period such
that every period N;; and N,; can divide N with an integer quotient, respectively. However,
the use of the common period will make the periodic adaptation inefficient. If possible, the
periodic adaptation should be conducted according to individual periods. Therefore, we will
employ the lifting approach proposed in Xu & Huang (2009).

Firstly, we define the augmented parametric vector and corresponding vector-valued
nonlinearity function. As there are N;; different values of the jth element of 0; at different
steps, denote an augmented vector combining them together by

01 =100j1,0ij2 -, 0N, )" (76)

with constant elements. We can construct an augmented vector including all p; periodic
parameters

AT AT AT 1T T
®l = [91/1, 91',2, ceey 91/}71] = [Qi,l,ll ceey Qi/l/Ni,l’ ceey ei,pill, ey Oi/pi/Ni,Pi] (77)

with all elements being constant. Accordingly, we can define an augmented vector
@i(y(k+n—1)) = [@ia(y(k+n—1)),.... i (y(k+n—1))]" (78)

where ¢;(y(k+n—1)) = [0,...,0,¢;(y(k +n—1)),0,...,0]T € RNit and the element ¢; (k)
appears in the gth position of $i1(y(k+ n—1)) only when k = sNj;+q,fori=1,2,..., N It
can be seen that 7 functions ¢;(k), rotate according to their own periodicity, N; ;, respectively.
As a result, for each time instance k, we have

0] ()i (y(k+n —i)) = O] @;(y(k+n—1)) (79)

which converts periodic parameters into an augmented time invariant vector.
Analogously, we convert g;(k) into an augmented vector & = [gi1,8i2 ---,8iN,] and
meanwhile define a vector L

¢i(k) =10,...,0,1,0,...,0]" € RNy (80)

where the element 1 appears in the gth position of ¢;(k) only when k = sN; + 4. Hence
for each time instance k, we have g;(k) = g;¢;(k), i.e., g;(k) is converted into an augmented
time-invariant vector.
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Then, system (1) with periodic time-varying parameters 6;(k) and g;(k) can be transformed
into
n T m
y(k+n) =) O i(y(k+n—i)) + ) goj(kjulk—m+j) +v(z(k—7) B
i—1 =1

such that the method developed in Sections 4 and 5 is applicable to (81) for control design.

9. Conclusion

In this chapter, we have studied asymptotic tracking adaptive control of a general class of
NARMA systems with both parametric and nonparametric model uncertainties. The effects
of nonlinear nonparametric uncertainty, as well as of the unknown time delay, have been
compensated for by using information of previous inputs and outputs. As the NARMA
model involves future outputs, which bring difficulties into the control design, a future output
prediction method has been proposed in Section 4, which makes sure that the prediction error
grows with smaller order than the outputs.

Combining the uncertainty compensation technique, the prediction method and adaptive
control approach, a predictive adaptive control has been developed in Section 5 which
guarantees stability and leads to asymptotic tracking performance. The techniques developed
in this chapter provide a general control design framework for high order nonlinear
discrete-time systems in NARMA form. In Sections 7 and 8, we have shown that the proposed
control design method is also applicable to output-feedback systems and extendable to
systems with periodic varying parameters.
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11. Appendix A: Proof of Proposition 3.1

Only proofs of properties (ii) and (viii) are given below. Proofs of other properties are easy
and are thus omitted here.

(ii) From Definition 3.1, we can see that |jo[x(k)]|| < a(k) maxy <k . |[x(K')|, Vk > ko, T > 0,
where limy_,, a(k) = 0. It implies that there exist constants k1 and &; such thata(k) < &; <1,
Vk > ki. Then, we have

[x(k + 1) + o[x(K)][| < [lx(k + D) + [lo[x(R)]]| < (1 +561)k/r2]§i<rllx(k’)||,Vk >k

which leads to x(k + T) + o[x(k)] = O[x(k + T)]. On the other hand, we have

max x(K)[| < || max x(k) +o[x(k)][| + llo[x(k)]]|

ki<k'<k+T = Yk <k <k+t
< max  x(k') +o[x(K]|| + & max (K
<l max x(K)+olx(®)]ll+ar, max {fx(k)}

and

k/ < k/ k/ ,Vk > k
k1<1}cl’?l§+r||X( )< 1—m ||k1r£113>;kX( ) ol '
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which implies x(k + 7) = O[x(k) + o[x(k)]]. Then, it is obvious that x(k + ) + o[x (k)] ~ x(k).
(viii) First, let us suppose that x1 (k) is unbounded and define i, = arg max;< ||x1(7)||. Then,
it is easy to see that iy — oo as k — oo. Due to limy_,o, a(k) = 0, there exist a constant k,
such that a(iy) < 3 and |Jo[x1(k)]|| < 3 maxp< ||x1(K')||, Yk > ky. Considering x,(k) =
x1 (k) + o[x1(k)], we have

12 (i) = N1 (i) + olx1 (]I = [lxa i) = llofxa ()]} = %Hxl(ik)“r Vk > ks

which leads to [|x1(i;)|| < 2|[x2(ix)||, Yk > ky. Then, the unboundedness of x; (k) conflicts
with limy_,« || x2(k)|| = 0. Therefore, x1 (k) must be bounded. Noting that (k) — 0, we have

0 <l (B)[| < flx1 (k) +ofxa (k)] + [lofac ()]l < flx2(k) [ + ac(k) rkr}gggHm(k’)H —0
which implies limy_,, ||x1 (k)|| = 0.

12. Appendix B: Proof of Lemma 4.1
It follows from (16) and (17) that

G(k+1lk) = g(k+1]k) —y(k+1)
ié (k—n—I—Z)Acpi(k—i—i—l)+igj(k—n+2)Au(k—m+j—n+1)
i=1 i=1
—Avk—n+1-1) (82)
which results in
—{ié?(k—n%—Z)Agbi(k—i—kl)vLig”j(k—n—FZ)Au(k—m+j—n+1)}y(k+1|k)
i=1 =1
= —{g(k+1lk) + Av(k—n+1—1)}ij(k + 1|k)
= 2(k+1|k)—Au(k—n+1—r)g(k+1\k)
< =P (k+1]k) + Mgk + 1K) [|AZ (k — n 4+ 1)) (83)

To prove the boundedness of all the estimated parameters, let us choose the following
Lyapunov function candidate

k m
Vp(k) = ). (292 Zg?) (84)

I=k—n+2 j=1
Using the parameter update law (26), the difference of V), (k) is
n m
= Z[é?(k%— 1) —62(k—n+2)] + Z[g] (k+1)— g]?(k —n+2)]
i=1 j=
a (k)57 (k+ 1K) [ [[Agi(k — i+ 1)|1> + Ly AuP(k—m +j—n+1)] 24, (k)y

= — X

D3 (k) D, (k)

M:

(Y 05 (k—n+2)A¢;(k—i+1) +Zg] —n+2)Au(k—m+j—n+1)}yk+1/k)

i=1 j=1
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According to the definition of Dy (k) in (27) and inequality (83), the difference of V) (k) above
can be written as

a; ()Y (k+1[k)  2ay (k)yi? (k+ 1]k)
Dp (k) Dy (k)
L 2ap () 1AMy + 1) [|AZ (k= n +1)]]
Dy (k)
a; (k)vp9* (k+1]k)  2a5 (k) v (k + 1]k)

Dy (k) Dy (k)

_ ag (k)vp(2 = 1p) 7 (k + 1]k) (85)

AV, (k) <

where the following equation obtained from the definition of dead zone (28) is used:

- Za%(k)'ygz(k +1lk) = —Za,,(k)'ygz (k+1]k)
20, () 7p Ak + 1O IAZ (k—n + 1) (36)

Noting that 0 < 7, < 2, we can see from (85) that the difference of Lyapunov function
Vp(k), is non-positive and thus, the boundedness of V) (k) is guaranteed. It further implies

the boundedness of 6; (k) and g;(k). Thus, there exist finite constants by, and by, such that
18: (k)| < bo,, &(k) < bg;, Vk € Z¥, (87)
Taking summation on both hand sides of (85), we obtain

© a3 (k)y(2 — 1) 7 (k+1[k)
Dy (k)

< Vy(0) — V(o) (89)
k=0

Note that the left hand side of inequality (88) is the summation of a non-decreasing sequence
and thus the boundedness of V), (k) implies

aj (k)7 (k + 1]k)

5,0 = a(k) =0 (89)

Noting that [y, 11 < k —2n + 1 by (7) and considering Assumption 3.1, (5) in Lemma 3.3, we
see that Dy, (k) in (27) satisfies

D} (k) = Oly(k + 1) (90)
From (89) and (90), we have

B 1 1 1
ap(k)|g(k +1[k)| = a2 (k)Dj; (k) = o[Dj (k)] = o[O[y(k + 1)]] 1)
From the definition of dead zone in (28), when |ij(k + 1|k)| > A||AZ(k —n + 1)]|, we have

ap(k)|g(k +1[k)| = [§(k + 1]k)| = A[[AZ(k =n +1)]| >0
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while when |§(k +1|k)| < Aép(k —n +2)||AZ(k —n+1)[|, we have
ap(K)[g(k+1[k)[ = 0 = [g(k +1[k)[ = A[|AZ(k —n +1)].
In summary, the definition of dead zone in (28) guarantees the following inequality
Gk +1]k)| < ap (k) |Gk + 1[k)[ + Alp(k —n +2)|AZ(k —n+ 1) (92)

which together with (91), boundedness of the parameter estimates, and the definition of
As(k,m) in (31) yields

§(k+1]k)| < o[Oy(k +1)]] + Acr As(k, 1) (93)
with c; = 1. Now, let us analyze the two-step prediction error:

J(k+2lk)=9(k+2|k) —y(k+2)
Jk+2|k+1) +3(k+2|k) (94)

where

Jk+2k+1) =gk+2/k+1) —y(k+2)
y(k+2|k) = g(k+2|k) — g(k+ 2|k +1) (95)

From (93), it is easy to see that
|7(k+2|k+1)| <o[O[y(k+2)]] + Ac1As(k,2) (96)
From (17), and (20), it is clear that i/(k + 2|k) in (95) can be written as
V(k+2[k) =9(k+2|k) —9(k+2]k+1)
= 07 (k —n +3)[Ap(k + 1]k) — Ap(k +1)] (97)

Using (93) and the Lipschitz condition of A¢;(-) (or equivalently ¢;(-)) with Lipschitz
coefficient L;, we have

1AG(k +1]k) — Ap(k +1)|| < La|F(k +1[k)| < 0[O[y(k +1)]] + Ac1L1As(k, 1) (98)
which yields
|7(k +2[k)| < o[O[y(k + 1)]] + AL1bg, As(k, 1) 99)
From (94), (96) and (99), it is clear that there exists a constant ¢; such that
|7(k +2[k)| < 0[Oy (k +2)]] + AczAs (k, 2) (100)
Continuing the analysis above, for [-step estimate error 7(k + I|k), we have

gk+1k) =g(k+1k)—y(k+1)
y(k+1k) +g(k+1k+1) (101)

where

Gk+1k+1)=g(k+1k+1) —y(k+1)
y(k+1k)=g(k+1k)—g(k+1k+1) (102)
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For (I — 1)-step estimate error §j(k + I — 1|k), it can be seen that there exist constants ¢;_; and
¢;_1 such that

[G(k+1—1[k)|<o[O[y(k + 1 — 1)]] + A&_1As(k, 1 — 1)
[(k +1—1|k)|<o[O[y(k +1 —2)]] + A&_1As(k, I — 2) (103)

From (25) and (102), it is clear that 7(k + I|k) can be expressed as
-1 R R
Jk+10k) =Y 0 (k—n+1+1)[Ad(k+1—ilk) — Ap(k+ 1 — ik +1)] (104)
i=1

From (102), we have
glk+1—ilk)—gk+1—ilk+1) =yk+1—ilk) (105)
According to the Lipschitz condition of ¢(-) and (105), the following equality holds:

I-1

-1 _
Y NAg(k+1—ilk) = Ap(k+1—i)|| <max{Li}1<jcy 1) [J(k+1—ilk)]  (106)
i=1 i=1

From (93),(101)-(106), it follows that there exist constants ¢; such that
|G(k+1lk)| < o[Ofy(k + 1)]] + AcjAs(k, 1)

which completes the proof.
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